
Edited by  

Nuno Sepulveda, Emanuele Giorgi, Kevin K. A. Tetteh and Eric William Rogier

Published in  

Frontiers in Public Health

Frontiers in Medicine

Current research on 
serological analyses 
of infectious diseases

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/research-topics/29838/current-research-on-serological-analyses-of-infectious-diseases
https://www.frontiersin.org/research-topics/29838/current-research-on-serological-analyses-of-infectious-diseases
https://www.frontiersin.org/research-topics/29838/current-research-on-serological-analyses-of-infectious-diseases
https://www.frontiersin.org/journals/medicine


March 2023

Frontiers in Public Health 1 frontiersin.org

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-83251-813-7 
DOI 10.3389/978-2-83251-813-7

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


March 2023

Frontiers in Public Health 2 frontiersin.org

Current research on serological 
analyses of infectious diseases

Topic editors

Nuno Sepulveda — Warsaw University of Technology, Poland

Emanuele Giorgi — Lancaster University, United Kingdom

Kevin K. A. Tetteh — University of London, United Kingdom

Eric William Rogier — Centers for Disease Control and Prevention (CDC), 

United States

Citation

Sepulveda, N., Giorgi, E., Tetteh, K. K. A., Rogier, E. W., eds. (2023). Current research 

on serological analyses of infectious diseases. Lausanne: Frontiers Media SA. 

doi: 10.3389/978-2-83251-813-7

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-83251-813-7


March 2023

Frontiers in Public Health 3 frontiersin.org

05 Editorial: Current research on serological analyses of 
infectious diseases
Eric William Rogier, Emanuele Giorgi, Kevin Tetteh and 
Nuno Sepúlveda

09 Evaluation of Two Rapid Lateral Flow Tests and Two 
Surrogate ELISAs for the Detection of SARS-CoV-2 Specific 
Neutralizing Antibodies
Philipp Girl, Katrin Zwirglmaier, Heiner von Buttlar, Roman Wölfel and 
Katharina Müller

19 Seroprevalence of Hepatitis B Among Healthcare Workers in 
Asia and Africa and Its Association With Their Knowledge and 
Awareness: A Systematic Review and Meta-Analysis
Nur Hasnah Maamor, Nor Asiah Muhamad, Nor Soleha Mohd Dali, 
Mohd Hatta Abdul Mutalip, Fatin Norhasny Leman, Tahir Aris, 
Nai Ming Lai and Muhammad Radzi Abu Hassan

31 Multiplex Serology for Measurement of IgG Antibodies 
Against Eleven Infectious Diseases in a National 
Serosurvey: Haiti 2014–2015
YuYen Chan, Diana Martin, Kimberly E. Mace, Samuel E. Jean, 
Gillian Stresman, Chris Drakeley, Michelle A. Chang, Jean F. Lemoine, 
Venkatachalam Udhayakumar, Patrick J. Lammie, Jeffrey W. Priest 
and Eric William Rogier

42 Revisiting IgG Antibody Reactivity to Epstein-Barr Virus in 
Myalgic Encephalomyelitis/Chronic Fatigue Syndrome and Its 
Potential Application to Disease Diagnosis
Nuno Sepúlveda, João Malato, Franziska Sotzny, Anna D. Grabowska, 
André Fonseca, Clara Cordeiro, Luís Graça, Przemyslaw Biecek, 
Uta Behrends, Josef Mautner, Francisco Westermeier, 
Eliana M. Lacerda and Carmen Scheibenbogen

55 Antibody dynamics in children with first or repeat 
Plasmodium falciparum infections
Eric Rogier, Doug Nace, Pedro R. Dimbu, Brian Wakeman, 
James G. Beeson, Chris Drakeley, Kevin Tetteh and Mateusz Plucinski

66 Characterizing the spatial distribution of multiple malaria 
diagnostic endpoints in a low-transmission setting in Lao 
PDR
Isabel Byrne, Estee Cramer, Luca Nelli, Francois Rerolle, Lindsey Wu, 
Catriona Patterson, Jason Rosado, Elin Dumont, Kevin K. A. Tetteh, 
Emily Dantzer, Bouasy Hongvanthong, Kimberley M. Fornace, 
Gillian Stresman, Andrew Lover, Adam Bennett and Chris Drakeley

79 Seroprevalence of SARS-CoV-2 infection in the Tyrolean 
district of Schwaz at the time of the rapid mass vaccination in 
March 2021 following B.1.351-variant outbreak
Peter Willeit, Janine Kimpel, Hannes Winner, Teresa Harthaller, 
Helena Schäfer, David Bante, Barbara Falkensammer, Annika Rössler, 
Lydia Riepler, Cornelia Ower, Magdalena Sacher, Dorothee von Laer 
and Wegene Borena

Table of
contents

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/


March 2023

Frontiers in Public Health 4 frontiersin.org

89 Assessing seroprevalence and associated risk factors for 
multiple infectious diseases in Sabah, Malaysia using 
serological multiplex bead assays
YuYen L. Chan, Catriona L. Patterson, Jeffrey W. Priest, 
Gillian Stresman, Timothy William, Tock H. Chua, Kevin Tetteh, 
Patrick Lammie, Chris Drakeley and Kimberly M. Fornace

100 Serological investigation of plague and brucellosis infection 
in Marmota himalayana plague foci in the Altun Mountains on 
the Qinghai-Tibet Plateau
Shuai Qin, Junrong Liang, Deming Tang, Yuhuang Chen, Ran Duan, 
Xinmin Lu, Asaiti Bukai, Xiaojin Zheng, Dongyue Lv, Zhaokai He, 
Weiwei Wu, Haonan Han, Huaiqi Jing and Xin Wang

107 Seroprevalence of Hepatitis E virus in children and 
adolescents living in urban Bogotá: An explorative 
cross-sectional study
Nathalie Verónica Fernández Villalobos, Barbora Kessel, 
Johanna Carolina Torres Páez, Julia Strömpl, Tobias Kerrinnes, 
Fernando Pio de la Hoz Restrepo, Monika Strengert and 
Gérard Krause

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/


TYPE Editorial

PUBLISHED 17 February 2023

DOI 10.3389/fmed.2023.1154584

OPEN ACCESS

EDITED AND REVIEWED BY

Shisan Bao,

The University of Sydney, Australia

*CORRESPONDENCE

Nuno Sepúlveda

N.Sepulveda@mini.pw.edu.pl

SPECIALTY SECTION

This article was submitted to

Infectious Diseases: Pathogenesis and Therapy,

a section of the journal

Frontiers in Medicine

RECEIVED 30 January 2023

ACCEPTED 07 February 2023

PUBLISHED 17 February 2023

CITATION

Rogier EW, Giorgi E, Tetteh K and Sepúlveda N

(2023) Editorial: Current research on

serological analyses of infectious diseases.

Front. Med. 10:1154584.

doi: 10.3389/fmed.2023.1154584

COPYRIGHT

© 2023 Rogier, Giorgi, Tetteh and Sepúlveda.

This is an open-access article distributed under

the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the

copyright owner(s) are credited and that the

original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is

permitted which does not comply with these

terms.

Editorial: Current research on
serological analyses of infectious
diseases

Eric William Rogier1, Emanuele Giorgi2, Kevin Tetteh3 and

Nuno Sepúlveda4,5*

1Malaria Branch, Division of Parasitic Diseases and Malaria, Centers for Disease Control and Prevention,

Atlanta, GA, United States, 2Centre for Health Informatics, Computing, and Statistics, Lancaster

University, Lancaster, United Kingdom, 3Department of Infection Biology, Faculty of Infectious and

Tropical Diseases, London School of Hygiene and Tropical Medicine, London, United Kingdom,
4Department of Mathematics & Information Science, Warsaw University of Technology, Warsaw, Poland,
5Centro de Estatística e Aplicações da Universidade de Lisboa (CEAUL), Lisbon, Portugal

KEYWORDS

microarray, immunochromatography test, enzyme-linked immunosorbent assay (ELISA),

multiplex bead array, neglecteddiseases, tropical diseases, SARS-CoV-2, disease diagnosis

and analysis

Editorial on the Research Topic

Current research on serological analyses of infectious diseases

Introduction

Serology based on antibody detection or quantification is a key research tool in the

analysis of human infectious diseases. In Public Health and Epidemiology, it allows the

estimation of the disease burden beyond the classical measures based on the presence or

frequency of active infections in the population (1, 2). It also allows the prediction of when

individuals were previously infected for tailoring novel disease control strategies (3, 4). In

Medicine, it can assist in diagnosis (5), in the inference of disease etiology and pathology

(6–8), and in the stratification of patients for better disease management and treatment (9).

All these research opportunities motivated a discussion about the creation of aWorld Serum

bank for infectious diseases (10–12).

Until recently, the enzyme-linked immunoassay (ELISA) and other related tests were at

the core of the research made in infectious diseases. These tests typically detect or quantify

antibodies against a single antigen. Nowadays high-throughput serological technologies,

such as microarrays and multiplex bead assays, are becoming competing rivals of these

standard tests due to the possibility of measuring multiple antibodies in the same biological

sample at a reasonable cost. As such, these new technologies are giving rise tomultiple system

serology analyses (13–16).

In this Research Topic, we took the pulse of current research of infectious diseases

based on serology with a special focus on applications in Medicine, Epidemiology, and

Public Health. Among more than 20 submissions received, we were able to collect 9

original Research Topics (Figure 1A) and one systematic review (Figure 1B). These papers

featured diverse infectious diseases, including neglected, re-emerging, tropical, established

and novel. We were pleased to have at least one study investigating populations from

different continents. This suggests that the findings of this Research Topic are likely to

benefit multiple human populations globally. Below we provide a brief context of the

published studies.
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Serological studies using standard
antibody assays

Notwithstanding the technological advances in serology,

standard antibody assays seem the only viable option for

investigating many diseases or populations from low- and middle-

income countries (LMIC). This idea is illustrated in three

independent studies included in the Research Topic. In one

study, Qin et al. used serum agglutination tests to estimate the

seroprevalence of animal plague and brucellosis in the neglected

populations of Qinghai-Tibet plateau; these two neglected diseases

are re-emerging in the area and, therefore, the reported findings

have the potential to support more effective disease control

interventions in the affected populations. In another study,

Fernández Villaslobo et al. estimated the seroprevalence of

Hepatitis E virus in children and adolescents in Colombia’s

capital city of Bogotá using commercial ELISA. Several study

limitations were identified by the authors (e.g., massive school

closure due to COVID-19 pandemic), but the findings suggested

a low seroprevalence of IgG antibodies (∼1%) and a single case

of active infection (detected by IgM reactivity) among the study

participants. It would be interesting to knowwhether these findings

hold true if antibodies against multiple antigens were measured

in the study. In a third study, Maamor et al. summarized data

of 25 reports on the seroprevalence of Hepatitis B virus among

health workers. These reports were restricted to African and

Asian LMIC (Figure 1B) and, therefore, it is no surprise that the

respective data were based on ELISA or rapid antibody tests whose

performance can be affected by transport and storage conditions

among other factors.

In the emergency of containing a disease outbreak, it is

desirable to conduct a large-scale epidemiological study in real

time. In this scenario, classical serological assays are invaluable

tools in the field due to their low cost, the use of relatively simple

technology, and the easiness of protocol’s standardization across

participating labs. The valuable use of these assays was illustrated

in the peak of the COVID-19 pandemic with the fast execution of

FIGURE 1

Map of the study populations and the respective pathogens featured in 9 original research papers (A) and in one systematic review (B) related to

seroprevalence of the Hepatitis B virus among health workers (Maamor et al.). Note that Germany contributed with two independent papers (Girl

et al. and Sepúlveda et al.) in plot A.

studies using ELISA protocols or rapid immunochromatography

tests (17–19). In this scenario, it is fundamental to know the

performance of available assays or tests in the field, as done in the

United Kingdom and Denmark (20, 21). With a similar purpose

of these benchmark studies, Girl et al. evaluated the performance

of 2 lateral flow assays and 2 surrogate ELISA tests to detect

SARS-CoV-2-neutralizing antibodies using data from more than

300 German individuals. Notwithstanding the current dampening

of the COVID-19 threat in many parts of the world, this and

similar studies provide a solid basis of evidence for facing future

resurgences of SARS-CoV-2 in the respective populations.

Serological studies using
high-throughput antibody assays

High-throughput antibody technologies are becoming more

popular among the scientific community. Our Research Topic

captures somehow this increasing popularity given that more than

half of the published studies featured the use of these avant-

garde assays in different epidemiological contexts. Similar to a

nationwide seroprevalence study from Spain (22), Willeit et al.

illustrated the benefits of using a commercial high-throughput

and automated immunoassay to screen rapidly antibodies against

the spike protein of SARS-CoV-2 B1.351 variant in almost 2,500

individuals from an Austrian district. In Sepúlveda et al., more

than 3,000 different antibody responses to the common Epstein-

Barr virus were screened in German patients with Myalgic

Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) and

healthy controls using a seroarray. The rationale for conducting a

massive antibody screening lies on the fact that this complex and

neglected disease remains without a diagnostic biomarker. This

study highlighted two candidate antibody targets (EBNA4_0529

and EBNA6_0070) that could not only help in diagnosing a

large subset of ME/CFS patients, but also further support the

autoimmune hypothesis for the pathogenesis of this disease (23).

In the realm of tropical diseases, Rogier et al. conducted a detailed
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analysis of multiple antibody responses to the malaria-causing

Plasmodium falciparum in Angolan children using a multiplex

bead assay. The respective findings provide additional evidence

for the current understanding of malaria immunity. These and

other findings from the literature set the foundation to innovate

on malaria vaccine development and immune-related treatments.

In another study of Malaria, Byrne et al. reported data from more

than 5,000 individuals from the Lao People’s Democratic Republic

using a multiplex bead assay. This study illustrates how multiplex

data can be used to construct risk maps that could detect important

foci of infection for close surveillance and future interventions.

The most impressive applications of multiplex serological

assays in this Research Topic are related to two studies where

data allowed to investigate multiple diseases at the same

time; other examples of studies based on similar ideas can

be found elsewhere (24–26). In Chan et al., the study was

performed in the Malaysian province of Sabah and contemplated

the sampling of more than 10,000 individuals. The data

comprised antibodies against twelve antigens related to 6

neglected tropical diseases, including lymphatic filariasis, yaws,

and trachoma. In another study, Chan et al. extended the

number of measured antibodies to investigate the epidemiology

of 11 pathogens in Haiti. This study integrates a series

of research efforts to support malaria elimination in the

country (27–31). This study showed the benefit of using

multiplex data to screen secondary diseases in a single timepoint,

thus, avoiding the negative effects (e.g., increasing cost and

participation fatigue) of conducting multiple sampling in the same

population.

Conclusion

This Research Topic provides an interesting contrast between

studies using standard serological tools and those using more

advanced technology. In our perspective, this contrast is

particularly important to judge the pros and cons of using

one or another technology across different research contexts.

Above all, the availability of more advanced serological technology

is a great opportunity to foster collaboration among researchers

and to enhance capacity building (e.g., lab automation and data

analysis skills) where it is needed the most.

In summary, this Research Topic shows the increasing

popularity of high-throughput serological data and how these can

be useful in the support of public health and epidemiological

interventions (e.g., creating ofmultiple riskmaps based on different

antibodies to identify the key foci of infection). It also shows how

the same type of data can expand our current knowledge on the

pathogenesis and diagnosis not only of infectious disease but also

of diseases with unknown etiology, as illustrated for ME/CFS.
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As vaccination against SARS-CoV-2 progresses rapidly around the world, reliable

detection of SARS-CoV-2 specific neutralizing antibodies (NAb) has become an

indispensable component of serological diagnostics. We evaluated the performance

of four commercially available tests, i.e. two lateral flow assays (Coris BioConcept

COVID-19 Sero NP/RBD and Concile InfectCheck COVID-19 NAb) and two

surrogate ELISA (sELISA) tests (EUROIMMUN SARS-CoV-2 NeutraLISA and AdipoGen

SARS-CoV-2 Neutralizing Antibodies Detection Kit) in comparison with an in-house

SARS-CoV-2 micro neutralization test as reference. A total of 334 sera were tested,

including 30 samples collected prior to the emergence of SARS-CoV-2, 128 sera from

convalescent patients as well as 176 sera from partially or fully vaccinated individuals.

The overall sensitivity of LFAs differed and was 71.6% for the Coris and 98.4% for

the Concile. In contrast, overall sensitivity of the NeutraLISA was 86 and 98% for

the AdipoGen. All test showed the highest sensitivity when testing samples from fully

vaccinated individuals with both sELISA achieving 100% sensitivity. Overall specificity

was 89.3% for the Coris and only 58.3% for the Concile. Similarly, significant differences

were observed for both sELISA, with an overall specificity of 82.1% for the NeutraLISA

and only 54.8% for the AdipoGen. All tests showed a 100% specificity when testing

negative control samples while specificities were lowest when testing samples from only

partially vaccinated individuals.

Keywords: COVID-19, SARS-CoV-2, neutralizing antibodies, ELISA, lateral flow assay

INTRODUCTION

Serological testing has become a useful tool in the fight against the SARS-CoV-2 pandemic.
Among others, it can be used to estimate the prevalence and incidence in a given population
(1, 2). Countless serological tests have been commercialized by now, including enzyme-linked
immunosorbent assays (ELISAs) as well as point-of-care lateral flow assays (LFAs). These tests
typically measure SARS-CoV-2 specific antibodies, often even specific immunoglobulin subclasses
(i.e. IgG, IgM or IgA). In this context, neutralizing antibodies (NAbs) have emerged as a strong
correlate of protection and are therefore being used to evaluate vaccine efficacy or select appropriate
convalescent plasma for therapeutic use (3). However, they represent only a small subset of the total
polyclonal immune response.
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The main target of NAbs is the spike (S) protein, more
precisely the Receptor Binding Domain (RBD) located at the
outer end of the S1 subunit. This is responsible for the binding of
SARS-CoV-2 to the Angiotensin-Converting Enzyme-2 (ACE2)
receptor on the surface of the cell (4). Thus, it is not surprising
that a recent study found that at least 90% of SARS-CoV-2
NAbs are RBD specific. However, not all RBD-specific antibodies
are able to neutralize the virus (5). Thus, to efficiently assess
the level of protection from (re-)infection rather than just
demonstrate a prior encounter with SARS-CoV-2, serological
tests need to be able to differentiate between neutralizing and
non-neutralizing antibodies.

Plaque-reduction (PRNT) and neutralization (NT) tests are
the current gold standards for the detection and quantification
of NAbs (6). However, these assays are labor-intensive and
require appropriate biocontainment laboratories (BSL-3) because
they depend on working with infectious virus. The number of
laboratories that can perform these tests is therefore limited
(7). Previously described pseudo virus-based techniques can
be performed under BSL-2 conditions, but also require the
cultivation of reporter virus and therefore do not provide a
significant time advantage (8, 9). A potential alternative to classic
neutralization assays comes in the form of surrogate ELISA
(sELISA). They rely on the ability of NAbs to bind RBD and
prevent its interaction with ACE2. sELISAs use recombinant
proteins and colorimetric analysis to determine this competitive
inhibition and several versions of this type of assay have been
commercialized (10). In addition, LFAs have been developed
and are particularly appealing as point-of-care (POC) tests due
to their rapid turnaround times and simplicity of use (11). In
contrast to sELISAs, they are designed as sandwich assays to
detect RBD-specific antibodies with neutralizing capability.

In this study, we investigated four commercially available tests
for the detection of SARS-CoV-2 specific NAbs: two surrogate
sELISAs (Euroimmun SARS-CoV-2 NeutraLISA and AdipoGen
SARS-CoV-2 Neutralizing Antibodies Detection Kit) and two
LFAs (Coris BioConcept COVID-19 Sero NP/RBD and Concile
InfectCheck COVID-19 NAb). According to the manufacturers,
all four tests are suitable for the detection of antibodies with
neutralizing capabilities. However, the conceptual design differs
between both types of tests. Both sELISAs are very similar
in design and imitate the interaction of RBD and ACE2 to
determine the inhibitory effect of neutralizing antibodies capable
of interrupting this interaction. Based on the information
provided by the manufacturers both LFAs simply detect RBD-
specific antibodies without assessing functionality.

We tested all four assays side-by-side and in direct comparison
with our in-house NT to determine both sensitivity and
specificity and to test their potential as an alternative to
conventional NT. While several studies have attempted to
compare SARS-CoV-2 immunoassays in the past (12–14), our
study focuses on immunoassays designed to detect antibodies
with neutralizing function rather than antibodies in general.
Furthermore, our study population differs from previous studies
in that we specifically included samples from vaccinated
individuals in addition to convalescent individuals in order to
also investigate the potential use of such assays in the context

of vaccine evaluation as well as the evaluation of the humoral
immune response post vaccination.

MATERIALS AND METHODS

Serum Samples
We tested a total of 334 human serum samples. Samples were
selected by non-probability sampling (convenience/purposive
sampling). Of these samples, 304 had previously tested positive
for SARS-CoV-2 antibodies in a commercial IgG ELISA
(Euroimmun, Lübeck, Germany), which was used as a pre-
screening assay (Supplementary Table 1). Of these, 128 samples
came from PCR-confirmed convalescent patients of which 78
were registered convalescent plasma donors; all samples were
taken six weeks after full recovery according to the official
guidelines provided by the German Federal Institute for Vaccines
and Biomedicine (15). All samples were from patients, which
were hospitalized for their SARS-CoV-2 infection, but did
not require mechanical ventilation. Another 177 samples came
from vaccinated individuals and were taken between four
and six weeks after vaccination. Of these, 40 individuals had
received their primary vaccination with Vaxzevria (AstraZeneca)
while the other 136 individuals were fully vaccinated either
with Comirnaty (Pfizer/BioNTech), Spikevax (Moderna) or a
heterologous vaccination with Vaxzevria (AstraZeneca) as prime
and Spikevax as boost. The remaining 30 serum samples were
collected before the occurrence of SARS-CoV-2 (mid to late
2018) and served as negative control samples. An overview of all
samples is given in Figure 1.

All samples evaluated were residual diagnostic material.
Therefore, no specific information (e.g. demographic
characteristics, individual disease progression etc.) could be
assigned to individual samples or patients.

Ethical Statement
The study was carried out in-line with “The Code of Ethics of the
WorldMedical Association (Declaration of Helsinki)”. The use of
serum samples complied with the guidelines of the Central Ethics
Committee of the German Medical Association [Dtsch Arztebl
2003; 100(23): A-1632]. In accordance with these guidelines, the
anonymized use of residual material from the samples sent to our
laboratory for diagnostic purposes is permissible, provided that
the patients have not decided against this procedure. Samples
from patients who had decided against this procedure were
excluded from the analyses.

Neutralization Test (NT)
SARS-CoV-2 NAb titers were determined as previously described
(16). Briefly, serum samples (duplicates) were serially diluted
in 96-well tissue culture plates starting at 5 to a maximum of
640 along with positive and negative control samples. SARS-
CoV-2 stocks (50 TCID/50 µl, MUC-IMB-1 [EPI_ISL_406862])
were prepared on Vero E6 cells and aliquots were stored at
−80◦C until further use. Virus was pre-incubated (1 h, 37◦C)
with diluted serum samples before Vero E6 cells (1 x 10e4 cells/50
µl) were added to each well. After 72 h (37◦C), supernatants
were discarded and wells were fixed (13% formalin/PBS) and
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FIGURE 1 | Overview of sample origin. A total of 334 samples were tested. A commercial IgG ELISA (Euroimmun, Lübeck, Germany) was used for pre-screening. All

but 30 samples were positive for SARS-CoV-2 IgG antibodies, of which 128 came from patients who had recently recovered from confirmed COVID-19 and 177 were

from vaccinated individuals (collected at least three weeks after vaccination). In addition, 30 samples collected in mid to late 2018 served as negative control samples.

stained with crystal violet (0.1%). The NAb titer corresponded
to the reciprocal of the highest sample dilution showing
complete inhibition of cytopathic effects. A virus re-titration was
performed in triplicates on every plate and exact titers were
determined by retrograde calculation.

Surrogate ELISA (sELISA)
Two commercially available sELISA kits were tested in this
study: The SARS-CoV-2 NeutraLISA (Euroimmun, Lübeck,
Germany) and the SARS-CoV-2 Neutralizing Antibodies
Detection Kit (AdipoGen Life Sciences, Liestal, Switzerland).
Both tests function very similarly and are based on the
competitive inhibition of the RBD-ACE2 interaction by
NAbs. AdipoGen provides RBD-coated plates and uses HRP-
conjugated ACE2 while Euroimmun uses the total S1 subunit
of the S protein for coating and biotin-conjugated ACE2
(Figures 2A,B). Both tests were carried out strictly according to
the manufacturer’s instructions.

The NeutraLISA is the only test studied here that
classifies results not only as positive or negative, but also as
“indeterminate.” We followed a conservative approach for the
evaluation of the test results and evaluated indeterminate results
as negative.

The sensitivity and specificity of the SARS-CoV-2 NeutraLISA
were specified by the manufacturer as follows: Sensitivity =

95.9%; Specificity= 99.7%.
For the SARS-CoV-2 Neutralizing Antibodies Detection Kit

(AdipoGen) no data on sensitivity and specificity was provided
by the manufacturer.

Lateral Flow Assay (LFA)
Two commercially available LFAs were evaluated in this study:
COVID-19 Sero NP/RBD test (Coris BioConcept, Belgium)
and the InfectCheck COVID-19 NAb test (Concile GmbH
Germany/Affimedix Inc. USA). Both are sandwich immuno
assays. The Concile LFA uses colloidal gold particles that are
conjugated with the RBD to bind to the NAb and mouse-anti-
human IgG immobilized on the test line of the membrane to
capture the NAb bound to the gold (Figure 2C). The Coris
BioConcept detects not only RBD antibodies, but also antibodies
against the nucleocapsid protein. Since all vaccines currently in
use elicit an immune response against the spike protein, while
an infection elicits an immune response against all components
of SARS-CoV-2, the LFA can differentiate between immune
response acquired through vaccination or infection. The test
uses N protein and RBD immobilized on separate test lines to
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FIGURE 2 | Schematic illustration of the different designs of the four tests evaluated as disclosed by the manufacturers. (A) Adipogen:Competitive ELISA (B)

Euroimmun. NeutraLISA:competitive ELISA (C) Affimedix TestNow:Lateral flow rapid test (D) Coris Bioconcept:Lateral flow rapid test.

capture the respective antibodies (Figure 2D). The other half
of the immune sandwich consists of gold particles that are
presumably (not detailed in the instructions for use) conjugated
with anti-human IgG.

Both tests were carried out according to manufacturer’s
instructions. Briefly, for the COVID-19 Sero NP/RBD test 30
µl serum were applied to the test cassette followed by 4 drops
of buffer 10 s later. Results were read out after 15min and
photographically documented within 15–20min. Line intensities
were evaluated visually by comparison to a visual analog color
scale (Supplementary Figure 1). Intensities on the scale range
from 0–9 and were recorded separately for test line and control
line. Values of 2 or greater were scored as positive. A value of
1 corresponds to a very faint line that could not be reliably
identified by different test operators and was therefore scored as
negative. For the InfectCheck COVID-19 Nab test 5 µl serum
were mixed with 5 drops of buffer and applied to the test cassette.
Results were read out visually after 15min as described above and
photographically documented within 15–20min. In addition to
that, results were also measured with the concile α1 reader.

The sensitivity and specificity of the COVID-19 Sero NP/RBD
(Coris) were specified by the manufacturer as follows: Sensitivity
NP = 95.2%, Sensitivity RBD = 91.9%; Specificity NP= 98.5%
Specificity RBD= 100.0%.

The sensitivity and specificity of the InfectCheck COVID-19
NAb test (Concile) were specified by the manufacturer as follows:
Sensitivity= 100.0%; Specificity= 98.67%.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism 8
for Windows 64-bit [Version 8.4.3 (686)]. Sensitivity was defined
as the ability of a test to identify the presence of SARS-CoV-2

specific NAb as determined by NT. Specificity was defined as the
ability of a test to identify the absence of SARS-CoV-2 specific
NAb as determined by NT.

RESULTS

Detection of SARS-CoV-2 Specific
Neutralizing Antibodies by NT
Initially, all 334 samples were examined in our in-house NT.
Serum samples with a titer ≥5 were considered positive as
previously determined and described (17). In total, 84 samples
tested negative for neutralizing antibodies while the remaining
250 tested positive. Among the samples that tested negative were
all 30 negative control samples, 14 samples from convalescent
patients and all serum sample from individuals who had only
received their primary vaccination. Positive samples consisted
of 114 sera from convalescent patients and 136 sera from
fully vaccinated individuals. In summary, 100% of sera from
fully vaccinated individuals and 89% of convalescent sera
tested positive for NAbs while 100% of both negative control
samples and samples from individuals that received their primary
vaccination tested negative. An overview of the distribution of
NT results by sample origin is given in Table 1.

Influence of Natural Infection and
Immunization on Neutralizing Antibody
Titers
The titer values determined by NT significantly differ between
convalescent patients and fully vaccinated individuals. While the
median titer of sera from convalescent patients was 37, it was 3.5
times higher (129) for sera from vaccinated individuals. Figure 3
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TABLE 1 | Distribution of the results (positive/negative) from the in-house NT in

relation to sample origin.

Sample origin Number of samples NT positive NT negative

convalescent patients 128 114 14

partially vaccinated individuals 40 0 40

fully vaccinated individuals 136 136 0

negative control samples 30 0 30

Total 334 250 84

All (100%) of the NT positive samples came from fully vaccinated individuals and

convalescent patients while the majority (83.3%) of NT negative samples came from only

partially vaccinated individuals and negative control samples.

FIGURE 3 | Titer values among fully vaccinated (left) differ from titer values of

recovered patients (right). In general, titers were higher among fully vaccinated

individuals with 38% having a titer of at least 80 or higher including 21% with a

titer of ≥320. In contrast, 45% of convalescent patients had a titer of 5 or 10

while in 11% no NAbs could be detected at all.

shows the distribution of titer values among fully vaccinated
individuals (left) and recovered patients (right).

Among serum samples from vaccinated individuals, one-third
(28%) have low titers of 5 to 10. At the same time, 34% show
a slightly higher titer of either 20 or 40 while the remaining
samples (38%) have a titer≥80. In more detail, 17% of vaccinated
individuals have a titer between 80 and 160 while another 21%
reached the highest titer values of 320 or more. In contrast, only
4% of convalescent patients have titer values that high while
another 8% have a titer between 80 and 160. Instead, the majority
(45%) of convalescent patients have a titer of either 5 or 10 and
another one third (32%) have a titer of 20 to 40. In addition, no
NAbs at all could be detected in 11% of sera.

Sensitivity and Specificity of
Commercial Immunoassays
In addition, all 334 samples were subsequently also analyzed
using two sELISAs (AdipoGen and NeutraLISA) as well as
two LFAs (Coris and Concile). Sensitivity and specificity were
determined in direct comparison to the results of the NT. A

detailed overview of the results of the individual immunoassays,
including subgroup specific results, is shown in Table 2. In
addition, a detailed overview of the distribution of inhibition
values of both sELISAs within NT positive and NT negative
samples as well as a two dimensional distribution of inhibition
values is given in Supplementary Figure 2.

With regard to the entirety of samples examined all but
five NT-positive samples were identified by the AdipoGen
sELISA, resulting in the overall highest sensitivity of 98%. In
comparison, of the 250 NT-positive samples, 215 samples tested
positive in the NeutraLISA giving an overall sensitivity of 86%.
However, of the 84 NT-negative samples, 38 tested positive in
the AdipoGen whereas the NeutraLISA detected NAbs in 15 of
them, giving an overall specificity of 54.8% (AdipoGen) and 82%
(NeutraLISA) respectively.

Among vaccinated individuals both sELISAs detected NAbs
in all 136 NT-positive samples resulting in a sensitivity and
specificity of 100%. At the same time, of the 114 NT-positive
samples from convalescent patients, the AdipoGen identified 109
samples as positive (95.6% sensitivity) while the NeutraLISA
detected 79 positive samples (69.3% sensitivity). In addition,
of the 14 NT-negative samples from convalescent patients the
AdipoGen identified more than half (n = 8) as positive (42.9%
specificity) while NeutraLISA detected no NAbs in all 14 samples
(100% specificity). Of the 30 negative control samples, all
were identified as negative by both sELISAs resulting in 100%
specificity each.

With regard to both LFAs tested, sensitivity and specificity
also varied between tests. The Concile identified all but four
NT positive samples resulting in the highest overall sensitivity
(98.4%) of all four tests evaluated. At the same time, the Coris
identified significantly less NT positive samples, resulting in an
overall sensitivity of 71.6%. Similar results were obtained among
samples from convalescent and fully vaccinated individuals
with the Concile showing continuously high sensitivities (97.4–
99.3%). In contrast, the Coris showed the lowest sensitivities
among all four tests (65.8–76.5%). Overall, all tests achieved
their highest sensitivity with samples from fully vaccinated
individuals while sensitivities were lowest when testing samples
from convalescent patients. In terms of specificity, the Concile
identified 35 of 84 negative samples as positive resulting in an
overall specificity of 58.3%. Similar results were obtained among
samples from convalescent (42.9%) and partially vaccinated
(32.5%) individuals. In contrast, a specificity of 100% was
achieved when testing negative control samples. At the same
time, of the 84 negative samples the Coris identified all but nine
samples as negative, giving an overall specificity of 89.3%. Similar
results were obtained for samples from convalescent patients
(85.7%), partially vaccinated individuals (82.5%) and control
samples (100%).

The percentage of positive results of all four tests in relation
to the results obtained by NT is shown in Figure 4. While
both the Coris (light green) and the NeutraLISA (light blue)
have moderately low levels of false positive test results for
NT-negative samples (i.e. 10.7 and 17.8%), the Concile and
AdipoGen both have similarly high numbers of false positive
among NT-negative samples (i.e. 41.7 and 45.2%). However,
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TABLE 2 | Detailed overview of overall sensitivity and specificity of the four evaluated commercial immunoassays in comparison to NT results.

sELISA LFA

NT AdipoGen NeutraLISA Coris Concile

Sensitivity: positive samples (titer ≥ 5) all samples n = 250 98% (245/250) 86% (215/250) 71.6% (179/250) 98.4% (246/250)

convalescent n = 114 95.6% (109/114) 69.3% (79/114) 65.8% (75/114) 97.4% (111/114)

fully vaccinated n = 136 100% (136/136) 100% (136/136) 76.5% (104/136) 99.3% (135/136)

Specificity: negative samples (titer < 5) all samples n = 84 54.8% (46/84) 82.1% (69/84) 89.3% (75/84) 58.3% (49/84)

convalescent n = 14 42.9% (6/14) 100% (14/14) 85.7% (12/14) 42.9% (6/14)

partially vaccinated n = 40 25% (10/40) 62.5% (25/40) 82.5% (33/40) 32.5% (13/40)

control samples n = 30 100% (30/30) 100% (30/30) 100% (30/30) 100% (30/30)

FIGURE 4 | Plot of the percentage of positive results of all four tests in

comparison to the respective NT titer.

when looking at NT-positive samples, the Concile and AdipoGen
have consistently good detection rates of ≥ 94% among all titer
levels. Detection rates of the NeutraLISA improve with rising
NT titers and reach 100% for samples with a titer ≥40 along
with the Concile and the AdipoGen. Detection rates of the Coris
also gradually improve with rising titers but remain overall low
compared to the other three tests (the only exception being
samples with a titer of ≥80).

The correlation between all four immunoassays as well as the
correlation of each assay with the NT are shown in Table 3.
Correlations were mostly medium to strong with the only
exception of the Coris NP assay. The closest correlation (0.96)
was observed between both sELISAs followed by the NeutraLISA
and the Concile (0.9). A medium correlation (0.8–0.85) was

TABLE 3 | Correlation between all immunoassays and with NT.

NT AdipoGen NeutraLISA Coris (NP) Coris Concile

NT 1,00 0,84 0,85 0,13 0,80 0,84

AdipoGen 1,00 0,96 −0,17 0,67 0,83

NeutraLISA 1,00 −0,12 0,73 0,90

Coris (NP) 1,00 0,19 0,13

Coris 1,00 0,76

Concile 1,00

All coefficients are significant (p < 0.0001) with the only exception of the Coris NP assay;

correlations are marked in color; strong correlations are marked in green shades while

weaker correlations are marked in yellow, orange and red.

demonstrated between all assays and theNTwith theNeutraLISA
exhibiting the closest correlation to the NT. In general, the Coris
exhibited the weakest correlations with all other assays including
the weakest correlation (0.67) that was observed between the
Coris and the AdipoGen. As expected, no correlations at all were
observed between the Coris specifically targeted at NP-specific
antibodies and all other (spike protein specific) assays.

As the Coris not only detects RBD specific antibodies, but also
antibodies against the nucleocapsid protein (NP), we examined
all samples from convalescent patients (n= 128) with a previous
PCR-confirmed infection specifically for antibodies against NP.
NP specific antibodies were detected in a little over half of the
samples (83/128) resulting in a NP specific sensitivity of 65%. At
the same time, we also tested the 30 negative control samples,
of which all were NP negative, giving a specificity of 100%.
We did not include the samples from partially/fully vaccinated
individuals, as our information is not sufficient to exclude a past
SARS-CoV-2 infection with absolute certainty.

Antibody Quantities Determined by the
Concile (InfectCheck COVID-19 Nab)
In addition to qualitative results, the Concile LFA also offers
quantification of antibodies (µg/ml). An overview of quantitative
results is given in Figure 5. Despite a noticeable wide distribution
of results within eachNT titer level, a low grade linear trend could
still be observed (R2 0.3, p < 0.0001). The highest precision was
observed for samples with NT titer levels ≥80.
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FIGURE 5 | Distribution of antibody quantities (µg/ml) determined by the Concile InfectCheck COVID-19 Nab in relation to the results of the NT. In accordance with

the manufacturer’s instructions, cut-off was set to 0.3µg/ml. Despite a wide distribution of results (R2 0.3, p < 0.0001), a low-grade linear trend could be observed

with the highest precision observed for samples with high NT-titers (≥80).

DISCUSSION

Infection with SARS-CoV-2 elicits a humoral immune response

that results in antibodies against specific viral proteins, including

neutralizing antibodies (NAb). In this study, we investigated four

immunassays, i.e. two surrogate ELISAs (sELISA) and two lateral

flow assays (LFA), specifically designed for the detection of SARS-
CoV-2 NAbs and evaluated their sensitivity and specificity in
direct comparison to a gold standard virus based method (NT).

Of the 334 serum samples evaluated in this study, the majority
came from convalescent patients (38%) and fully vaccinated
individuals (41%). Interestingly, mean NT titers differed
markedly between convalescent and vaccinated individuals,
with titers nearly four times higher in the latter. In addition,
we were able to detect NAb in all samples from vaccinated
individuals while 11% of samples from convalescent patients
were negative for NAb. This is also in line with a recent study
by Cavanaugh et al. who found that a full vaccination provides
significantly better protection against reinfection compared to
natural infection (18). Remarkably, no NAb at all could be
detected in partially vaccinated individuals. This observation was
somewhat surprising because it contrasts with other studies in
which at least low levels of neutralizing antibodies were detected
after primary vaccination (19, 20). Since the samples were
collected at similar time points after vaccination, this discrepancy
is likely due to differences in testing methods. Our NT was
essentially designed as a PRNT100 to maximize specificity and
detect actual protective neutralizing antibodies with the highest

possible confidence. However, this approach implies a reduction
in test sensitivity and may explain the differences with studies
using other methods such as PRNT50 or surrogate ELISA tests.
This explanation is also supported by our finding that, although
the NT results were negative, both sELISAs and both LFAs tested
in this study detected NAb in many samples from partially
vaccinated individuals.

The highest overall sensitivity (98.4%) was observed for
the Concile despite it being a LFA, closely followed by the
AdipoGen sELISA (98%). In contrast, sensitivity was lower
for the NeutraLISA sELISA (86%) while the Coris exhibited
the least sensitivity (71.6%). However, while the NeutraLISA
demonstrated a similar overall specificity of 82.1%, the AdipoGen
and Concile both exhibited a markedly lower overall specificity
(54.8 and 58.3% respectively). In contrast, the Coris was the
only test with a specificity (89.3%) higher than the sensitivity.
Sensitivity of all four tests was highest when testing samples of
fully vaccinated individuals. The fact that the Coris LFA offers the
simultaneous detection of NP specific antibodies is potentially
interesting. However, the NP specific sensitivity of only 65% is
not sufficient to reliably confirm or exclude a previous infection.
The low specificity of the Concile and the AdipoGen is due to a
large number of apparent false positive results within the groups
of partially vaccinated and convalescent individuals. In this
context, we observed strikingly different specificities when testing
different subgroups. Most interestingly, all four tests exhibited
a specificity of 100% in the group of negative control samples,
i.e. samples taken prior to the appearance of SARS-CoV-2. This
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is in stark contrast to the specificities determined based on
testing samples from partially vaccinated individuals, which were
as low as 25%. Similar results were observed for NT-negative
samples from convalescent individuals, raising the question if
these samples are truly negative. As already mentioned above,
this discrepancy could be due to the fact that our NT is
very conservatively designed to be as specific as possible. This
limitation might lead to an underestimation of specificity of the
evaluated test. In this context, the observation that samples after
prime immunization have detectable but generally low antibody
levels (20–22) is consistent. At the same time, another possible
explanation for this discrepancy could be the presence of SARS-
CoV-2 specific antibodies without neutralizing activity. Such
non-neutralizing antibodies may cross-react with both sELISA
and LFA and lead to false positive results due to their artificial
nature. In addition, we observed only very little correlation (R²
0.26, p < 0.0001) between the entirety of IgG antibodies and
NAb, including high levels of antibodies but no neutralizing
activity which could favor cross-reactivity. The wide distribution
of inhibition values that was observed for both sELISAs visualizes
the overall low specificity yet high sensitivity. At the same
time, the two dimensional distribution shows a wide spread of
inhibition values, especially within negative to low NT titers, and
underlines the non-quantitative character of both tests. Thus,
no conclusion about titer levels can be drawn from inhibition
values determined by either sELISA, which is a clear disadvantage
compared to NT. The possibility of antibody quantification by
the Concile LFA is potentially appealing. However, due to the
wide distribution of results within each titer level together with
the low overall specificity, the clinical use and interpretation of
quantitative results remains questionable.

Another aspect to consider when assessing and interpreting
these results is the different conceptual design of the four
assays. As described and illustrated in Figure 2, both competitive
sELISAs are similar in design and mimic the interaction of
RBD and the ACE2 receptor to determine the inhibitory effect
of neutralizing antibodies that are capable of interrupting this
interaction. Therefore, they can at least artificially test the
biological function of RBD-specific NAb. However, NAb are
directed against different viral structures (23), which in principle
gives virus neutralization assays a clear advantage in terms of
biological sensitivity because they can detect all NAb regardless
of the target structure. The fact that both sELISAs show high
sensitivities despite thismethodological disadvantage is likely due
to the fact, that the vast majority of NAb was shown to be directed
against the RBD (5). Therefore, their imperfect sensitivity is
likely due to a combination of the disadvantage in biological
sensitivity and the performance of the test itself (i.e. technical
sensitivity). While the same study has also shown that not all
RBD-specific antibodies are neutralizing, this could still explain
the high sensitivity of the Concile LFA. Although it only detects
RBD-specific antibodies without assessing functionality. While
this should have a detrimental effect on (biological) sensitivity,
it is again likely that at least a large proportion of these RBD-
specific antibodies are in fact able to neutralize. Admittedly, this
is in contrast to the significantly lower sensitivity of the Coris
LFA, which also detects RBD-specific antibodies. However, this

might be a methodological issue as the Concile uses anti-human-
IgG for capture and gold conjugated RBD for detection while the
Coris works the other way around and uses RBD for capture and
gold conjugated anti-human-IgG for detection, which seems to
lead to a lower technical sensitivity and should be explored in
more detail in further studies.

Currently, there is a global effort to promote SARS-CoV-2
immunization. However, many countries have recently reported
stagnating numbers of vaccinations. At the same time, countries
are trying to return to normality and gradually ease restrictions,
mostly for fully vaccinated people, while at the same time reports
have begun to emerge about suboptimal immune responses after
vaccination, especially among risk groups (24–26). Albeit still
missing data on correlate of protection (27), this has led to an
increased demand for NAbs testing to assess vaccination success.
In addition, recent publications have indicated a beneficial effect
of booster vaccinations to mitigate the reported decline in NAb
(28–31), which has further increased the demand for NAb testing
to select eligible groups.

Based on the results of this study, both sELISAs are
suitable to be used as alternative testing methods in
determining NAb levels post immunization (and with
minor compromises also post infection) when NT testing
is not available in standard laboratories. It must be noted,
however, that all tests seem unsuitable to test patient
cohorts with an expected low immune responses (e.g.
patients under B cell depletion therapy, oncology patients
and overall immunocompromised patients etc.) as there
is probably a high risk of false positive results due to
the previously described potential cross-reactivity with
non-neutralizing antibodies.

A huge advantage of both sELISAs is, of course, the
significantly reduces turn-around time of only a few hours
compared to several days. The same can be said about the Concile
LFA, which can be used by medical practices and other non-
laboratory institutions due to its quick and easy workflow and
turn-around of only 20 min.
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Introduction: The hepatitis B virus (HBV) is a blood-borne virus that can be transmitted

by percutaneous and mucocutaneous contact with infected bodily fluid. Healthcare

workers (HCWs) are more exposed to HBV infection. They must have a thorough

understanding of HBV infection since they can contract and spread the virus. In this study,

we systematically reviewed all published evidence on the seroprevalence of Hepatitis B

virus (HBV) infection among HCWs. and synthesize evidence on the association between

knowledge and awareness with HBV infection.

Methods: We searched PubMed, EMBASE, Cochrane Library and Scopus for studies

reporting on HBV seroprevalence from January 1997 to September 2021 among

healthcare workers. We used random-effects meta-analyses to estimate the pool

prevalence of HBV infection.

Results: We identified 25 studies that met our inclusion criteria, with data on 10,043

adults from 11 countries and two regions: Africa and Asia. The overall seroprevalence of

HBV was 5.0% (95% confidence interval [CI] 3.6%), with Africa reporting higher estimates

(5.0%, 95% CI 3.7%) than Asia population (4.0%, 95% CI 1.9%). The highest pooled

prevalence estimate in African countries came from studies published in the Cameroon

region (8.0%, 95% CI 5–10%) while the lowest came from Ethiopia (4.0%, 95% CI 2.6%).

The overall seroprevalence estimates in the African population were significantly higher

than those in the Asian group. Studies in Africa found that the average knowledge

and seroprevalence were 1.4% and 11.0%, respectively where, eight studies (53.3%)

reported good knowledge and seven studies (46.7%) reported average knowledge.

In Asia, two studies (40.0%) reported good knowledge, one study (20.0%) reporting

average knowledge, and two studies (40.0%) reporting poor knowledge. African studies
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demonstrated good knowledge despite the fact that their HBV infection rate was higher

than 6.7%.

Conclusion: Africa and Asia have the highest seroprevalence of HBV infection.

Improving the comparability of epidemiological and clinical studies constitutes an

important step forward. More high-quality data is needed to improve the precision of

burden estimates.

Systematic Review Registration: PROSPERO CRD42021279905.

Keywords: hepatitis B virus, seroprevalence, prevalence, infection, healthcare workers, knowledge,

awareness, epidemiology

INTRODUCTION

The Hepatitis B virus (HBV) is a bloodborne virus that has
become a major global public health concern. HBV, which
belongs to the Hepadnaviridae family, has only one known
natural host: humans. The virus enters the liver through the
bloodstream and replicates in the tissue of the liver (1). Acute
hepatitis B infection causes inflammation and jaundice in the
liver, while chronic hepatitis B infection can lead to potentially
fatal diseases such as liver cirrhosis and hepatocellular carcinoma
(2). Globally, HBV infected over 2 billion individuals with
250 million of them suffering from chronic HBV infection
(3). According to the World Health Organization (WHO), 325
million people are infected with HBV, with the African and
Western Pacific regions having the highest rates of HBV infection
at 68% (4), and approximately 900,000 people dying from HBV
each year (5). Hepatitis B is most common in Sub-Saharan Africa
and Southeast Asia (8.0–10.0%). This is followed by Eastern
and Southern Europe, the Middle East, and Japan (2.0-7.0%),

and the United States and Northern Europe (0.5–2.0%) (6–8).

Furthermore, it is estimated that 40% of the healthcare workers
(HCWs) are infected with HBV infections in the developing

countries (9).
Healthcare workers are four times more likely to be infected

with HBV compared to the general population (10). This

may be due to a lack of compliance with infection control

recommendations from established guidelines such as the Center

for Disease Control and Prevention (CDC) (11). Handwashing,

glove use, and correct disposal of sharp instruments are all part of

the CDC’s recommended precaution, which is aimed to prevent
the spread of blood-borne infections like HBV (12). In the case

of HBV infection, knowledge includes information gathering,

experience, skill, and disease prevention strategies (13, 14). A lack
of understanding among HCWs in both low- andmiddle-income
countries leads to low adherence to safety measures, aggravating
the HBV situation (15). A better understanding of HBV infection
is essential to reduce the rate of infection among HCWs in
the healthcare context (16). Knowledge is usually assessed to
investigate how far the community know the concepts of disease
including causes and symptoms of disease. Attitude is defined as
a product of a complex interaction on values, feelings and beliefs
(17). Practice is defined as an action of the habitual community to
prevent the disease (18). Awareness is the knowledgeable person

being conscious and behavior under the receiving in taxonomy of
affective domain (19).

Although HCWs are more aware of Hepatitis B, several
countries lack a comprehensive grasp of the disease
biology, transmission methods, risk of transmission, clinical
characteristics, and vaccination availability (20). Hepatitis B virus
seroprevalence among HCWs was reported in a prior study by
Mahamat et al. (21), but there was no relationship study between
seroprevalence and knowledge or awareness (21). Hepatitis B
awareness is lower among HCWs in developing countries, which
is linked to poorer preventive attitudes, including lower Hepatitis
B vaccine coverage (22). On the other hand, the prevalence of
HBV infection fluctuates and is influenced by a variety of factors
including geographical region, host factor, and environmental
or behavioral factors. The low prevalence of HBV in Europe, for
example, may be attributed to the high standard of living there
(10). As a result, Hepatitis B prevalence can also predict the risk
factors for HBV transmission, such as injections, occupational
injuries, body tattoos, and a history of not being been vaccinated,
among others (23). Therefore, this study aimed to determine the
pooled prevalence of hepatitis B infection among HCWs and to
compare the pooled prevalence of HBV infection across different
regions. We also compiled data to determine the association
between seroprevalence and level of knowledge or awareness on
HBV infection.

MATERIALS AND METHODS

We conducted a systematic review by following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) (24) and Guidelines for Accurate and Transparent
Health Estimates Reporting (GATHER) statement (25). The
PROSPERO registration number is CRD42021279905. Our
primary outcome was the seroprevalence of HBV infection
among HCWs. Our secondary outcome was the estimation of
knowledge and awareness attributable to HBV infection.

Search Strategy
A comprehensive systematic literature search was conducted
in electronic databases (PubMed, EMBASE, Cochrane Library,
and Scopus) to identify relevant studies from inception to
September 2021. A search strategy was developed for PubMed
(Supplementary Table 1) and adapted for use in the other
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databases. Other electronic search was performed in the WHO
International Clinical Trials Registry Platform (ICTRP). In the
search, key words and equivalent Medical Subject Heading
(MeSH) phrases were combined when applicable, with no
language or publication year restrictions. Specific search terms
are as follows: “hepatitis B” OR “HBV” OR “hepatitis B
virus” AND “etiology” OR “etiology” OR “prevalence” OR
“epidemiology” OR “infection” AND “healthcare workers” OR
“healthcare” OR “doctor” OR “doctors” OR “nurse” OR “nurses”
OR “medical” OR “medical staff” OR “medical assistant” OR
“health personnel” OR “health care personnel” OR “healthcare
personnel” OR “health care worker” OR “health care workers”
OR “healthcare worker” OR “healthcare workers” OR “health
worker” OR “health workers” OR “healthcare professionals” OR
“medical care personnel” AND “knowledge” AND “awareness”
(Supplementary Table 1) for the MEDLINE search. We also
scanned through cross-references of identified primary studies
and review articles for eligible studies.

Eligibility and Exclusion Criteria
We included studies according to the following criteria;
Population/Intervention/Comparator/Outcome/Study Design
(PICOS) approach. For this review, we included HCWs
(P) defined as individuals such as doctors, dentists, nurses,
midwives, medical personnel, medical assistant or laboratory
scientists who are in direct contact with the following: (i)
patient bodily fluids or biological samples such as blood, saliva,
sperm, sweat and stool, (ii) new-born delivery process in which
mother-to-child transmission was possible via a transplacental
route, and (iii) people who were exposed sexually, and (iv)
sharp or needle-stick injuries. Instead of an intervention (I), we
included observational studies that report the seroprevalence of
HBV with either one or both of the components of knowledge
or awareness in relation to HBV seroprevalence. There was no
comparator (C), and lastly, the determined outcome (O) was
seroprevalence of hepatitis B infection. We considered all articles
published in English language. When numerous studies with
the same cohort were conducted, the research with the most
detailed information on the participants or the largest number of
participants was chosen.

We excluded abstracts, letters to the editor, reviews,
commentaries, editorials, and studies without either primary
data or described study methods. We excluded systematic
reviews, non-empirical studies, conference, abstracts, editorials,
commentaries, book reviews, and abstracts not accompanied by
a full text.

Study Selection
Two review authors (NHM and NAM) independently screened
all titles and abstracts to look for potential studies found through
the search and coded them as “retrieve” (eligible or potentially
eligible/unclear) or “do not retrieve”. Two more review authors
(NSMD and MHAM) independently retrieved full-text study
reports/publications to identify studies for inclusion, and to
identify and record reasons for studies’ exclusion. When
there were disagreements, a consensus was obtained through
discussion with a third reviewer (MRAH).

Data Extraction Process and Data Items
Two review authors (FNL and TA) independently evaluated
each included study ‘s methodological quality and extracted
data using a piloted form; discrepancies were resolved through
discussion with a third review author (NML). Data on the
year of publication, country of origin, study design, sample
size, sampling procedure (if available), study period, and setting
(country/continent/region) were extracted using a standardized
data collection form.

Risk of Bias in Included Studies
To assess the risk of bias for each study, a domain-
based questionnaire developed from the Newcastle-Ottawa
Scale (NOS) was used to assess methodological quality (26)
(Supplementary Table 2). In the following domains: participant
selection (selection bias), sample size justification (selection
bias), outcome measurement (detection bias), and confounding
adjustment, we evaluated the risk of bias as low, moderate,
high, or uncertain. We assigned a score of 7 and above as good
quality, and below 6 as having some concerns to determine the
overall quality.

Data Synthesis and Analysis
We used Stata software version 16 for all statistical analysis (27).
The pooled prevalence rates, as well as their 95% confidence
intervals, were calculated using a random-effects model (28). The
heterogeneity of the studies was assessed using I2 statistics and
Cochran’s Q Test (29). The I2 statistics were used to assess the
explained variance attributable to study heterogeneity, with I2

score of 25.0, 50.0 and 75.0% denoting low, moderate and high,
respectively (28, 30).

RESULTS

Identification of Studies
We identified a total of 4,329 studies published between January
1997 and September 2021. We could not find any studies that
evaluated seroprevalence of Hepatitis B among HCW and its
association with knowledge, awareness and attitude of HBV in
the Americas, Europe, Eurasia, Australia, or Antarctica regions.
We excluded duplicates and collated multiple reports of the same
study so that each study, rather than individual report, is the
focus of our analysis. We meticulously documented the selection
process to complete a PRISMA flow diagram (Figure 1). We
shortlisted 25 studies from a pool of 28 for an in-depth full-text
examination of their suitability.

Characteristics of Included Studies
Among the 25 included studies, nineteen were from Africa
(10, 14, 20, 31–46) and six from Asia (47–52). The studies
were conducted across eleven countries with a total of 10,043
participants. The characteristics of the included studies are
depicted in Table 1.

Quality Assessment of Included Studies
Two reviewers (FNL and MHAM) independently assessed the
quality of the included studies using an adapted version of the
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FIGURE 1 | PRISMA flow diagram on selection process. From: Page et al. (24). For more information, visit: http://www.prisma-statement.org/.

NOS for prevalence studies. The quality of evidence was rated as
low to begin with, due to the non-randomized nature of the study.
The quality of evidence in the outcomes were based on the NOS
criteria, where amaximum score of 4 stars for selection, 2 stars for
comparability, and 3 stars for exposure and outcome assessment.
Studies with fewer than 2 stars were considered low quality; 2
to 6 stars, moderate quality; and 7 stars and more, high quality.
Twenty-one studies were observed to be of good quality (NOS
score 7 and above), and four studies were identified as fair quality
(NOS score between 2 and 6 inclusive) (Supplementary Table 2).

The Estimates of Pool Seroprevalence of
Hepatitis B
As shown in Figure 2, the overall estimate for pooled
seroprevalence of Hepatitis B was 5.0% (95% CI: 0.03–0.06),
with a high-level of heterogeneity between studies (I2 = 94.6%,

P = 0.001). The study was divided into two parts: Africa and
Asia. In Asia, the overall pooled seroprevalence of Hepatitis B
was 4.0% (95% CI: 0.01–0.07) with a high-level of heterogeneity
between studies (I2 = 95.7%, P = 0.001) (Figure 3), whereas
in Africa, the overall pooled seroprevalence of Hepatitis B
in Africa was 5.0% (95% CI: 0.03–0.07) with a high-level
of heterogeneity between studies (I2 = 92.2%, P = 0.001)
(Figure 4). The subgroup analysis was performed in Africa
since there were nineteen publications categorized under the
African region. We pooled the seroprevalence of Hepatitis B in
African countries with two or more publications for this study.
This subgroup analysis was performed in Nigeria, Ethiopia, and
Cameroon (Supplementary Figures 1–3). In Nigeria, the overall
pooled seroprevalence of hepatitis B was 4.0% (95% CI: 0.01–
0.06) with high-level heterogeneity (I2 = 94.4%, P = 0.001)
(Supplementary Figure 1). Ethiopia had a pooled seroprevalence
of 4.0% (95% CI: 0.02–0.06), but the level of heterogeneity was
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TABLE 1 | List of included studies.

No References Study population

(country)

Continent/region Sample size Seroprevalence

(%) /HBV marker

Knowledge/ Awareness findings

1 Djeriri et al. (31) Morocco Africa 276 1.0 (HBsAg) Awareness: Overall good awareness. 95%

aware the complications of chronic Hepatitis B,

68% aware Hepatitis could be fatal, 100%

aware HBV can be transmitted by blood

transfusion, 85% aware HBV transmitted by

sexually transmitted disease and 97% by

vertical transmission. 93% aware condom as

an effective for prevention, 87% aware washing

hands prevent HBV transmission and 96%

aware the use of disposal gloves to prevent

Hepatitis B

2 Shao et al. (32) Tanzania Africa 442 5.7 (HBsAg) Knowledge: Overall average knowledge.

Quarter (25.4%) had good knowledge and

about half (49.6%) had fair knowledge about

HBV infection. Most of the participants (85.9%)

correctly identified that HBV is more contagious

than HIV, while (91.3%) knew that there

is effective and safe hepatitis B vaccine.

Knowledge questions: HBV transmit via sexual

intercourse and partner, known as blood-borne

pathogen via accidental exposure to blood and

its product, needle stick, broken skin, mucous

membrane, infected blood, oral-fecal route,

mom to fetus, immunoglobulin, and vaccine.

Awareness: Overall poor awareness. 17.9% of

participants were aware, unprotected sex with

multiple partners was the risks for HBV

infection.

3 Hebo et al. (33) Ethiopia Africa 240 4.4 (HBsAg) Knowledge: Overall good knowledge on the

virus (73.9%) including the transmission and

the treatment. 26.1% had average knowledge

4 Desalegn and

Selsassie (34)

Ethiopia Africa 254 2.4 (HBsAg) Knowledge: Overall good knowledge of

universal precautions (UPs). 52.4% consistent

use of gloves was reported by of the

respondents, 61.0% concerning needle stick

injury (NSI) and from other sharp injury and

50.0% had a history of NSI and sharp injury.

80.7% and 42.5% of HCWs knew about

universal precaution guideline and were trained

on infection prevention, respectively.

5 Anagaw et al. (35) Ethiopia Africa 100 6.0 (HBsAg) Awareness: Overall good awareness. Aware on

the viral hepatitis transmission via sexual

contact, sharing special tools (i.e., eye goggle,

thick gloves, protective gown, tooth brushes,

shaving razor, etc.) and intravenous drug

abuse.

6 Abiola et al. (10) Nigeria Africa 134 1.5 (HBsAg) Knowledge: Overall good knowledge (56.7%)

and 43.3% with average knowledge

7 Ngekeng et al. (36) Nigeria Africa 188 5.0 (HBsAg) Knowledge: Overall average knowledge.

58.72% had good knowledge and 41.28% had

poor knowledge. Average knowledge on the

HBV transmission (66.9%) and good

knowledge (80.0%) know HBV cause liver

disease

8 Osagiede et al.

(20)

Nigeria Africa 280 1.4 (HBsAg) Knowledge: Overall average knowledge. 32.5%

had poor, 20% had average and 47.5% have

good knowledge.

Awareness: Overall good awareness with

86.4% aware about HBV.

(Continued)
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TABLE 1 | Continued

No References Study population

(country)

Continent/region Sample size Seroprevalence

(%) /HBV marker

Knowledge/ Awareness findings

9 Ijoma et al. (37) Nigeria Africa 3,123 2.3 (HBsAg) Knowledge: Overall good knowledge on HBV

infection (97.0%) and 68.1% correctly identify

risk factors and transmission. Poor knowledge

on sexual intercourse and sharp objects

10 Ogundele et al.

(14)

Nigeria Africa 209 6.7 (HBsAg) Knowledge: Overall adequate knowledge with

61.7% had adequate knowledge while 38.3%

had poor knowledge range. The knowledge

score was only significantly associated with

work duration (p = 0.018). 89% of the

participants ever heard of HBV prior to the study.

Awareness: Overall good awareness with

83.7% were aware that HBV is contagious,

only 125(59.8%) described it as a lethal disease

11 Oladokun et al.

(38)

Nigeria Africa 140 5 (HBsAg) Knowledge: Overall good knowledge of the

infection though some have had needle stick

injury (12.14%)

Awareness: Overall good awareness. Aware of

the infection (92.86%) and its modes of

transmission (72.86%).

12 Muhammad et al.

(39)

Nigeria Africa 283 6.0 (HBsAg) Knowledge: Overall adequate knowledge with

58.3% had knowledge on HBV and 41.7% with

poor knowledge

Awareness: Overall good awareness with high

awareness level observed in individuals wearing

hand gloves. However, 70.1% do not recap

needles after the injection

13 Amiwero et al. (40) Nigeria Africa 248 1.3 (HBsAg) Awareness: Overall good awareness with

70.6% aware of various types of hepatitis and

suggested that awareness increased with the

increased of education level.

14 Mbaawuaga et al.

(41)

Nigeria Africa 255 10.6 (HBsAg) Awareness: Overall good awareness with

79.6% had awareness about HBV infection.

15 Akazong et al. (42) Cameroon Africa 395 10.6 (HBsAg) Knowledge: Overall average knowledge. 32.4%

had poor knowledge while 67.6% had average

knowledge

16 Rodrigue et al. (43) Cameroon Africa 171 7.0 (HBsAg) Knowledge: Overall, good knowledge. 94.7%

had good knowledge and 5.3% had poor

knowledge. Good knowledge with 93% know

it’s come from virus. Most of HCWs believed

HBV cause by sexual intercourse (96.5%),

scarifications (34.5%) and blood exposure

(19.3%)

17 Tatsilong et al. (44) Cameroon Africa 100 11.0 (HBsAg) Knowledge: Overall had average knowledge.

47% had good knowledge in HBV mostly in

men (3.2 times than women). Higher

education, knowledge on the present of HB

vaccine, needle injury, knowing the mode of

HBV transmitted are named as a contribution

factor to higher knowledge of HBV.

18 Qin et al. (45) Sierra Leone Africa 211 10.0 (HBsAg) Knowledge: Overall average knowledge with

29.0% had poor knowledge on transmission,

preventive HBV measure (44.1%). Longer

working experience is associated with greater

knowledge & medical doctor.

Awareness: Overall poor awareness with

77.3% not aware about HBV clinical outcome.

19 Massaquoi et al.

(46)

Sierra Leone Africa 446 8.7 (HBsAg) Knowledge: Overall good knowledge with

90.4% of participants were aware that hepatitis

B could cause liver cancer. About 96.9%

healthcare workers were concerned about their

risk of hepatitis B at work

(Continued)
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TABLE 1 | Continued

No References Study population

(country)

Continent/region Sample size Seroprevalence

(%) /HBV marker

Knowledge/ Awareness findings

20 Mangkara et al.

(47)

Laos Asia 317 5.0 (HBsAg) Knowledge: Overall poor knowledge with 20%

of dentists and 45% of assistants were

unaware that HBV can be transmitted by blood.

8.2% of the dentists and 18.1% of assistants

were not familiar or did not recognize serology

as a way to test for Hepatitis B infection.

21 Nguyen et al. (48) Vietnam Asia 203 9.8 (HBsAg) Knowledge: Overall good knowledge on the

mode of HBV transmission. Majority believed

that asymptomatic people can have chronic

HBV or HCV infection (89%) and that HBV-HCV

are lifelong infections which can cause liver

cancer (95%) and can be lethal (86%).

Physicians exhibit better knowledge than

nurses or midwives and other HCWs.

22 Ptil et al. (49) India Asia 555 0.2 (HBsAg) Awareness: Overall good awareness, with 98%

aware of health consequences of HBV

accidental exposure (needle prick and post

exposure prophylaxis) and concerned about

follow up

23 Aziz et al. (52) India Asia 250 2.4 (HBsAg) Knowledge: Overall good knowledge with 90%

know HBV can be transmission in hospital,

needle stick (62%), sexual (59%), vertical

(71%), hand washing (13%), precaution to

avoid needle stick injury (23%), wear gloves

(30%), proper vaccine (14%), regular screen

(10%), no knowledge (1%). About quarter of

them had needle stick injury during hospital job

but few were tested against it. Less than half of

them were previously vaccinated for HBV but

majority of them knew about the risk of

transmission of HBV, HCV and I-IIV during

hospital job.

24 Memon et al. (51) Pakistan Asia 923 4.7 (HBsAg) Knowledge: Overall poor knowledge regarding

the importance of HBV prevention, 20%

25 Alqahtani et al. (50) Saudi Arabia Asia 300 8.7 (HBsAg) Knowledge: Overall average knowledge

observed among HCWs regarding

occupationally transmitted blood-borne

diseases, safe injection practices, and

standard precautions to prevent occupationally

transmitted blood-borne infections.

Awareness: Overall good awareness with

99.0% of HCWs were aware of all blood-borne

diseases, 53.0% felt all safe injection practices

that may protect them and 72.6% said all

standard isolation precautions to prevent

occupationally transmitted blood-borne

infections.

moderate (I2 = 42.6%, P = 0.19) (Supplementary Figure 2).
Cameroon had the highest overall pooled seroprevalence of
Hepatitis B in Africa, at 8.0% (95% CI: 0.05–0.11), with a
moderate level of heterogeneity between studies (I2 = 63.7%,
P = 0.03) (Supplementary Figure 3).

Knowledge and Awareness on Hepatitis B
Infection Among Healthcare Workers
There were twenty studies that reported findings on
seroprevalence and knowledge, with fifteen from Africa and five
from Asia. Some of the studies mentioned the knowledge level

(good, average, or poor knowledge) in the publication. In Africa,
the majority of the studies found that participants have a strong
knowledge of hepatitis B infection, with eight studies (53.3%)
reporting good knowledge and seven studies (46.7%) reporting
average knowledge. In Asia, five studies reported seroprevalence
and knowledge findings, with two studies (40.0%) reporting good
knowledge, one study (20.0%) reporting average knowledge, and
two studies (40.0%) reporting poor knowledge. Seven studies
in Africa found that the average knowledge and seroprevalence
were 1.4 and 11.0%, respectively. Surprisingly, few African
studies demonstrated good knowledge despite the fact that their
HBV infection rate was higher than 6.7% (14, 42, 45). The average
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FIGURE 2 | Forest plot of overall seroprevalence estimate of the Hepatitis B infection among healthcare workers.

knowledge was reported in the cohort with a seroprevalence of
8.7% in the Asia region (49) Memon et al. (51) and Mangkara
et al. (47) found poor knowledge in their participants with 4.7%
and 5.0% HBV seroprevalence, respectively. However, Nguyen et
al. (48), who found the highest seroprevalence (9.8%), claimed
that participants had a good knowledge of HBV infection (48).
The assessment of knowledge among HCWs were presented in
the Supplementary Table 3.

There were eleven studies that found an association between
seroprevalence and participants’ level of awareness, including
nine (81.8%) from Africa and two (18.2%) from Asia. Some of
the studies mentioned the participants’ level of awareness (good,
average, or poor awareness). The scale for awareness level was
adopted from Vaishali et al. (53) for those studies that did not
mention it. Nine studies (81.8%) were reported to have good
awareness, whereas two (18.2%) in the Africa region were found
to have poor awareness. Seroprevalence was poor in Tanzania

(32) and Sierra Leone (45), with 5.7 and 10.0%, respectively.
Even though three publications had higher seroprevalence than
Shao et al. (32) and Qin et al. (45), the publications showed
good awareness: 6.0% Anagaw et al. (35), 6.7% Ogundele et al.
(14), and 10.6% Mbaawuaga et al. (41). Supplementary Table 4

summarizes the awareness evaluation, the instrument employed,
and the conclusion.

DISCUSSION

Healthcare workers have a higher risk of contracting HBV
infection than the general population. Simultaneously, they
play a vital role in preventing and controlling HBV infection
by disseminating and transmitting HBV knowledge to the
public, as well as assisting in behavior changes that may
aid in infectious diseases prevention (54). After utilizing
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FIGURE 3 | Forest plot of seroprevalence estimate of the Hepatitis B infection among healthcare workers in Asia.

FIGURE 4 | Forest plot of seroprevalence estimate of the Hepatitis B infection among healthcare in Africa region.
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NOS to assess methodological quality, only 21 out of the
25 studies included in this review showed a good risk of
bias, while another four studies exhibited a fair risk of bias.
Healthcare workers must consequently have a goof level of
knowledge and awareness of HBV to limit their own and the
public’s risk of infection. According to Rayate et al. (55), the
majority of HCWs are unaware that the virus can survive
outside the body for seven days (55). The same study also
reported that only 27.78% of HCWs are aware that the virus
can survive in dried blood type form (55). Several factors
influence the likelihood of getting hepatitis B, including the
prevalence of the virus in the environment or in people’s
behavior, the frequency of blood and body fluid exposure to
HCWs, HBV infectivity (14), geographical location, and host
factors (10).

In comparison to other regions, the current study found that
African countries have a high seroprevalence of HBV infection
(Figures 3, 4). Medical doctors, dentists, nurses, and laboratory
workers made up the majority of HCWs infected with HBV.
There were also cases of HBV infection among technicians,
nurse assistant, cleaning operators, and housekeeping staff (17,
41, 48, 49). Accidental exposure to blood and blood products,
occupational injuries such as needle-sticks and other injuries
from sharp objects, lack of experience or practice with HBV
infection, and not having been vaccinated were all risk factors
for high seroprevalence of HBV infection in certain places
(32–34, 36, 47, 51). Mahamat et al. (21) published a study
on global seroprevalence among HCWs that was similar to
ours. Our study, on the other hand, shows a link between
HBV seroprevalence and HCWs knowledge or awareness of
HBV infection, which was not addressed in the previous
study (21).

Despite the high seroprevalence observed in a few studies,
other publications claimed good knowledge or awareness of
HBV infection (14, 35, 41, 43, 46). High HBV seroprevalence has
been attributed to a lack of knowledge about HBV transmission
routes in one study in Cameroon (42). Surprisingly, despite
the lower seroprevalence, some studies reported average or
poor knowledge or awareness of HBV infection (32, 39).
This finding showed an inconsistency between the level of
seroprevalence and the level of knowledge or awareness
among HCWs. Notwithstanding the inconsistency, it is
critical to increase HBV knowledge and awareness among
HCWs (50).

A few approaches to increase an awareness of HBV
infection among HCWs include strengthening immunization
program, regularly screen the HBsAb and HBsAg of HCWs,
media involvement, continuous medical educations, and provide
trainings to the HCWs (14, 32, 33, 46, 50). This will encourage
safer work practices and a higher degree of compliance with
hospital policies. By assessing the level of knowledge among
HCWs, not only is the general public indirectly examined,
but also preventative implementation is improved. Separately,
the long years of hospital service have contributed to raising
increasing hepatitis B infection awareness. Furthermore, HCWs’
lack of knowledge regarding Hepatitis B could have a significant
impact on safety behaviors, such as vaccination. As a result,

HCW awareness of Hepatitis B is vital, as knowledge plays
a key role in changing prevention-related behavior (22). Lack
of training or seminars for HCWs, insufficient information,
or a poor awareness of HBV infection could all contribute to
the lack of knowledge among HCWs. Moreover, insufficient
health education programs and obtaining unreliable Hepatitis
B information from friends, relatives, and co-workers may
increase the likelihood of acquiring incorrect information (42).
To increase HBV knowledge among HCWs, improvement in
clinical practice, 53 training, and practical skills are required
(56, 57).

The present study had limitations. First, we were unable
to locate reports on the HBV seroprevalence and levels of
knowledge or awareness in the developing countries. Thus, we
were unable to compare the findings worldwide. Second, in some
research, differences in score and inability to score on the level of
knowledge or awareness may result in inconsistent conclusions
that are either good, average, or poor. As a result, we were
unable to determine some research’ scores and compare them
to seroprevalence.

In conclusion, hepatitis B virus was shown to be present
in 4.0–5.0 % of the population tested, with an apparent
higher prevalence in African countries than in Asian
countries. Some HCWs were still infected with HBV
despite having strong knowledge and awareness of HBV
infection. Improved epidemiological data collection can help
determine and identify key risk factors for a more effective
public health response. Thus, if enough people are exposed
to Hepatitis B virus knowledge, awareness, attitude, and
practice, the goal of eliminating viral hepatitis by 2030 may
be achieved.
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Background: Integrated surveillance for multiple diseases can be an efficient use of

resources and advantageous for national public health programs. Detection of IgG

antibodies typically indicates previous exposure to a pathogen but can potentially also

serve to assess active infection status. Serological multiplex bead assays have recently

been developed to simultaneously evaluate exposure to multiple antigenic targets. Haiti

is an island nation in the Caribbean region with multiple endemic infectious diseases,

many of which have a paucity of data for population-level prevalence or exposure.

Methods: A nationwide serosurvey occurred in Haiti from December 2014 to February

2015. Filter paper blood samples (n = 4,438) were collected from participants in

117 locations and assayed for IgG antibodies on a multiplex bead assay containing

15 different antigens from 11 pathogens: Plasmodium falciparum, Toxoplasma gondii,

lymphatic filariasis roundworms, Strongyloides stercoralis, chikungunya virus, dengue

virus, Chlamydia trachomatis, Treponema pallidum, enterotoxigenic Escherichia coli,

Entamoeba histolytica, and Cryptosporidium parvum.

Results: Different proportions of the Haiti study population were IgG seropositive to the

different targets, with antigens from T. gondii, C. parvum, dengue virus, chikungunya

virus, and C. trachomatis showing the highest rates of seroprevalence. Antibody

responses to T. pallidum and lymphatic filariasis were the lowest, with <5% of all

samples IgG seropositive to antigens from these pathogens. Clear trends of increasing

seropositivity and IgG levels with age were seen for all antigens except those from

chikungunya virus and E. histolytica. Parametric models were able to estimate the rate

of seroconversion and IgG acquisition per year for residents of Haiti.

Conclusions: Multiplex serological assays can provide a wealth of information about

population exposure to different infectious diseases. This current Haitian study included

IgG targets for arboviral, parasitic, and bacterial infectious diseases representing multiple
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different modes of host transmission. Some of these infectious diseases had a paucity

or complete absence of published serological studies in Haiti. Clear trends of disease

burden with respect to age and location in Haiti can be used by national programs and

partners for follow-up studies, resource allocation, and intervention planning.

Keywords: multiplex assay, IgG detection, Haiti, integrated serosurveillance, infectious disease, seroprevalence

INTRODUCTION

Tropical and other infectious diseases cause high morbidity
and mortality worldwide, and many are co-endemic due to
socioeconomic, environmental, climatological, and other factors
(1). Epidemiology, control, and potential elimination of these
diseases benefits from continued surveillance and monitoring for
acute infection or past exposure. As symptomatic surveillance
alone may not be a reliable indicator of infection for many
tropical diseases, serological confirmation provides an effective
way of estimating pathogen exposure within a population (2–6).
Additionally, as infectious disease transmission is reduced in
an area, standard diagnostic methods for many pathogens
tend to provide less accurate estimates of true prevalence
(7, 8). Serological assays that detect antibodies against pathogen-
specific antigens are used for a variety of purposes such as
providing history of infection of diseases within a population
(9, 10), understanding transmission patterns (5), strategizing
control and elimination efforts (11, 12), and assessing host
immune status (13).

Conventionally, single-analyte detection methods such as
Western blotting, lateral flow assays (LFAs), or enzyme-linked
immunosorbent assays (ELISAs) have been used to detect human
antibodies against infectious disease antigens. The bead-based
multiplex platform for detecting and quantitating antibodies
against multiple antigens is efficient for the concurrent analysis of
an individual’s serological profile to numerous infectious diseases
(2, 9, 13, 14). Additional benefits include the time and reduced
costs of multiplexing targets for several pathogens compared to
traditional single-plex assays while remaining relatively easy to
operate in a laboratory setting (15, 16). Thus, multiplex assays
can offer a practical and more comprehensive understanding of
epidemiologic patterns and co-endemic burdens of infectious
diseases in an area (13, 17).

In this current study, a multiplex bead assay (MBA) was
utilized to assess IgG antibody levels for 4,438 blood samples
collected during a Haitian national community-based household
survey that took place from December 2014 to February 2015.
The MBA panel included 15 antigenic targets to evaluate
exposure to 11 infectious diseases in the nation of Haiti. Data
are displayed to estimate department-level and national-level
seroprevalence estimates and trends by age categories.

MATERIALS AND METHODS

Ethical Approvals and Sample Collection
The study protocol was approved by the Haitian Ministry of
Health. Participant consent (and parental assent if under 15

years) was verbal. The Haitian population was sampled from
December 2014 to February 2015 as part of the Global Fund grant
against malaria (Round 8) implemented by Population Services
International (PSI) Haiti as Principal Recipient. Enumeration
areas throughout the country (sections d’énumération, SDE) were
chosen on a proportional sampling by predicted malaria risk
strata as determined by predictive modeling (18). A target of
20 households were randomly selected by field teams within
each SDE, and all members of the household were offered the
opportunity to participate. Blood was collected by fingerprick
on Whatman 903 Protein Saver cards (GE Healthcare, Chicago,
IL), dried overnight, and individually stored in plastic bags with
desiccant at −20◦ C until shipment to the Centers for Disease
Control and Prevention in Atlanta, GA, USA. Samples were
assigned unique identification numbers that were not traceable
to the individual. A total of 4,535 persons were enrolled in the
survey, of which 4,438 (97.9%) provided DBS for serological
assays. Participants in the survey were aged 1–99 years, with
a median number of 30 persons sampled per SDE and 117
total SDEs sampled throughout the country. For the Haiti
tracking results continuously (TRaC) survey, the study protocol
was approved by the Haitian Ministry of Health and approved
as a non-research activity by the Center for Global Health
Human Research Protection Office (HRPO), US Centers for
Disease Control and Prevention (CDC; Center for Global Health
determination #2015-04).

Samples from U.S. resident blood donors were used to
represent a population of persons putatively seronegative to
tropical diseases not endemic to the U.S. All blood samples were
from consenting adults who had screened negative for HIV and
hepatitis B viruses and had no reported history of international
travel in the last 6 months, and use was approved by CDC’s
Center for Global Health Institutional Review Board under non-
engagement in human subjects research status.

Antigens Used for Multiplex Bead Assay
(MBA)
The 19-kDa fragment of the P. falciparum merozoite surface
protein 1 (PfMSP1-19) was cloned from P. falciparum isolate
3D7 and expressed as previously described (17, 19, 20). The
SAG2A antigen from T. gondii was cloned from the RH strain
and produced recombinantly as described previously (21–23).
The production of Brugia malayi roundworm recombinant
antigens Bm33 and Bm14 have been described previously (24–
27). Wuchereria bancrofti antigen Wb123 was a kind gift from
T. Nutman (National Institutes of Health, Bethesda, MD) (28).
The Strongyloides stercoralisNIE antigen (Ss-NIE-1) produced by
L3 parasites was recombinantly produced as described previously
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TABLE 1 | Infectious Diseases Represented and Antigens used for Multiplex

Serology.

Pathogen Disease Antigen

Plasmodium falciparum Malaria PfMSP1-19

Toxoplasma gondii Toxoplasmosis Sag2A

Wuchereria bancrofti Lymphatic filariasis Wb123

Brugia malayi Lymphatic filariasis Bm14

Brugia malayi Lymphatic filariasis Bm33

Strongyloides stercoalis Strongyloidiasis NIE

Chikungunya virus (CHIKV) Chikungunya Chik E1

Dengue Virus Type 2 (DENV2) Dengue Dengue 2 VLP

Chlamydia spp. Trachoma / Chlamydia Pgp3

Chlalamydia trachomatis Trachoma / Chlamydia CT694

Treponema spp. Yaws / Syphilis rp17

Treponema pallidum Yaws / Syphilis TmpA

Enterotoxic E. coli Diarrhea ETEC-LTB

Entamoeba histolytica Amoebiasis LecA

Cryptosporidium parvum Cryptosporidiosis Cp23

(29, 30). The chikungunya virus envelope glycoprotein E1 was
purchased through CTK Biotech (Porway, CA). The dengue
virus serotype 2 virus-like particle was grown and isolated from
transfected eukaryotic cell culture as described previously (31).
The Chlamydia trachomatis antigens Pgp3 and CT694 were
recombinantly expressed and purified as described previously
(32). The recombinant Treponema pallidum antigen rp17 was
purchased by Chembio Diagnostic Systems (Medford, NY)
and recombinant TmpA through ViroGen (Boston, MA) and
dialyzed overnight before bead coupling as described previously
(2). Recombinant enterotoxigenic E. coli heat-labile enterotoxin
B subunit (ETEC LTB) produced in Pichia pastoriswas purchased
from Sigma Aldrich (St. Louis, MO) (33). The Entamoeba
histolytica LecA recombinant antigen was kindly provided by
William Petri, Jr. (University of Virginia, Charlottesville, VA)
and Joel Herbein (TechLab, Blacksburg, VA) (34, 35). The
recombinant 27-kDa antigen from Cryptosporidium parvum
(Cp23) has been previously described (36, 37). The antigen MBA
panel is outlined in Table 1 and Supplementary Table 1.

Antigen Binding to Beads
Antigens were covalently bound to polystyrene BioPlex R©

COOHbeads (BioRad, Hercules, CA; 1715060XX) or Luminex R©

SeroMap beads (Luminex Corp, Austin, TX, L100-S0XX) by
the commonly used EDC/Sulfo-NHS intermediate reaction.
Previous comparisons between magnetic and non-magnetic
beads have found comparable serological results between the
two bead types (38–40). Reactive esters were formed on the
carboxylated beads in the presence of 5 mg/mL EDAC (1-Ethyl-
3-(3′-dimethylaminopropyl)carbodiimide) (EMD Millipore;
341,006) and 5 mg/mL Sulfo-NHS (N-hydroxysulfosuccinimide,
ThermoScientific; 24,510) under light agitation for 20min.
Carboxyl to primary amine crosslinking took place in buffer at
pH 5 (0.85% NaCl and 0.05M 2-(N-morpholino)ethanesulfonic
acid, MES) or at pH 7.2 (phosphate buffered saline, PBS, 10mM
PO4 and 0.85% NaCl) under light agitation for 2 h. Nonspecific

protein binding was blocked by BSA incubation (PBS pH 7.2,
+ 1% bovine serum albumin, BSA) for 30min, and beads were
resuspended in blocking buffer with the addition of 0.02%
NaN3 and protease inhibitors as described previously (25).
Each antigen had been previously optimized to the appropriate
coupling concentration and pH: CHIK-E1 (pH 5, 17µg/mL);
Dengue 2 VLP (pH 7.2, 30µg/mL); Brugia malayi Bm14 (pH 7.2,
120 µg /mL);Wuchereria bancroftiWb123 (pH 7.2, 120µg/mL);
Bm33 (pH 6.0 with 2M urea, 20µg/mL); Enterotoxigenic E. coli
(ETEC) heat-labile enterotoxin beta subunit (pH 5, 30µg/mL);
Chlamydia trachomatis Pgp3 pCT03 (pH 7.2, 120µg/mL); C.
trachomatis CT694 (pH 7.2, 30µg/mL); Treponema pallidum
TmpA (pH 5, 15µg/mL); T. pallidum rp17 (pH 5, 15 µg /mL);
Toxoplasma gondii SAG2A (pH 5, 12.5µg/mL); Plasmodium
falciparum MSP1 (pH 5, 30µg/mL); Strongyloides stercoralis
NIE (pH 7.2 with 2M urea, 20µg/mL); Cryptosporidium parvum
Cp23 (pH 5, 12.5µg/mL); Entamoeba histolytica LecA (pH 5.0,
30 ug/mL). As an internal control to test for non-specific binding
or any serum IgG against Schistosoma japonicum glutathione-
S-transferase (GST) fused to recombinant antigens (41), a bead
was included in the panel that was coupled to GST (coupling
concentration of 15µg/mL at pH5).

Blood Spot Elution and MBA
A 6mm circular punch corresponding to approximately 10 µL
whole blood was taken from the center of each blood spot for
elution. Samples were shaken in 100 µL protein elution buffer
overnight at room temperature (PBS pH 7.2, 0.05% Tween-
20, 0.05% NaN3) and stored at 4◦C until further processing.
Elution from blood spots provided an initial 1:10 dilution.
Samples were further diluted 1:40 in Luminex sample diluent
[PBS, 0.5% Polyvinyl alcohol (Sigma), 0.8% Polyvinylpyrrolidone
(Sigma), 0.1% casein (ThermoFisher, Waltham, MA), 0.5% BSA
(Millipore, Burlington, MA), 0.3% Tween-20, 0.02% NaN3, and
3µg/mL E. coli extract to prevent non-specific binding] for a final
whole blood dilution of 1:400, corresponding to a serum dilution
of approximately 1:800 with the assumption of 50% hematocrit in
whole blood. This serum dilution in the range of serum dilution
previously utilized by our group and found to be able to provide
accurate seroestimates for all infectious disease antigens on our
multiplex panel.

For the MBA, a mix was prepared for all bead regions in
5mL reagent diluent (PBS, 0.05% Tween20, 0.5% BSA, 0.02%
NaN3). Filter bottom plates (Multiscreen 1.2µm, Millipore)
were pre-wetted with PBS-T, 50 µL bead mix (approximately
1,500 beads/analyte) added to wells and wells washed twice, and
beads incubated with the sample in duplicate for 1.5 h under
gentle shaking. Secondary antibodies tagged with biotin (1:500
monoclonal mouse anti-human total IgG (Southern Biotech);
1:625 monoclonal mouse anti-human IgG4 (Southern Biotech)
were incubated with the beads for 45min, and subsequent
incubation with streptavidin-phycoerythrin (1:200, Invitrogen)
for 30min. Plates had a final wash incubation with reagent
diluent for 30min and were read on a Bio-Plex 200 machine
to generate the median fluorescence intensity (MFI) signal for
50 beads/analyte. Background (bg) MFI was generated from
blank wells containing only sample diluent, and this value was
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FIGURE 1 | Sampling Locations in Haiti from the 2014/2015 Nationwide Survey. Each of the 117 sampling locations are indicated by a black dot. Boundaries of the

ten Haitian departments are also shown.

subtracted from each antigen’s raw MFI to give an MFI-bg.
The mean of MFI-bg values from duplicate wells was used for
analysis, though previous studies from our group and others
have also shown high reproducibility for MBAs when only
singlet assay wells are run (42). Due to limited volumes of
antigen-coupled beads, not all samples had data collected for
IgG against all antigens. Total number of persons with IgG
antibody data collected for each antigen is summarized in
Supplementary Table 1.

Determining Seropositivity Thresholds
Determining the MFI-bg assay signal threshold above which an
individual was determined to be IgG positive (seropositive) for
each of the antigens in the study was accomplished through
different approaches. The MFI-bg signal thresholds are all shown
in Supplementary Table 1. No cutoff estimate was available for
Enterotoxigenic E. coli LT B subunit antigen as a negative
population was not available for comparison (43).

Non-exposed U.S. Residents Approach
For all infectious diseases assayed in this study that were endemic
only to tropical areas, the antigen panel for those diseases was
assayed with blood samples from 92U.S. residents who were
unlikely to have been exposed to these infectious diseases. From

this population of U.S. residents, the lognormal mean MFI signal
plus three standard deviations were exponentiated to derive the
seropositivity signal threshold (in MFI-bg units). This approach
was used for the malaria (PfMSP1-19), lymphatic filariasis
(Bm14, Bm33, Wb123), stronglyloides (NIE), chikungunya virus
(E1), dengue virus (VLP), and E. histolytica (LecA) antigens.
Histograms for MFI-bg signal distribution for all antigens
included in this study for the Haitian study population vs. the
US resident sample set are shown in Supplemental Figure 1.

Mixture Model Approach
Some pathogens included in this analysis are endemic in the
US, and individuals cannot be assumed to be seronegative.
To determine seropositive and seronegative subpopulations
in a dataset, a 2-component mixture model strategy was
used (Supplementary Figure 2). From the first distribution
(component) of log-transformed data, which is assumed to be the
distribution of the signal of the putative seronegative population,
the mean plus three standard deviations were exponentiated to
derive the seropositivity signal threshold (in MFI-bg units). This
approach was used for the T. gondii (SAG2A), C. trachomatis
(Pgp3, CT694), and T. pallidum (rp17, TmpA) antigens.
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FIGURE 2 | Seroprevalence by Age and Regression Fitting for Selected Antigens. By age category, mean seroprevalence (as plotted by percent IgG positive) was

plotted on y-axis and age on x-axis. Dashed regression lines were fitted to a logarithmic equation for positivity by age and grouped into similar categories of

arboviruses (A), non-waterborne parasites (B), waterborne pathogens (C), and other bacterial pathogens (D).

Receiver Operator Characteristic Curve Analysis
For responses to the C. parvum Cp23 antigen, the typical
approach is to use a panel of Western blot positives and negatives
to establish a cutoff by Receiver operator characteristic curve
analysis (44). The beads used in this study were previously
determined to have a cutoff of 1,870 MFI-bg by this method
(45). However, since this study used only 50% of the serum
concentration in each assay as the previous work, the cutoff was
adjusted to 935 MFI-bg to account for the difference.

Statistical Analysis
Statistical procedures were performed in SAS R© 9.4 software (SAS
Institute, Cary, NC), at the 5% significance level (alpha: 0.05),
applying both Anderson-Darling and Cramér-von Mises null
hypotheses. Descriptive statistics and histograms in SAS software
were summarized with corresponding 95% confidence interval,
using the PROC FREQ, PROC UNIVARIATE, and PROC
MEANS statements. Ages were categorized into eight mutually
exclusive groups (0–4 years, 5–10 years, 11–15 years, 16–20
years, 21–30 years, 31–40 years, 41–50 years, and >50 years)
due to observed differences between antibody concentrations
of younger and older populations. unweighted, two-component

finite mixture models (FMM) of log-transformed data were
compared using the FMM procedure in SAS. Logistic and
linear regressions were created using PROC REG and PROC
GLM. Analysis of potential correlation between antigens
was produced through PROC LOGIT, and PROC CORR
statements. Seroprevalence estimates were not generated for the
enterotoxigenic E. coli LT B subunit antigen as exposure in the
population is ubiquitous (43).

RESULTS

As part of the 2014/2015 TRaC survey, 117 communities were
sampled throughout Haiti, as shown in Figure 1. Though the
sampling design was powered to present nationwide malaria
estimates to gauge the relative disparities in seroprevalence
among three different malaria risk strata, IgG seropositivity
to different antigens is displayed by Haitian departments in
Supplementary Table 2. For the Ouest department, estimates
for the city of Port-au-Prince were displayed separately from
the more rural areas, as this is a broad urban area that is
densely populated. A large percentage of the population in
all departments was seropositive to dengue virus serotype 2
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FIGURE 3 | Dynamics in MFI-bg IgG Signal by Age for Selected Antigens. Data shown as boxplots for log-transformed median fluorescence intensity minus

background (MFI-bg) assay signal for selected antigens by age category. Boxplots are displayed as interquartile rage (IQR) with whiskers extending 1.5x above and

below IQR and circles for observations beyond this. A dashed line connects boxplot medians.

(dengue 2 VLP) and chikungunya (Chik E1), ranging from 65.0–
91.9% and 20.8–59.3%, respectively. Seropositivity to antigens
for the parasitic pathogens C. parvum (Cp23) and T. gondii
(SAG2A) was found to be high as well, with 26.1 and 45.0%
of all persons seropositive, respectively. Among the lymphatic
filariasis antigens, Wb123 and Bm14 never exceeded 3.6%
seroprevalence for all persons within a department, whereas
Bm33 ranged from 5.0–9.5% seroprevalence. Seropositivity to
P. falciparum for the whole study population was 21.8% and
ranged from 12.0% in urban Port-au-Prince to 37.1% in the
rural Center department. The two antigens for C. trachomatis
(Pgp3 and CT694) provided similar seropositivity estimates
for the whole study population (41.7% vs. 35.2% respectively),

as well as the two antigens for T. pallidum (rp17: 6.6% vs.
TmpA: 5.0%).

Figure 2 depicts mean seroprevalence to a subset of
antigens by age, grouped into categories of disease or
pathogen similarities. In Figure 2, single antigens were
included to represent W. bancrofti, C. trachomatis, and T.
pallidum. Seropositivity data were fitted to a logarithmic
equation with intercept and slope estimates for all antigens
(Supplementary Table 3). Positive slope estimates were highest
for the dengue virus, T. gondii, and the C. trachomatis antigens.
Only two antigens provided negative slopes (chik E1 and E.
histolytica LecA), both of which were non-significant. When
modeling for seropositivity by age, logarithmic regression
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provided strong goodness of fit (R2
>0.75) for PfMSP1-19,

SAG2A, Wb123, Bm14, dengue 2 VLP, pgp3, and Ct694
(Supplementary Table 3).

Figure 3 presents the log-transformedMFI-bg by age category
for the same selected antigens in Figure 2 with the addition of
ETEC-LTB, and regression estimates for the effect of age on IgG
titer are shown in Supplementary Table 4. When modeling for
acquisition or loss of MFI-bg assay signal by age, most estimates
for the age parameter were found to be statistically significant
within the regression model (Supplementary Table 4), with only
the Wb123, Bm33, and chik E1 antigens not significant. Though
the C. parvum Cp23 showed clear increases in seropositivity
with age, the other antigen from a waterborne pathogen (E.
histolytica LecA) showed a consistent negative slope when
modeling for seropositivity (Supplementary Table 3) or MFI-bg
signal (Supplementary Table 4) by age. All other antigens had
consistent positive slopes for seropositivity and IgG acquisition
with age except SAG2A (positive slope for seropositivity by
age, negative slope for MFI-bg IgG response by age) and chik
E1 (negative slope for seropositivity with age, positive slope
for MFI-bg IgG intensity by age). Slopes for seropositivity
and antibody acquisition by age were positively correlated
(Supplementary Figure 3). For the ETEC-LT and dengue 2
VLP antigens, regression estimates were also generated for only
young children to show IgG response’s rapid loss (or gain)
throughout their first years of life (Supplementary Table 4).
The correlation of MFI-bg signal among all antigens is shown
in Supplementary Table 5. Specifically, antigens from the same
pathogens showed the highest correlation values: Pgp3 and Ct694
(rho = 0.83), rp17 and TmpA (rho = 0.64), Bm14, and Wb123
(rho= 0.60).

DISCUSSION

In this report, we show the capacity of the MBA to
investigate exposure to multiple diseases of interest from samples
gathered from December 2014 to February 2015 during a
nationwide malaria survey in Haiti. Analyses took into account
participants’ ages and areas of residence, but future studies
with demographic and spatial data could allow for more
informative epidemiological outputs (46, 47). Haitian estimates
for population-level exposure to each of the pathogens will be
described below as grouped by infectious disease category and
include examples of how serological data generated by MBA can
be applied.

Arboviruses
This serosurvey represented two arboviruses: chikungunya and
dengue virus serotype 2. Our study found the transmission
dynamics for these two arboviruses to be quite different, with
the dengue virus antigen providing a population seroprevalence
curve indicating increased likelihood of lifetime exposure as
persons aged. Beginning immediately after birth, seroprevalence
and IgG levels rise rapidly in the first 15 years of life. By age
30, Haitians had a >80% chance of being exposed to the dengue
virus and typically displayed very high IgG titers. In contrast,
the seroprevalence curve by age categories for chikungunya was

mostly flat, likely indicative of the recent introduction of the
disease into the country in 2014 and the rapid spread of this
arbovirus among all age groups (48).

Waterborne Pathogens
Antigens for two waterborne pathogens are included in this
survey: C. parvum and Enterotoxigenic Escherichia coli (ETEC),
both of which are important causes of childhood diarrhea (49).
We observed small but consistent increases in antibody levels to
the Cp23 antigen with age, similar to what was previously seen in
Haiti (35). We found the IgG levels against the ETEC-LT antigen
to be high in the youngest ages; levels decrease during the first
15 years of life and remain low among older age groups. This
finding may suggest immune tolerance to this E. coli antigen, as
noted for another E. coli antigen, lipopolysaccharide (LPS) (50).
In this study population, seropositivity to the E. histolytica LecA
antigen peaked around 10 years of age, though IgG levels also
slowly increased with persons’ age. The use of this antigen to
assess E. histolytica serology has been very limited but has shown
clear increases in seroconversion during the first years of life (35),
which mirrors exposure dynamics to this parasite in children
(51, 52).

Other Parasites
Plasmodium falciparum is transmitted through Anopheles spp.
mosquitos and is the primary causative agent of malaria in
Haiti (53, 54). Our current study showed a consistent increase
in seropositivity, and the population antibody levels with age.
Modeled PfMSP1-19 seropositivity estimated that a person aged
45 years would be 3.7-fold more likely to be seropositive than
someone aged 5 years. Malaria serology data can be applied
to understanding areas of ongoing transmission (17). The
percentages of population seropositive to PfMSP1-19 were lowest
in the Port au Prince metropolitan area (12.0%) and highest in
the Center department (37.1%), consistent with known lower P.
falciparum exposure in urban areas due to poor mosquito vector
habitat (55).

Toxoplasmosis is a zoonotic infection caused by a single
celled parasitic protozoan, Toxoplasma gondii. Transmission
occurs when eating undercooked, contaminated meat or by oral
ingestion of the oocyst stage when humans come into contact
with infected cat feces (56). As T. gondii infection typically goes
into latency in the human host (57), seropositivity indicates
lifetime infection (58). Our study found reliable increases in IgG
prevalence to the SAG2A antigen with age, indicating past and
current stable transmission of this parasite. Our data estimated
that by the time a Haitian reaches 25 years of age, the risk of
exposure to T. gondii is approximately 50%. A previous cohort
study in Leogane, Haiti, had estimated seroprevalence to T. gondii
of 25% among children 0–12 years old, similar to the estimates of
22% presented in this study (21).

Adult lymphatic filariasis (LF) worms live in the lymph
system, and microfilariae circulate in the blood, and this disease
is found throughout the tropical and subtropical areas of the
world (33, 59). InHaiti, LF is caused by the roundwormWucheria
bancrofti, and current targets for elimination will benefit from
continual serosurveillance efforts as the endemic range is reduced
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(60). In this study, we employed three filarial antigens to identify
seropositive persons in this low-transmission setting. A low
proportion of the population was seropositive to the worm
antigens, with low (but positive) slope estimates indicating an
increase in seroprevalence and IgG titer with age, as has been seen
in other low transmission settings (10).

The roundworm Strongyloides stercoralis is the causative
agent of strongyloidiasis. This soil-transmitted helminth is
transmitted when the skin comes into contact with free-living
larvae in contaminated soil, and most people infected are
asymptomatic (32, 61, 62). Strongyloides seroprevalence estimates
have previously been proposed as a pragmatic tool for population
exposure (41, 63), and our study found an overall low Haitian
seroprevalence (<15% in any department) to the S. stercoralis
NIE antigen with increasing seroprevalence by age. The lowest
seroprevalence was found in Artibonite (4.6%), the highest in
Grand’Anse (14.9%), and a nationwide seroprevalence of 9.2%.
Surveillance for roundworms through serological data could be
utilized for directing mass drug administration campaigns in
areas where active infection and parasite prevalence are difficult
to estimate.

C. trachomatis and T. pallidum are sexually transmitted
infections (STIs, causing chlamydia, and syphilis, respectively)
that also cause non-venereal infections in children. Ocular C.
trachomatis infection can lead to trachoma, the world’s leading
infectious cause of blindness (33). Yaws, a skin infection that can
lead to bone and soft tissue damage, is caused by T. pallidum
spp pertenue. The childhood infection and STI are serologically
indistinct for each of these pathogens. Our study found consistent
increases in antibodies against C. trachomatis antigens Pgp3 and
CT694 with age, with the most pronounced increases during the
ages of sexual debut, likely indicative of STI exposure. Haiti is
not thought to be endemic for trachoma, and these data do not
suggest high trachoma transmission intensity (11, 64, 65).

Antibodies to the treponemal antigen rp17 represent historical
exposure, whereas TmpA-specific antibodies represent recent
infection (66). Only 0.52% of under 15–year-olds were antibody-
positive to both antigens. No data on yaws are available from
Haiti, while the sampling frame may not be granular enough to
detect pockets of yaws transmission, these data are suggestive
of little or no yaws transmission in the surveyed areas. An
interesting contrast in seroprevalence of C. trachomatis and T.
pallidum was seen in the adult population, with approximately
60% of the >20–year-olds seropositive to chlamydial antigens
and <10% seropositive to antigens indicative of syphilis.

Limitations to this study include that laboratory-based
serological assays depend on the sensitivity and specificity
of the assays used for IgG detection. Some diseases do not
have well-defined antigens that are known to elicit strong IgG
responses or have antigens with known IgG cross-reactivity
issues with responses from other pathogens. Additionally, some
infectious diseases (such as those infecting the respiratory or
gastrointestinal tract) are known to elicit strong IgA responses,
so the measurement of only IgG in this study may have reduced
the sensitivity of seropositivity measurement. As this study
only used one serum dilution, for IgG quantification purposes
against each individual antigen, different serum dilutions for

each target would be most optimal. Seropositivity cut-off values
need to be evaluated by each group employing these antigen
targets, especially in elimination programs where populations
have decreased exposure and finding active infections is difficult
(10, 17). Increasing survey sample sizes can help overcome
statistically biased estimates and increase precision. Defining
seroconversion, boosting effects after re-exposure, antibody
decay, and immunocompetency of the host are all primary
concerns for some infectious diseases. Continued investigation
is required to correctly interpret serology data for different
diseases. The seropositivity cutoff for Cp23 was determined
1:800 serum dilution, whereas this was previously at done at
a 1:400 dilution (35). This may have overestimated the true
cutoff value and resulted in lower-than-expected seroprevalence
values. Among the factors listed above, another limitation to
this study is that the sampling design was powered for the
modeled malaria active infection prevalence in Haiti (18), but
the cluster design, enrollment in households, and attempt at
nationwide representativeness can still provide insight into
population exposure to other infectious diseases. Additionally,
the survey was cross-sectional, and regression estimates of data
representing trends over time assume consistent dynamics of
endemicities and transmission intensity. Future studies in Haiti
should investigate if similar findings would be observed.

This nationwide Haiti survey for malaria provided an
opportunity to employ a 15-antigen MBA panel measuring
IgG presence and titer to 11 infectious diseases. As some
pathogens are cleared from the host within a few days or
weeks, assaying for antibodies greatly augments the window
of time in which to survey for exposure in a population.
In addition, accurate surveillance for recurrent-type infectious
diseases can be confounded by asymptomatic infections, poor
access to healthcare or healthcare reporting, or poor diagnostics.
Understanding the co-endemic disease burden on a national
level allows for collaborative strategies of multiple stakeholders
focused on combined interventions at the community level.
Multiple programs, especially those targeting multiple diseases,
can be monitored simultaneously through one well-designed,
population-representative integrated survey (41, 60, 67). A
follow-up cross-sectional survey throughout Haiti with the same
sampling design could prove valuable for monitoring changes
in seroestimates in the Haitian population since this 2014–
2015 survey.
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Infections by the Epstein-Barr virus (EBV) are often at the disease onset of

patients suffering from Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS).

However, serological analyses of these infections remain inconclusive when comparing

patients with healthy controls (HCs). In particular, it is unclear if certain EBV-derived

antigens eliciting antibody responses have a biomarker potential for disease diagnosis.

With this purpose, we re-analyzed a previously published microarray data on the IgG

antibody responses against 3,054 EBV-related antigens in 92 patients with ME/CFS

and 50 HCs. This re-analysis consisted of constructing different regression models for

binary outcomes with the ability to classify patients and HCs. In these models, we tested

for a possible interaction of different antibodies with age and gender. When analyzing

the whole data set, there were no antibody responses that could distinguish patients

from healthy controls. A similar finding was obtained when comparing patients with

non-infectious or unknown disease trigger with healthy controls. However, when data

analysis was restricted to the comparison between HCs and patients with a putative

infection at their disease onset, we could identify stronger antibody responses against

two candidate antigens (EBNA4_0529 and EBNA6_0070). Using antibody responses

to these two antigens together with age and gender, the final classification model had

an estimated sensitivity and specificity of 0.833 and 0.720, respectively. This reliable

case-control discrimination suggested the use of the antibody levels related to these
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candidate viral epitopes as biomarkers for disease diagnosis in this subgroup of patients.

To confirm this finding, a follow-up study will be conducted in a separate cohort

of patients.

Keywords: Epstein-Barr virus, Myalgic Encephalomyelitis/Chronic Fatigue Syndrome, antigen mimicry, biomarker

discovery, patient stratification

INTRODUCTION

Infections by the ubiquitous Epstein-Barr virus (EBV) are
linked to multiple sclerosis, rheumatoid arthritis, systemic
erythematosus lupus, lymphomas, among other known diseases
(1–3). A less-known disease where EBV infections are also
important is Myalgic Encephalomyelitis/Chronic Fatigue
Syndrome (ME/CFS) (4–6). The hallmark symptom of this
condition is an unexplained but persistent fatigue that cannot be
alleviated by rest and that can increase upon minimal physical
and emotional effort (7, 8). In ME/CFS, acute EBV infections are
reported by a subset of patients at the onset of their symptoms
(9, 10). Reactivation of latent EBV infections has also been
described during the disease course (11). However, current
evidence remains inconclusive on whether the prevalence of
these reactivations is either higher or lower in patients than in
healthy controls (12). This conflicting evidence notwithstanding,
ME/CFS patients show deficient B- and T-cell responses
against EBV and altered antibody profiles when compared with
healthy controls (10, 13–15). Finally, CD4+ T cells recognizing
self-peptides on HLA-DR15, the strongest genetic risk factor
for multiple sclerosis, have been shown to cross-react with
peptides derived from EBV (16). Multiple sclerosis patients
share many symptoms with the ones suffering from ME/CFS
(17–19). EBV antigens were also reported to share sequence
homology with human peptides derived from the myelin basic
protein (20–22), lactoperoxidase (23), and anoctamin-2 (24, 25).
These observations suggest that molecular mimicry between
human and EBV-derived antigens could play a role in the
pathogenesis of ME/CFS. This suggestion is in line with our
recent hypothesis that links the pathogenesis of ME/CFS to
chronically activated immune responses (26). Our assumption
raises the possibility that the immune system of some ME/CFS
patients is oscillating between an activation state that attempts
controlling latent herpesviruses infections and the suppression
of deleterious autoimmune responses via the activation of
regulatory T cells (26). Thus, considering the growing body
of evidence that links EBV infection to the pathogenesis of
ME/CFS, studies that aim at elucidating underlying mechanisms
are needed.

A major problem in investigating ME/CFS is the inexistence
of a robust biomarker that could ascertain the disease
diagnosis. In the past, different discovery studies suggested
certain cytokines, antibodies against self and non-self-antigens,
microRNAs, and methylation markers as potential disease
biomarkers (27). Antibodies against EBV antigens are of
particular interest as disease biomarkers given the above evidence
connecting this virus with the disease and routine application
of serological assays in the clinical practice. However, EBV

antigens included in commercial kits are mostly markers
of exposure to the infection and are unable to distinguish
between patients with ME/CFS and healthy controls (28). This
distinction can only be made when comparing a subset of
clinically diagnosed ME/CFS patients with an EBV infection
trigger to healthy controls (10). A serological evaluation of
antibodies against less-studied EBV antigens did not identify
any that could be used as a specific disease biomarker
(29). However, this antibody evaluation was done using a
limited number of EBV-derived antigens and no subgroup
analysis was performed. The lack of patient stratification
in ME/CFS studies reduces the chance of reproducing the
same findings in follow-up studies (27, 30). Therefore, it is
still possible to identify alternative antigens whose antibody
responses could be used as disease biomarkers for a subgroup
of patients.

Recently, we analyzed antibody responses against
more than 3,000 overlapping antigens derived from
14 EBV proteins (23). The aim of this study was to
extract an antibody signature against EBV in ME/CFS
patients when compared to healthy controls. In the
present study, we extended the analysis of the obtained
data with the specific objective of optimizing biomarker
discovery. In particular, we compared patients with
or without an infectious trigger at disease onset to
healthy controls in order to discover EBV-derived
antigens whose antibody responses could be used for
ME/CFS diagnosis.

MATERIALS AND METHODS

Study Participants
Ninety-two ME/CFS patients were recruited between 2011 and
2015 at the Charité outpatient clinic for immunodeficiencies
at the Institute of Medical Immunology in the Charité
Universitatsmedizin Berlin, Germany. Additional fifty
individuals were recruited from the employees of the same
clinic, who self-reported to be healthy and to not suffer from
fatigue. However, neither clinical nor laboratory assessment was
performed to confirm the healthy status of those individuals.
ME/CFS patients and healthy controls were matched for
gender and age (Table 1) with 50% of women and an overall
average of ∼43 years of age. Fifty-four out of 92 patients
(58.7%) reported an acute infection at their disease onset,
whilst the remaining 38 patients (41.3%) reported either a
disease trigger other than an infection, did not know their
disease onset or the information about the disease trigger was
missing. These two subgroups were also matched for age and
gender (Table 1).
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TABLE 1 | Basic characteristics of ME/CFS patients and healthy controls, where

p-values refer to the comparison between ME/CFS groups and healthy controls.

Female Age, years

Group N % P-value Mean (age range) P-value

Healthy controls 50 50.0 N/A 42.4 (25-61) N/A

ME/CFS (all) 92 51.1 0.901 43.7 (25-66) 0.453

With infectious

trigger

54 50.0 ∼1.000 43.2 (17–66) 0.585

Unknown trigger or

without infectious

trigger

38 52.6 0.807 44.4 (24-66) 0.679

Peptide Array
Data under analyses refer to the signal intensities derived
from IgG antibody responses to 3,054 EBV-associated peptides
measured by a seroarray described in detail in the original study
(23). These peptides consisted of partially overlapping 15 amino
acids (15-mer) and covered the full length of the following
proteins (Supplementary Table 1): BALF-2, BALF-5, BFRF-3,
BLLF-1, BLLF-3, BLRF-2, BMRF-1, BZLF-1, EBNA-1, EBNA-
3, EBNA-4, EBNA-6, LMP-1, and LMP-2. The 15-mer peptides
overlapped in 11 amino acids. The amino-acid sequences of these
peptides were representative of the following EBV strains: AG876
(West Africa, EBV type 2), B95-8 (USA, EBV type 1), GD1
(China, EBV type 1), Cao (China, EBV type 1), Raji (Nigeria, EBV
type 1), and P3HR-1 (Nigeria, EBV type 2). These data are freely
available in Supplementary File S1 of the original study (23).

Statistical Analysis
We used the Chi-square test to compare ME/CFS patients to
healthy controls in terms of gender distribution. The non-
parametric Mann-Whitney test was used to compare the medians
of the respective age distributions. There was evidence for age-
and gender-matched distributions if the p-values of these tests
were greater than the significance level of 0.05.

We first performed a multivariate analysis using (i) the
classical principal component analysis (PCA) and (ii) computing
different correlation matrices using Spearman’s correlation
coefficient (which is invariant to monotonic changes in the scale
of the data, is robust against the presence of outliers, and does
not depend on the normality assumption). We then performed
linear discriminant analyses (LDA) to determine the best linear
combination of all the antibody responses that could distinguish
ME/CFS patients and their subgroups from healthy individuals.
A similar analysis was done to compare the two subgroups of
ME/CFS patients.

The outcome of each LDA was the estimated classification
probability for each individual. These estimated probabilities
were then analyzed by the respective receiver operating
characteristic (ROC) curve where 1-specificity and sensitivity
are plotted against each other as a function of the cutoff
of the underlying classification probability. After computing
each ROC curve, we calculated the respective area under the

curve (AUC) and its 95% confidence interval to determine the
accuracy of the classification irrespective of the cut-off used. In
general, an AUC = 0.50 is indicative of a complete random
classification of the individuals, while AUC = 1.00 implies
that the constructed classifier perfectly predicts the true class
membership of each individual.

We performed further antibody-wide association analyses
related to the following comparisons (or classification exercises):
(i) healthy controls versus all the ME/CFS patients; (ii) healthy
controls versus ME/CFS patients with an infectious trigger;
(iii) healthy controls versus ME/CFS patients with a non-
infectious or unknown trigger; and (iv) ME/CFS patients with
an infectious trigger versus the remaining ME/CFS patients.
In each association analysis, we first estimated three regression
models: logistic model, probit model, and complementary
log-log model. In these models, the disease status was
the outcome variable, age and gender were the respective
covariates. To determine the best link function for the outcome
variable, we selected the model with the lowest Akaike’s
information criterion (AIC). For the best link function (“the
null model”), we estimated the respective ROC and its AUC as
described above.

We fitted five different logistic models, including the main
effects and all the interaction terms related to age, gender, and
the antibody response under analysis: (i) a model with main
effects only and no interaction terms; (ii) a model with an
interaction term between age and the antibody response; (iii) a
model with an interaction term between gender and the antibody
response; (iv) a model with two interaction terms between
age and the antibody response and between gender and the
antibody response; (v) a model with all two-way and three-
way interaction terms related to age, gender, and the antibody
response. We compared each of these models with the null one
using Wilks’s likelihood ratio test, where low p-values provide
evidence for these models, including effects of an antibody
response. We reported the minimum p-value obtained from
these model comparisons. Finally, we adjusted the minimum p-
values of each analysis. This adjustment was made using the
Benjamini-Yekutieli procedure ensuring a global false discovery
rate (FDR) of 5% under the assumption of dependent tests (31).
In this analysis, adjusted p-values < 0.05 indicated statistically
significant results.

To filter out redundant antibody responses, we pooled all
the significant antibody responses in a single model. The
effect and interaction terms of these antibody responses were
defined according to the most significant model obtained in the
previous stage of analysis. We performed a backward stepwise
model selection. The resulting model was finally evaluated
in terms of predictive performance using ROC analysis as
described above.

The above analysis was primarily done for the whole
data set irrespective of the ME/CFS subgroups. We repeated
the same analysis to compare each subgroup of ME/CFS
patients (with infectious and non-infectious or unknown
disease trigger) with the healthy controls. Finally, we
repeated the analysis to compare the two subgroups of
ME/CFS patients.
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FIGURE 1 | Preliminary multivariate analysis of the data. Scatterplots of the first two principal components (left plots) and the ROC curve and its AUC of the respective

LDA (right plots) when comparing all the ME/CFS patients to healthy controls (A), ME/CFS patients with an infectious trigger to healthy controls (B), ME/CFS patients

with a non-infectious or unknown trigger to healthy controls (C), and ME/CFS patients with an infectious trigger to the remaining patients (D). The percentage of the

variance explained by each principal component is shown in each axis within brackets.
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Statistical Software
The statistical analysis was performed in the R software version
4.0.3 with core functions and the following packages: MASS
v7.3-56 to perform stepwise model selection (32), pROC v1.18.0
to estimate the ROC curve and the respective AUC (33),
OptimalCutpoints v1.1-5 to estimate the optimal cutoff and the
associated sensitivity/specificity (34). The full reproducible code
is freely available from NS or JMal upon request.

RESULTS

Principal Component and Linear
Discriminant Analyses
We first performed a PCA to discriminate patients with ME/CFS
and their subgroups from healthy controls (Figures 1A–C). A
similar analysis was done for discriminating patients with an
infectious trigger from the remaining patients (Figure 1D).

The proportion of variance explained by the first principal
component varied from 35.4% (Figure 1D) to 44.6% (Figure 1C)
referring to the comparisons between the two subgroups of
ME/CFS patients, and between healthy controls and patients
with non-infectious or unknown disease trigger, respectively.
These high estimates suggested that different antibody levels were
correlated with each other. This interpretation was confirmed
by determining the distributions of Spearman’s correlation
coefficient between all possible pairs of antibodies using data
from each study group (Supplementary Figure 1). In particular,
the antibody levels were positively correlated with each other
with median correlation estimates of 0.56, 0.56, 0.40, and 0.48 for
healthy controls, all the ME/CFS patients, ME/CFS patients with
an infectious disease trigger, and the remainingME/CFS patients,
respectively. Interestingly, the median correlation estimate was
decreased in ME/CFS patients with an infectious trigger when
compared to other study groups. This finding suggested that
the production of the antibodies against the EBV-derived
antigens could be reduced in these patients when compared to
healthy controls or patients with non-infectious or unknown
disease trigger.

The visualization of the first two components did not reveal
a clear discrimination between healthy controls and ME/CFS
patients (or their subgroups). To improve this analysis, we then
performed different LDAs in search of a linear combination
of the antibody measurements that could be used for disease
diagnosis. The performance of the constructed classifiers ranged
from 0.86 (Figure 1C) to 0.91 (Figure 1D) referring to the
classification of healthy controls and ME/CFS patients with non-
infectious or unknown disease trigger and the classification of
the two subgroups of ME/CFS patients, respectively. Therefore,
the results of this analysis indicate that the antibody data could
discriminate different study groups.

Antibody-Wide Association Analysis
The next step of the analysis was to identify specific antibody
responses that could be used to discriminate the different study
groups. With this purpose, we first determined the best “null”
model among the logistic, probit, and complementary log-
log models. All of them included age and gender and their
interaction as covariates for each comparison between any two

TABLE 2 | Estimates of the final complementary log-log model to discriminate

ME/CFS patients with an infectious disease trigger from healthy controls.

Model term Coefficient estimate (SE) P-value

Intercept 10.67 (10.33) 0.302

Age (in years) −0.49 (0.26) 0.060

Gender (Woman) −17.33 (6.85) 0.011

EBNA4_0529 2.25 (1.09) 0.039

EBNA6_0070 −5.62 (3.09) 0.069

Age × Gender 0.07 (0.04) 0.070

Gender × EBNA6_0070 4.05 (1.75) 0.021

Age × EBNA6_0070 0.15 (0.08) 0.062

study groups (Supplementary Table 2). The best “null” models
were the following: (i) complementary log-log - comparison
between healthy controls and all the ME/CFS patients [AUC =

0.574; 95% CI = (0.475; 0.672)]; (ii) probit-comparison between
healthy controls and ME/CFS patients with an infectious trigger
[AUC = 0.606; 95% CI = (0.496; 0.715)]; (iii) complementary
log-log - comparison between healthy controls and ME/CFS
patients with a non-infectious or unknown trigger [AUC= 0.556;
95% CI = (0.429; 0.683)]; and (iv) logit - comparison between
the two subgroups of ME/CFS groups [AUC = 0.596; 95% CI =
(0.471; 0.720)]. The 95% confidence interval for the AUC of these
null models included 0.50 and therefore, the respective predicted
classification was consistent with a random guess. Such a result
was in agreement with the age and gender matching between
different study groups and healthy controls (Table 1).

We performed further antibody-wide association analyses
controlling for a global FDR of 5%. The comparison between
healthy controls and all the ME/CFS patients did not identify any
significant antibody associations with the disease (Figure 2A).
The top 5 antibodies, although not statistically significant, were
EBNA6_0066, BLRF2_0005, EBNA4_0392, EBNA4_0497, and
EBNA4_0529 (adjusted p-values= 0.181, 0.326, 0.326, 0.326, and
0.326, respectively).

When the comparison was limited to healthy controls and
ME/CFS patients with an infectious trigger, we identified
three significant antibodies related to the following antigens
(Figure 2B): EBNA6_0066, EBNA6_0070, and EBNA4_0529
(adjusted p-values = 0.005, 0.005, 0.038, respectively). The first
two antigens were shared between AG876, B95-8, and GD1
strains, while the third one was derived from the B95-8 strain.
We comparedME/CFS patients with non-infectious or unknown
disease trigger to healthy controls, and found no significant
differences in the antibody responses (Figure 2C). The same
finding was obtained when we compared the two subgroups of
ME/CFS patients (Figure 2D). The top 5 antibodies related to
these analyses can be found in Supplementary Table 3.

Analysis of Candidate Antigens for
Classifying ME/CFS Patients With an
Infectious Trigger
We then analyzed in detail the impact of the antibody levels
against the three candidate antigens on the classification of
ME/CFS patients with an infectious trigger. Antibody levels
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FIGURE 2 | Antibody-wide association analyses when comparing all the ME/CFS patients to healthy controls (A), ME/CFS patients with an infectious trigger to

healthy controls (B), ME/CFS patients with a noninfectious or unknown trigger to healthy controls (C), and ME/CFS patients with an infectious trigger to the remaining

patients (D). The x-axes comprise each antibody while the y-axes represent the −log10(adjusted p-value) of the respective association. In the x-axes, the antibodies

(Continued)
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FIGURE 2 | were ordered alphabetically first by the protein name and then by the starting point of the antigen within the protein. Adjusted p-values were calculated

according to the Benjamini-Yekutieli procedure for a global FDR of 5% under the assumption of dependent data. Dashed line represents the threshold for statistical

significance (i.e., −log10(FDR = 0.05)) and −log10(adjusted p-values) > 1.30 were considered statistically significant.

were increased in this subgroup of ME/CFS patients when
compared to healthy controls (Figure 3A). The same evidence
could not be found when comparing all the ME/CFS patients
to healthy controls (Figure 3A). Data related to EBNA4_0529,
EBNA6_0066 and EBNA6_0070 were significantly correlated
with each other (Spearman’s correlation coefficients higher than
0.58; Figure 3B). The correlation between the levels of antibodies
against EBNA6_0066 and EBNA6_0070 could be explained by the
fact that these two peptides are 15-mers overlapping 11 amino
acids with each other (23). In contrast, it was unclear why the
levels of antibodies against EBNA4_0529 and EBNA6_0066 were
highly correlated (Spearman’s correlation coefficient = 0.79),
considering that these antigens did not share a high sequence
homology (Figure 3C).

Given the high correlation between antibody levels related to
these antigens, a statistical redundancy was expected when using
their data for patients’ classification purpose. This redundancy
was confirmed when the three candidate antibodies were
included as covariates in the same model. A stepwise variable
selection procedure led to the exclusion of the antibody levels
related to EBNA6_0066 from the final classification model.

The final model included the main effects of antibodies to
EBNA4_0529 and EBNA6_0070 and the two-way interaction
of the latter with age and gender (Table 2). On the one hand,
the log10-levels of antibodies related to EBNA4 increased the
probability of being a patient (coefficient estimate = 2.25,
Standard error = 1.09). In particular, the odds of being a
patient were estimated to increase ∼9.5 (e2.25) times per fold-
change in the levels of these antibodies. On the other hand,
the effects of antibody levels related to EBNA6_0070 on the
probability of an individual being an ME/CFS patients were not
so trivial to ascertain (Figure 4A). In particular, womenwith high
EBNA6_0070 antibody levels showed an increasing estimated
probability of being a patient with increasing age. In contrast,
the probability profile of being patient was different in men. In
that case, younger men with low EBNA6_0070 antibody levels
or older men with high EBNA6 antibody levels had a higher
probability of being a patient.

The AUC of the classification predicted by the final model
was estimated at 0.835 with a 95% CI = (0.759; 0.911;
Figure 4B). This estimate suggested that the combination of
these two antibodies together with age and gender could be
used for the diagnosis of patients with an infectious trigger.
The optimal sensitivity and specificity were estimated at 0.833
and 0.720, respectively. Therefore, ME/CFS patients were better
discriminated than healthy controls by this model.

When the same classification model was applied to the
whole cohort of ME/CFS patients, the AUC decreased to
0.731 with a 95% CI = (0.648, 0.814). This could be
explained by the cohort of patients with a non-infectious or
unknown trigger in which the performance of the classification

model was close to a random guess [AUC = 0.583; 95%
CI= (0.461; 0.705)].

DISCUSSION

This study, based on previously published data, aimed to
discover EBV-derived antigens that could elicit distinct antibody
responses in ME/CFS patients when compared to healthy
controls. The key finding was the identification of two candidate
antigens inducing increased antibody responses in ME/CFS
patients with an infectious trigger. The high sensitivity and
specificity of our classification model including these antibodies
suggest their potential for diagnosis of this subgroup of affected
individuals. For ME/CFS patients without an infectious trigger,
we could not find any antigens causing antibody responses
that could be used for diagnostic purposes. This finding is in
agreement with an extensive serological investigation of different
herpesviruses in ME/CFS patients (29). This negative finding
supports the hypothesis that EBV plays a role in the group
of ME/CFS patients with an infectious trigger. In a subset
of patients, infectious mononucleosis caused by primary EBV
infection can be documented as a trigger (10). In many others,
no infection with a specific pathogen could be associated with
the disease onset (5). A tempting hypothesis from our finding
is that EBV reactivation which can occur during other infections
may play until now an underestimated role in triggeringME/CFS.
In line with this concept, a recent study showed that EBV
reactivation during COVID-19 is a risk factor for Post COVID
Syndrome which also includes ME/CFS (35). Alternatively, the
responses to the EBNA6 peptides are due to a cross-reactivity to
other pathogens, as outlined below.

Other findings of this study pointed to three key challenges
associated with the discovery of a biomarker. Firstly, it is difficult
to identify a disease-specific biomarker for all the ME/CFS
patients. Thus, given the heterogeneous nature of ME/CFS, it
is pivotal to stratify patients adequately (30), based on age,
gender, and disease trigger for biomarker discovery (27). In
this regard, the identification of antibody patterns specific to
ME/CFS patients with an infectious trigger was in agreement
with other studies where significant results could be found for
the same subgroup of patients (10, 36, 37). However, given the
vast number of infectious agents associated with ME/CFS (5, 38),
it is worth noting that this subgroup of patients could be further
subdivided according to the nature of the causative infection.
In this regard, the data about the infectious agents that could
have initiated ME/CFS are either inconclusive or simply based
on self-reported history in most patients, as demonstrated by the
data from the United Kingdom ME/CFS Biobank, where only a
minority of patients had their infection confirmed with the lab
test (10). Secondly, the final classification model included non-
trivial statistical interactions of antibodies against EBNA6_0070
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FIGURE 3 | Statistical analysis of the antibody levels related to EBNA4_0529, EBNA6_0066, and EBNA6_0070. (A) Boxplots of the data per study group. (B)

Scatterplots and the respectively Spearman’s correlation coefficients (R) in the whole dataset. (C) Amino acid sequences of EBNA4_0529, EBNA6_0066, and

EBNA6_0070.
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FIGURE 4 | Analysis of the final classification model for predicting ME/CFS patients with an infectious trigger when compared to healthy controls. (A) Contour plots of

the probability of being a patient as a function of age and EBNA6_0070 antibody levels, for men and women, respectively. The prediction values were calculated by

fixing log10(EBNA4_0529) at the respective mean value. (B) ROC curves and the respective AUC (95% confidence interval shown within brackets) when using the

model to compare different groups of ME/CFS patients to healthy controls.

with both age and gender. This finding implies that significant
interactions between candidate biomarkers and confounding
factors might be overlooked by analysts or, even when tested, they
are likely to be discarded due to the small sample sizes to detect
them. The presence of these interactions might be yet another
factor that contributes to the lack of reproducibility between
biomarker studies on ME/CFS. A proposed strategy to overcome
this limitation is to conduct more advanced statistical analyses

including the application of machine learning techniques which
intrinsically consider the complexity of a large set of clinical
and biological data, as demonstrated in drug discovery (39).
Thirdly, the interaction between the candidate antibodies against
EBNA6_0070 and gender implied a remarkable distinct antibody
signature between male and female patients. Again, this finding
is in line with gender differences in immunity to viral infection
(40). In particular, men have typically lower antibody responses
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when vaccinated and are more susceptible to infections than
women (41). In this regard, our study suggested that the
higher probability of younger man being an ME/CFS patient
is associated with lower levels of antibodies against the antigen
EBNA6_0070. In contrast, female and male patients seemed to be
at higher risk with higher antibodies at increasing age suggesting
that at least a subset develop these antibody responses later
in life. An implication of having a different antibody profiling
between men and women is that analysis of each gender should
be performed separately. At the same time, it is important to note
that epidemiological data on ME/CFS suggested approximately
a disease ratio of three women to one man (42–44). Therefore,
if gender is an important stratification factor for biomarker
discovery, studies should be designed toward a more balanced
gender ratio. Similar sample sizes between male and female
cohorts ensure comparable statistical power when analyzing data
from each sex separately.

Both EBNA4_0529 and EBNA6_0070 antigens are derived
from proteins whose genetic expression typically occurs during
the EBV type III latency. Therefore, the acquisition of the
respective antibodies might have occurred during initial B-cell
transformation and immortalization. It could also be acquired
slowly over time, given that the type III latency pattern can be
detected sporadically in lymphoid follicles where EBV-infected
B cells can proliferate and mimic a germinal center reaction
program (45). We can hypothesize from our data that both male
and female patients developing higher antibody responses against
this antigen later in life are at an increased risk of developing
ME/CFS suggesting that reactivation of EBV plays a role. In male
patients a subgroup with lower EBNA6 antibodies early in live
is at risk of developing ME/CFS, too. Using the recent analytical
framework of ME/CFS natural progression (46), antibodies
against these antigens are more likely to be biomarkers of patients
suffering from ME/CFS more than 2 years of disease rather than
the ones either in prodromal period or at early stages in line with
our findings. Based on that assumption, these antibodies seemed
more appropriate for diagnosing putative patients with delayed
disease diagnosis rather than early suspected cases. However, it is
known that the delay ofME/CFS diagnosis is a recurrent problem
in the clinic (8, 47). As such, we anticipate a higher utility of these
antibodies when redeployed to real-world screening. Another
practical implication of using these antibodies as biomarkers
is the possibility of developing routine ELISA kits that can be
standardized across different laboratories and easily scalable for
large population screenings. Notwithstanding these promising
practical expectations, it is important to emphasize that past
studies also suggested potential disease biomarkers (27) and,
therefore, it is imperative to replicate the findings of this study
with different cohorts of patients.

An interesting observation is that both EBNA6_0066
and EBNA6_0070 contain an arginine-repeat sequence. Such
a sequence has homologies with putative epitopes from
several human proteins (48). Such homologies suggest a
potential molecular mimicry between the viral and human
antigens. Molecular mimicry can trigger deleterious autoimmune
responses as hypothesized for ME/CFS pathogenesis (38, 49).
Molecular mimicry between human and microbial antigens

has been also hypothesized for several autoimmune diseases
(50), such as multiple sclerosis and rheumatoid arthritis, and
Post COVID syndrome, whose patients share similar symptoms
with ME/CFS ones (19, 51–53). Interestingly, T cell clones
recognizing such arginine-repeat sequences were isolated from a
patient with multiple sclerosis supporting our concept of epitope
mimicry (48). Finally, arginine-repeat sequences are found in
various other pathogens including enteroviruses and human
papillomavirus which are also triggers of ME/CFS (5).

Further we can hypothesize that peptides highly enriched
in arginine residues might be particularly susceptible to
citrullination, in which arginine residues are post-translationally
converted to citrulline. These post-translational modifications
occur during cell death under normal physiological conditions.
However, under chronic inflammation, the accumulation of
citrullinated (auto)antigens in inflamed sites might lead to
deleterious autoimmune responses, thus, promoting the onset of
different autoimmune diseases (54). A potential cross-reactivity
between microbial and citrullinated human antigens could also
be a mechanism by which an autoimmune disease can be
triggered. In rheumatoid arthritis, antibodies against EBNA-
1 peptides were shown to cross-react with denatured collagen
and keratin (55). However, in the present study, we could
not find any antibodies against EBNA-1-derived peptides to
be associated with ME/CFS. Interestingly, the serum levels of
citrulline were reported to be elevated in ME/CFS patients when
compared to healthy controls (56). However, another study could
not confirm this finding, but instead provided evidence for
increased plasma levels of arginine residues (57). Another source
of antigen modification is the process of generating new and
more immunogenic epitopes from ubiquitous molecules upon
oxidative and nitrosative stress. In ME/CFS, IgM antibodies
against several of these neoepitopes, including NO-Arginine,
were increased in patients (58). In all of these possible scenarios,
it is imperative to investigate the stability of this candidate
biomarker antigen to post-translational modifications that could
be occurred and eventually increased during the disease course.

In conclusion, this study identified two candidate antigens
whose antibodies could be used to identify ME/CFS patients
with an infectious trigger. To strengthen our findings, two other
cohorts of patients are currently studied, including the well-
characterized ME/CFS patients with different disease triggers
and healthy controls from the United Kingdom ME/CFS
biobank (10).
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Immunoglobulin (Ig) production during and after infection with Plasmodium

parasites is one of the greatest adaptive immune defenses the human host

has against this parasite. Infection with P. falciparum has been shown to

induce different B cell maturation responses dependent upon the age of

the patient, number of previous exposures, and severity of the disease.

Described here are dynamics of Ig responses to a panel of 32 P. falciparum

antigens by patients followed for 42 days and classified individuals as showing

characteristics of an apparent first P. falciparum infection (naïve) or a repeat

exposure (non-naïve). Six parameters were modeled to characterize the

dynamics of IgM, IgG1, IgG3, and IgA for these two exposure groups with

differences assessed among Ig isotypes/subclasses and unique antigens.

Naïve patients had significantly longer periods of time to reach peak Ig

titer (range 4–7 days longer) and lower maximum Ig titers when compared

with non-naïve patients. Modeled time to seronegativity was significantly

higher in non-naïve patients for IgM and IgA, but not for the two IgG

subclasses. IgG1 responses to Rh2030, HSP40, and PfAMA1 were at the

highest levels for non-naïve participants and may be used to predict

previous or nascent exposure by themselves. The analyses presented here

demonstrate the differences in the development of the Ig response to

P. falciparum if the infection represents a boosting response or a primary

exposure. Consistency in Ig isotype/subclasses estimates and specific data for

P. falciparum antigens can better guide interpretation of seroepidemiological

data among symptomatic persons.
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malaria, antibodies, isotypes, boosting, exposure
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Introduction

The human host mounts a vigorous adaptive immune
response to the Plasmodium falciparum parasite, and B cell
responses through antibody-mediated immunity have been
shown to be protective against malaria (1), and even passive
transfer of serum antibodies from persons living in endemic
settings reduces P. falciparum parasite burden of symptomatic
children (2). As malaria infection is a bloodborne infectious
disease, anti-P. falciparum immunoglobulin (Ig) titers are
generally highest for IgG in humans upon natural exposure,
though both IgM and IgA antibodies are observed in substantial
quantities as well (3–5). The IgG response to P. falciparum can
be further subdivided by the four subclasses of this isotype in
humans, with highest serum levels of IgG1 followed by IgG3,
IgG4, and IgG2 (6–9); however, the relative abundance of IgG
subclass response varies for different malaria antigens. IgG1 and
IgG3 are generally the predominant response and effectively
mediate interactions with complement and Fcγ-receptors
expressed on immune cells, which play roles in immunity
(10, 11). Understanding the induction, function, and dynamics
of the Ig response against P. falciparum antigens has greatly
enhanced vaccine development (12–14) and interpretation of
seroepidemiological studies (15, 16).

In P. falciparum-endemic areas throughout the world,
infants or children may become exposed to this parasite at a
very early age. Passive placental transfer of IgG to the fetus
provides a degree of clinical protection early in life (17), though
these antibodies are generally lost by 6 months of age (18, 19).
Formation and maturation of the host anti-P. falciparum B
cell response is an area of active research for several decades,
though human studies have obvious limitations due to the
inherent need for immediate treatment when any infection is
diagnosed. The response in humans appears to follow many
of the classical assumptions regarding class switching, affinity
maturation, and clonal selection, though recent work has
emphasized the contribution of atypical B cell populations early
in development which appear be able to respond faster to
antigen challenge, but are less efficient at establishing protective
and long-term antibody production (20–22). Evidence has
been presented showing the early B activation in response to
P. falciparum in naïve humans to be dominated by short-
lived and metabolically-active plasmablasts which have the
capacity for prolific antibody secretion, but may inhibit the
formation of durable immunity (23). Additionally, as with B cell
maturation to many other immunogenic agents, the importance
of CD4 + T follicular helper cells has been documented
for the development of the P. falciparum antibody response
with T helper (Th) cell Th1 and Th2 subsets likely playing
distinct roles (24, 25). Recent studies have also highlighted the
prominence of IgM responses to malaria infection, including
repeat infections and the persistence of IgM responses over time
(26, 27).

Individual P. falciparum antigens have been identified for
their specific abilities to induce B cell responses and antibody
production in exposed endemic populations (16, 28–31), as
well as controlled human malaria infections (CHMIs) (24, 26,
32, 33). The study presented here investigates the short-term
immunoglobulin response to natural P. falciparum infection by
categorizing a study population of children into first or repeat
infection and comparing Ig responses for 42 days following
antimalarial treatment. This study aims to understand the Ig
dynamics arising from a B cell response in the nascent host vs.
a host with previous immunological memory. Ig responses were
broadly investigated in a population of children against a panel
of 32 P. falciparum antigens encompassing all life stages in the
human host was investigated for the ability to bind IgM, IgG1,
IgG3, and IgA in blood samples in order to obtain detail on the
specificity and nature of immune responses. These data are used
to estimate the nascent B cell response to P. falciparum exposure
through the dynamics of Ig production to multiple parasite
antigens, and how this differs from individuals experiencing a
repeat P. falciparum infection.

Materials and methods

Study design

Dried blood spots were collected during a therapeutic
efficacy monitoring study (TES) in Angola in 2017 (34).
Samples from all three sentinel TES sites were included: high-
transmission M’Banza Congo, Zaire Province and Saurimo,
Lunda Sul Province; and low\mid-transmission Benguela,
Benguela Province. Due to different transmission levels,
the parasite density criteria for enrollment were lower in
Benguela province (1,000–100,000 p/µL blood) vs. Lunda
Sul and Zaire (2,000–200,000 p/µL blood). Children aged
6 months to 11 years old with microscopically confirmed
acute P. falciparum infection were treated with one of
three artemisinin-based combination therapies (ACT) and
followed weekly for 28 (participants treated with artemether-
lumefantrine or artesunate-amodiaquine) or 42 (participants
treated with dihydroartemisinin-piperaquine) days. Patients
with severe or complicated malaria infections were excluded
from enrollment. Participant samples were collected on Days 0
(enrollment), 2, 3, 7, 14, 21, 28, 35, and 42 after initiation of ACT.

Ethics approval

Study participants consented to collection of malaria data
from provided blood samples. The study received human
subjects approval from the Angolan Ministry of Health.
Secondary analysis of anonymized samples was approved by
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the office of the Associate Director of Science in the Center for
Global Health at the CDC (Project ID: 0900f3eb8193aa9d).

Laboratory analysis

Samples were assayed for antibody responses to a panel
of P. falciparum antigens using a multiple bead-based assay
as described previously (5). Assay signal was provided as
mean fluorescent intensity (MFI) minus the signal from
blank wells on each plate to provide a final signal of MFI-
bg for analysis.

Statistical analysis

To classify study participants into P. falciparum naïve (first
lifetime infection) and non-naïve (repeat infection) categories,
the assay signals for baseline (Day 0) samples for IgG1 response
to PfMSP1 and PfAMA1 were compared. Natural exposure
to PfMSP1 and PfAMA1 is highly immunogenic in humans,
and IgG1 responses to these two antigens are long-lived and
generally considered to be indicative of any prior exposure
to P. falciparum (5, 35–37). MFI-bg seropositivity thresholds
for PfMSP1 and PfAMA1 were 115 and 113, respectively, and
generated as described previously (5). Children that had IgG1

responses to both the PfMSP1 and PfAMA1 antigens below the
seropositivity threshold at Day 0 were considered "naive" and
it was assumed that their presenting P. falciparum infection
was their first-ever P. falciparum infection. This classification
scheme is also supported by the three TES enrollment sites
being located in meso- to high-endemic P. falciparum settings
in Angola (34), and the relatively young ages of participants,
meaning it is unlikely they would have had time for IgG1

seroreversion from a previous P. falciparum exposure. In
order to have higher confidence in the classification scheme,
children seropositive for PfMSP1 and/or PfAMA1 IgG1 but
having assay signal less than one log10 fold greater than the
seropositivity threshold (MFI-bg value of 1,150 and 1,130,
respectively) were classified as indeterminate and excluded
from further analysis. All other children with high IgG1 assay
signals to these P. falciparum antigens were considered “non-
naive” with strong evidence for previous P. falciparum blood-
stage infection.

For all antigens included in the panel, individual decay
curves were characterized with six key parameters: Cmax, the
maximum antibody signal; 1C, the difference between Cmax and
the antibody signal at Day 0; Cend, the antibody signal at last
day of follow up; tmax, the time in days to maximum antibody
signal; t1/2, the post-peak half-life; and tneg, the expected time
to seronegativity (5). The distribution of the estimates for these
parameters across all antigens was compared between children
classified as naive and non-naive. The analysis was separately

done for IgG1, IgG3, IgM, and IgA. Though IgG2, IgG4, IgE, and
IgD responses were also measured in these same samples, these
isotypes/subclasses were either undetectable (at 1:100 serum
concentration) or too few children displayed responses for these
Igs to allow for parameter estimates (5).

Differences in the empirical distributions were assessed
using the Kolmogorov–Smirnov non-parametric test. Heatmaps
were generated to simultaneously assess clustering patterns of
antibody responses by antigen and participant. All analysis was
done in R version 3.6.0 (R Foundation for Statistical Computing,
Vienna, Austria).

Results

Classification of study population into
Plasmodium falciparum naïve and
non-naïve

Of 104 enrolled participants, 89 (85.6%) provided samples
for the entire 42-day follow-up period (Days 0, 2, 3, 7, 14,
21, 28, 35, and 42 after enrollment), while 2 (1.9%) provided
samples only up to 35 days, 1 (1.0%) to 28 days, 6 (5.8%)
to 21 days, and 6 (5.8%) to 14 days. As described and
listed previously, a total of 32 P. falciparum antigens were
utilized for the multiplex antibody detection assay (5). The
distribution of IgG1 responses to PfMSP1 and PfAMA1 for
the entire study population were bimodal at Day 0, and
by the end of follow-up sampling, nearly all participants
registered high responses to both of these antigens (Figure 1).
A similar pattern was observed for the IgG3 response to
both antigens, but the distributions were not as distinct
for IgM and IgA antibodies (Supplementary Figure 1). As
described in “Materials and methods,” the bivariate correlation
for participant IgG1 responses to PfMSP1 and PfAMA1 at
day of enrollment (Day 0) was considered in order to classify
participants as previously exposed to P. falciparum (participant
was non-naïve), or if the current infection represented potential
first P. falciparum exposure (participant was naïve). Using
the PfMSP1 and PfAMA1 assay signal thresholds for IgG1,
of the 104 participants, 26 (25%) were classified as naïve
(seronegative to both antigens), 66 (63%) as non-naïve
(high levels of IgG1 to either), and 12 as indeterminate
(seropositive to either, but of lower assay signal) (Figure 2).
Of the 66 persons classified as non-naive, 64 (97.0%) were
seropositive to both of these antigens. For the remaining two
individuals, one was IgG1 seropositive to PfMSP1 only, and
one was seropositive to PfAMA1 only. Participants classified
as exposure naïve were on average 1.2 years younger than
non-naive participants (mean age 2.3 years vs. 3.5, Student’s
t-test p-value 0.001). Parasite density at Day 0 and sex
were not statistically different between the two classification
groups (Table 1).
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FIGURE 1

IgG1 antibody levels for all participants for the immunogenic P. falciparum PfMSP1 and PfAMA1 antigens. Smoothed distribution of IgG1 antibody
responses to PfMSP1 (A) and PfAMA1 (B) at enrollment (baseline) in blue, and last day of follow-up in red for children treated for P. falciparum
infection.

Differences in parameter estimates by
Ig isotype and subclass

When stratifying by Ig isotype and subclass for IgG1,
IgG3, IgM, and IgA, considerable differences were observed
in many of the six parameters used to describe Ig dynamics
between the naïve and non-naïve groups for the aggregate
responses to the 32 P. falciparum antigens (Figure 3). For
IgG1, five of the six parameters showed statistically significant
differences between the naïve and non-naïve groups (Table 2).
Of particular note was the difference in IgG1 Cmax (MFI-
bg of 407 for non-naïve vs. 117 for naïve) and in tmax,
which was 7 days later for the naïve IgG1 response. Aggregate
estimates for three of the five parameters for dynamics in
IgG3 response were significantly different with Cmax again
higher for non-naives, and tmax again 1 week later for
naives. For IgM, five of the six parameters showed significant
differences in aggregate estimates, and for IgA, all six parameters
were significantly different between the two groups. When
considering the six parameter estimates for all malaria antigens
and Ig isotypes together, naïve participants had significantly
lower maximum antibody responses (Cmax), higher absolute
changes in antibody response (1C), took longer to reach
maximum antibody response (tmax), and were seropositive for a
shorter period of time (tneg) compared to non-naive participants
(p-values < 0.001) (Supplementary Figure 2).

Differences in specific Plasmodium
falciparum antigen Ig responses by
participant classification

When assessing differences in Ig dynamics parameter
estimates for individual P. falciparum antigens, some
general trends were observed, but with variability within
each isotype/subclass. Certain antigens were particularly
discriminatory between naive and non-naive participants.
For example, HSP40, Rh2030 and PfAMA1 tended to have
a substantially higher Cmax and Cend in non-naive than
naive participants for the IgG1 response (Figure 4 and
Supplementary Figure 3). All three of these antigens also
stimulated significantly higher IgA responses on the last day
of follow-up in non-naive vs. naive participants. Interestingly,
Cmax for the anti-PfMSP1 IgM response was substantially higher
in naïve participants, which translated to significantly higher
1C and Cend estimates in naïve persons. Estimates for tmax,
t1/2, and tneg yielded some striking findings for individual
antigens: tmax 21 days longer for MSP2_Dd2 for IgG1 in naïve
persons, t1/2 30 days longer for Rh_2030 for IgG1 in naïve
persons, t1/2 15 days longer for Etramp5 Ag1 for IgG3 in naïve
persons, and t1/2 significantly longer for IgM (25 days) and IgA
(39 days) against PfMSP1 in non-naïve persons. In time to apex
antibody levels (tmax), all isotypes showed the predominance of
naïve children taking longer to reach this apex with statistically
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FIGURE 2

Relationship of the IgG1 antibody responses to PfMSP1 and
PfAMA1 at the first day of follow-up (Day 0) in children treated
for P. falciparum infection. Axes display assay log10-transformed
assay signal to the two respective P. falciparum antigens.
Children IgG1 seronegative for both antigens are shown by
markers in the red box, and children nominally IgG1 seropositive
to either (or both) antigens shown in gray box. Children
seronegative to both targets are classified as P. falciparum naïve,
and children with assay signals greater than the gray shading
classified as non-naïve.

TABLE 1 Characteristics of children with P. falciparum infection
stratified into exposure naïve and exposure non-naïve.

Non-naïve
(n = 66)

Naïve
(n = 26)

P-value*

Age, mean (standard deviation) 3.5 (± 1.9) 2.3 (± 1.3) 0.001

Parasite density at Day 0 (pg/µL),
median (range)

23704
(3916–184465)

15682
(4113–184243)

0.500

Female, % 48% 50% 1.000

*Difference in age was assessed using a t-test, difference in parasitemia using a t-test after
log-transformation, and difference in sex using a chi-square test.

significant differences for 13/32 (40.6%) of antigens for IgG1

detection, 7/32 (21.9%) of antigens for IgG3, 11/32 (34.4%) for
IgM, and 8/32 antigens (25.0%) for IgA. Antibodies against the
PfMSP1, PfAMA1, GLURP Ro, Etramp4Ag2, and Etramp5Ag1
antigens were all significantly delayed in reaching apex levels in
naïve children for all four Ig isotypes/sub-classes.

Hierarchical clustering based on Ig
response parameters

Estimates among the panel of P. falciparum antigens for
1C for IgG1 and IgM were sufficiently consistent to allow
clustering based on naïve or non-naïve classification (Figure 5).
Clustering based on IgG1 1C was largely driven by higher

estimates in the naïves for PfMSP1, PfAMA1, and Etramp5Ag1,
and lower estimates in Rh_2030, HSP40, HRP2, Etramp4Ag2,
and the three EBA antigens. Clustering based on IgM 1C was
largely driven by the higher estimates in naïves for PfMSP1,
GLURP Ro, Etramp5Ag1, and PfAMA1. For children classified
as indeterminate (neither naïve or non-naïve), the IgG1 1C

estimates among antigens did not cluster with either naïve/non-
naïve categories, though the IgM 1C estimates were more
similar with the children classified as naïve.

Discussion

Here is described the quantitative comparison of six
parameters describing Ig dynamics upon successful treatment of
P. falciparum infection when study participants were classified
as previously exposed to P. falciparum or if the current
P. falciparum infection was their first exposure. Infection with
P. falciparum parasites is known to induce a robust IgG response
in humans with IgG1 levels showing the highest titers followed
by IgG3, IgG4, and IgG2 (6–9). Multiple individual P. falciparum
antigens have been identified as immunogens in the human
host and utilized in candidate malaria vaccine development,
association with clinical disease, or seroepidemiological studies
(15, 16, 26, 38, 39). Previous work has estimated that upon
natural exposure to P. falciparum and generation of IgG1

antibodies, children would remain seropositive to this subclass
for an estimated 408 days for PfMSP1 and 153 days for PfAMA1
(5). Studies by others evaluating all age ranges (likely from
persons with multiple past infections) have also confirmed this
longevity of IgG to these two antigens with estimates for IgG
half-life in the host of years to decades (40, 41). Ultimately,
quantitative empirical estimates for an individual’s retention
of IgG antibodies against any P. falciparum antigen would
be a factor of numerous immunological and parasitological
factors, so broad assumptions could not be made for a human
population. Interestingly, though known to both be among
the longer-lasting anti-Plasmodium antibodies, IgG levels to
the PfMSP1 and PfAMA1 antigens show low correlation in
individuals (42), and it has been hypothesized that different
factors control antibody responses to these antigens (43). Based
on this information from previous studies, binary classification
for this study population to estimate P. falciparum exposure
appeared to be appropriate based on IgG1 responses to both
of these antigens. To reduce classification error, an additional
margin was added to the binary categorization, so only those
children with much higher IgG1 levels (well beyond the
seropositivity threshold) were considered as non-naïve for
P. falciparum. This classification scheme is also supported by
the three TES enrollment sites being located in meso- to high-
endemic P. falciparum settings in Angola (34), and the relatively
young ages of participants (6 months to 11 years old), meaning
it is unlikely they would have had enough years of life for
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FIGURE 3

Distribution of six key post-treatment clearance parameters in non-naïve and naïve Angolan children treated for malaria, stratifying by
immunoglobulin (Ig) class/subclass. P-value for Kolmogorov–Smirnov test for difference in empiric distribution between non-naïve and naïve
participants. Mean values between non-naïve and naïve categories are displayed in Table 2.

TABLE 2 Mean values for each parameter by immunoglobulin isotype/subclass as aggregate for all P. falciparum antigen responses estimated for
the naïve and non-naïve children.

Cmax
(log10 MFI-bg)

1 C
(log10 MFI-bg)

Cend
(log10 MFI-bg)

tmax
(days)

t1/2
(days)

tneg
(days)

IgG1 Non-Naïve 2.61 0.12 2.23 7.0 19.5 66.1

Naïve 2.07 0.34 2.04 14.0 24.5 53.7

p-value <0.001 <0.001 0.003 <0.001 <0.001 0.06

IgG3 Non-Naïve 0.95 0.19 0.60 7.0 14.8 64.6

Naïve 0.60 0.30 0.60 14.0 17.0 75.9

p-value <0.001 0.002 0.71 <0.001 0.91 0.96

IgM Non-Naïve 2.23 0.00 1.89 3.0 18.6 39.8

Naïve 2.09 0.74 1.83 7.0 16.6 33.9

p-value 0.011 <0.001 0.26 <0.001 0.011 0.025

IgA Non-Naïve 1.38 0.11 1.04 3.0 17.0 28.8

Naïve 1.11 0.40 0.81 7.0 13.5 21.4

p-value <0.001 <0.001 <0.001 <0.001 <0.002 0.041

Statistically significant mean differences are displayed in bold.

IgG1 seroreversion from a previous P. falciparum exposure.
A previous report has also shown rapid acquisition of total
IgG against P. falciparum antigens with time spent in Angola
(44), indicating the high endemic nature of P. falciparum in this
setting.

Between these two classification groups, no significant
difference was noted between the peripheral parasite densities
at presentation to the health facility. It may be expected that
previous malaria exposure would suppress parasite burden (1,

32), but all children enrolled in this study were symptomatic,
so the distributions presented here are not inclusive of lower-
density asymptomatic infections in the general population (45,
46). Classification of the study population into naïve and
non-naïve categories found many differences that highlighted
classical assumptions of human adaptive humoral immunity.
Additionally, as only children older than 6 months old were
included in this study, any maternal antibodies would have
likely been eliminated by this time (18, 19), and this Ig

Frontiers in Medicine 06 frontiersin.org

60

https://doi.org/10.3389/fmed.2022.869028
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-09-869028 July 13, 2022 Time: 15:45 # 7

Rogier et al. 10.3389/fmed.2022.869028

FIGURE 4

Mean differences for each parameter by Ig response for non-naïve and naïve children followed post-treatment. Positive values represent higher
values in non-naïves, and lines with blue squares denote statistically significant differences.

data most certainly represents true host response. The current
P. falciparum infection for non-naïve individuals appeared to
have served as an antibody boosting event for IgG1, IgG3,
IgM, and IgA antibodies when compared to naïve persons,

with maximum antibody levels (Cmax) significantly higher for
all four of these Igs, though IgM boosting appears to be the
most subdued when compared to the other isotypes/subclasses.
Similar to IgG boosting seen in humans after successive
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FIGURE 5

Hierarchical relationship among study participants shown for the 1C parameter. Clustering of 1C by P. falciparum antigen response (columns)
and participants (rows) for IgG1 (A) and IgM (B). Intensity of color shading within the plot indicated by the magnitude of the standard score (Z
score).

P. falciparum infections (37, 47), IgG1 antibodies showed the
most antigen targets with Cmax values significantly higher
(11/32, 34.4% of all antigens) for non-naïve vs. naïve children,
though IgG3 and IgA also showed multiple antigen targets (9
each) exhibiting boosting characteristics. Specifically, the IgG1

responses to Rh2030, HSP40, and PfAMA1 were the highest
boosted levels for non-naïve participants, and may (collectively
or individually) be used to predict previous or nascent exposure.
A prior study showed that in previously exposed individuals,
the Rh2030 and PfAMA1 responses were highly correlated with
each other and predictive of the P. falciparum pre-patent period
(32). Recently, IgG sero-responses to all three of these antigens
were significantly correlated to asymptomatic infection, whereas
responses to the Etramp5Ag1 and PfMSP1 antigen were
correlated with clinical disease (48), giving evidence that the
non-naïve children in this current study had some form of
previous P. falciparum exposure and were boosted during the
current infection.

Recent work has expanded on contribution of the IgM
response to P. falciparum infection with findings of IgM-
positive memory B cell subsets being predominant in children,
IgM inhibiting parasite invasion in a complement-dependent
manner, and persistence of IgM response to merozoite surface
antigen over time (26, 27). Among all four Ig isotypes/subclasses
tested here, estimates for change in day of enrollment to
peak Ig levels (1C) were universally higher for IgM response
in the naïve individuals, with 23/32 (71.9%) P. falciparum
antigen 1C responses reaching statistical significance. These

data suggest the presence of IgM + memory B cell response in
non-naïve children (49), as the IgM response in naïve children
is practically non-existent at the day of enrollment and 11/32
(34.4%) of IgM tmax estimates higher in naïves. Induction of
IgA during natural (3, 50) and malaria vaccine (51) exposure
has been well documented, though it’s unclear if there’s a
specific immunological role this isotype plays in response to
P. falciparum infection. Previous work to assess the value of IgA
in protecting the host against malaria pathogenesis found no
significant benefit from anti-PfMSP1 IgA when infecting mice
with transgenic P. berghei expressing the PfMSP1 antigen (52).
In the same manner as IgM, 1C estimates for IgA were nearly
all higher in naïve children, but more similar to IgG1 and IgG3,
Cmax of nearly all antigens were higher in non-naïves. This data
shows evidence for IgA boosting upon re-exposure similar to
IgG subclasses with PfAMA1, Rh_2030, and HSP40 boosting as
providing some of the strongest markers for previous exposure.

A limitation of this study was that presence and magnitude
of IgG1 response against two P. falciparum antigens were used
as the only proxy for classification of any previous exposure.
However, although previous studies from endemic settings have
followed up persons and assessed Ig dynamics over long periods
of time (8), previous malaria history (if assessed) comes from
clinical episodes, and would miss asymptomatic infections.
Additionally, infection events from longitudinal studies are
typically noted by sparse intervals or clinical episodes, so true
P. falciparum exposure could be missed by the sampling design.
This current study only measures the absolute level of antibodies
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binding to specific P. falciparum antigens, and experiments
were not performed to measure binding strength among
different antigens or the naïve/non-naïve groups. Proportions
of B cell subsets were not able to be evaluated, nor was
antibody functional activity (inhibition of parasite invasion,
complement activation, etc.) assessed. The results presented
here are data only from symptomatic Angolan children infected
with P. falciparum from Angola, so it is possible that persons
of older ages, persons living in different transmission settings,
or different host and parasite genotypes would provide different
outputs than the ones observed here. More robust statistical
methods for looking across data from multiple Ig classes and
antigens are also needed to gain a comprehensive understanding
of the human B cell response to P. falciparum infection.

Classification of children into P. falciparum naïve and non-
naïve categories and assessment of antibody dynamics weeks
after resolved infection showed stark differences in Ig levels
and temporal trends between these two groups. This data helps
to elucidate Ig dynamics in a human population naturally
exposed to P. falciparum malaria and provides generalizable
results which can better assist in translating findings from
seroepidemiological studies. Presentation here of Ig results by
individual P. falciparum antigens will also aid future research
studies utilizing these specific targets to put serological data into
context
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The epidemiology of malaria changes as prevalence falls in low-transmission

settings, with remaining infections becoming more di�cult to detect and

diagnose. At this stage active surveillance is critical to detect residual hotspots

of transmission. However, diagnostic tools used in active surveillance generally

only detect concurrent infections, and surveys may benefit from sensitive

tools such as serological assays. Serology can be used to interrogate and

characterize individuals’ previous exposure to malaria over longer durations,

providing information essential to the detection of remaining foci of infection.

We ran blood samples collected from a 2016 population-based survey

in the low-transmission setting of northern Lao PDR on a multiplexed

bead assay to characterize historic and recent exposures to Plasmodium

falciparum and vivax. Using geostatistical methods and remote-sensing data

we assessed the environmental and spatial associations with exposure, and

created predictive maps of exposure within the study sites. We additionally

linked the active surveillance PCR and serology data with passively collected

surveillance data from health facility records. We aimed to highlight the added

information which can be gained from serology as a tool in active surveillance

surveys in low-transmission settings, and to identify priority areas for national

surveillance programmes where malaria risk is higher. We also discuss

Frontiers inMedicine 01 frontiersin.org

66

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2022.929366
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2022.929366&domain=pdf&date_stamp=2022-08-18
mailto:Isabel.byrne@lshtm.ac.uk
https://doi.org/10.3389/fmed.2022.929366
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmed.2022.929366/full
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Byrne et al. 10.3389/fmed.2022.929366

the issues facedwhen linkingmalaria data frommultiple sources usingmultiple

diagnostic endpoints.

KEYWORDS

malaria, serology, active surveillance, passive surveillance, geostatistics, elimination

Introduction

Through an intensification of their programmatic activities

and an increased coverage of interventions (1), the Lao People’s

Democratic Republic (PDR) has seen substantial declines in

malaria cases, with a fall in case incidence by 80% from

2016 to 2020, and no reported malaria deaths since 2018

(2). Transmission is very low in northern Lao PDR, with

P. vivax cases making up the majority of malaria burden

(1, 3). The nation aims to eliminate Plasmodium vivax and

Plasmodium falciparum from northern areas by 2025, and all

species nationwide by 2030 (2, 4).

As countries near elimination and transmission declines,

they experience characteristic shifts in malaria epidemiology.

Substantial areas become malaria-free, and malaria risk

becomes increasingly heterogenous and geographically or

demographically clustered (5, 6), with cases becoming more

difficult to detect and diagnose. Here, passive surveillance

systems become inadequate as the sole method of data

collection to inform population-level burden estimates (5–

7). Estimates may be biased by different treatment-seeking

behavior in high-risk populations, and the quality of record

keeping may vary between health facilities or administrative

regions (8). Passive surveillance also fails to detect asymptomatic

individuals, which act as parasite reservoirs and contribute

to continued transmission, even in low-transmission settings

(9–11). At this stage it is important to find remaining

clusters of transmission where infection remains high in

order to target resources effectively (6, 7). Finding these

residual foci of transmission involves actively seeking out

infections, often through screening or surveying populations

irrespective of malaria symptoms. This active surveillance

can complement passive surveillance, and can play a role

in interrupting transmission as countries near elimination

(11). Active surveillance surveys for malaria are typically

cross-sectional and involve sampling communities using RDT

diagnostics, often collecting valuable added information on

cases and specific populations who are at higher risk of

infection (1, 5). As prevalence drops in elimination settings,

passive and active surveillance surveys face the challenge

of detecting sufficient concurrent infections to obtain a

full picture of the epidemiology within a population, even

when robust sampling-strategies are applied (1). In these

situations, more sensitive diagnostic tools are needed to improve

burden estimates and understand whether transmission is

ongoing (12).

Serological assays are useful in such low-transmission

settings. Rather than solely capturing concurrent infections,

serology measures specific antibody responses which reflect

previous exposure to pathogens. Different malaria antigens

elicit different antibody responses, each of which last for

different durations in the immune system (13, 14). Longitudinal

research into antibody kinetics has resulted in a highly

informative and diverse set of biomarkers being identified for

P. vivax and P. falciparum infections. These characterize an

individual’s exposure history, and when sampled en masse, can

provide information on the short-, medium- and long-term

trends in malaria transmission in a population, highlighting

changes in transmission over longer durations than PCR-

based surveys (13, 15–18). Serological methods have been

shown to be a useful complementary tool where traditional

parasitological tools are not sensitive enough to estimate

recent and active exposure and transmission intensity in low-

transmission settings (11, 19). Serological multiplex bead assays

(MBA) make serological surveys operationally feasible and can

be added as a supplemental aspect of population surveys,

as they can measure a broad range of immune responses

from a single blood spot (14, 20). Measuring population-level

serological responses usingMBA can be useful in showing spatial

heterogeneity of malaria exposure, finding clustering or hotspots

of transmission and to predict receptive areas at risk of outbreaks

(12, 21, 22).

Geostatistical methods are increasingly being applied in

disease research to relate infection metrics with environmental,

spatial and temporal covariates (14). In malaria research there

are numerous recent analyses projects involving geostatistical

mapping of malaria incidence, prevalence and other metrics

(23, 24). In low-resource and/or low-transmission settings

where infection data is sparse and transmission becomes more

spatially heterogeneous, geostatistical mapping can identify and

highlight areas where risk is more concentrated and may require

targeted interventions from programme implementers (23, 25).

Alongside the useful predictions of disease burden, geostatistical

analyses can also identify areas of uncertainty in predictions,

which can be used to prioritize future data collection (23).

Integrating geostatistical methods with serology data

collected during active surveillance surveys provides an

opportunity to characterize the spatial distribution of recent
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and historic exposure to different malaria antigens in a low-

transmission setting. We ran blood samples from a 2016 active

surveillance population survey (1) in northern Lao PDR using a

serology MBA to gain an understanding of current and historic

exposures to P. vivax and P. falciparum. We additionally used

passive surveillance (case incidence) data collected from health

facilities in the same districts (3) to compare serology and

PCR-derived prevalences with burden estimates from active

surveillance at the health facility catchment- level. We fit

geostatistical models to predict historic and recent exposures

to P. vivax and P. falciparum. We aimed to highlight the

additional information which can be leveraged from serology as

a complementary tool to passive and active surveillance in low-

transmission settings, and to identify areas with elevated risks

of malaria transmission requiring prioritization for national

surveillance programmes.

Methods

Study site

The active surveillance survey was conducted in four

districts (Et, Paktha, Nambak and Koua) of northern Lao PDR

(Figure 1), which are situated in four northern provinces (Bokeo,

Huaphanh, Phongsaly and Luang-Prabang). The survey was

conducted following the rainy season, between September and

October 2016. The districts were chosen to focus on areas of

malaria hotspots, and to ensure representation by surveying

from diverse epidemiological settings (1). At the time of the

study P. vivax was endemic and P. falciparum had reached

historical lows in these provinces (3). It is a mountainous region

characterized by a diverse climate, with low population density

and limited access to roads (1, 3). The region shares borders with

China, Myanmar, Thailand and Vietnam.

Study design

The passive surveillance data were gathered according to

Rerolle et al. (3). Briefly, a retrospective review of malaria

registries between 2013 and 2016 was performed at health-

facilities in the active survey districts. The data gathered

from the registries included testing for malaria by RDT or

microscopy, date, species-specific test results, village location

and demographic variables including age and gender of those

tested. For the present study, the dataset was sub-set to include

records from 2016.

The survey data were collected according to Lover et al. (1).

Briefly, a stratified two-stage cluster-sampling design was used.

In each district catchment 25 survey clusters of 50 individuals

were chosen for sampling, providing 1,250 participants per

district and 5,000 overall. The district malaria office catchments

were determined from local-level health office lists and did

not always conform to official administrative boundaries. As a

result, in the eastern district of Et a portion of the households

fall outside of the official administrative boundaries (Figure 1).

All residents and visitors who were over 18 months old

and had spent the previous night in the household were

invited to participate. Written or thumbprint consent was

obtained from all participants. Upon informed consent, eligible

individuals were tested with CareStart Ag Pf/Pv (SD Bioline,

Cat #05FK80) rapid diagnostic tests and treated according to

national guidelines if found positive. Four blood spots were

collected on Whatman 903 “Protein Saver” sample cards (GE

Healthcare; Cardiff UK). These were dried and cooled in

refrigerators until subsequent analysis. Geographic coordinates

were collected for all participating households.

Laboratory procedures

The chemical coupling of 17 P.falciparum and P.vivax

antigens (Supplementary Table 1) to MagPlex© beads (Luminex

Corporation, TX, USA) were previously optimized via titration

as described by Wu et al. (26). 3mm punches of one blood

spot from each Whatman 903 Protein Saver card were eluted

1:100 in buffer B [1xPBS, 0.05%Tween, 0.5% BSA, 0.02% sodium

azide, 0.1% casein, 0.5% polyvinyl alcohol (PVA), 0.5% polyvinyl

pyrrolidone (PVP)] containing 15.25 ug/mL E.coli lysate to

prevent non-specific binding to antigens expressed in E.coli. 50

uL of each 1:100 blood spot elution was co-incubated with 1,000

coupled beads per antigen and specific IgG antibody binding was

detected using 50 uL of R-PE conjugated secondary antibody

[Jackson Immunoresearch 109-116-098: Goat anti-human Fcy-

fragment specific IgG conjugated to R-Phycoerythrin (R-PE)]

diluted 1:200 as described previously (26). Background-adjusted

median fluorescent intensity (MFI) of wells achieving at least

a 35-bead count per antigen were measured using a Luminex

MAGPIX© bioanalyzer and xPONENT software (version 4.2).

P. falciparum positive control (NIBSC, 10/198), P. vivax positive

control (72/96, NIBSC) and a curve of pooled hyperimmune

P.falciparum sera (CP3, LSHTM) were included in singlicate on

each test plate to assess interplate variability. 96 malaria-naïve

sera from the UK (Public Health England 2016) were assayed at

1:100 using the same method.

PCR testing was performed on dried blood spots as

described by Lover et al. (1), using previously describedmethods

(27). Four blood spots were lysed on 96-well plates overnight

at 4◦C with 150 µl per well of HBS 1X/Saponin 0.5%. Samples

were washed twice with HBS 1X and Instagene R© Matric resin

(Bio-Rad, Singapore) was used according to manufacturer’s

instructions to extract DNA. In order to limit the presence of

inhibitors an additional centrifugation step (4,000 rpm, 20min)

was added, and a final volume of 50 µl of the supernatant was

transferred into a new 96-well plate. Extracted DNA samples
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FIGURE 1

Map of Northern Lao PDR with active surveillance study households and districts of the study.

were screened for the presence of Plasmodium DNA using

a qualitative real-time PCR assay which targeted Plasmodium

cytochrome b gene (27). Positive samples were analyzed for

Plasmodium species P. falciparum, P. vivax, P. ovale and P.

malariae, using four real-time PCR assays (27).

Statistical analysis

Individuals were classified as seropositive or seronegative for

historical and recent exposures to P. vivax and P. falciparum

based on their responses to the antigens in Table 1. The antigens

in Table 1 were chosen based on their known longevity in the

immune system. Pf/PvMSP119 and Pf/PvAMA1 are known to

persist in the blood for many years and can be used as a

proxy for any previous exposure in an individual’s lifetime (14).

Etramp5.Ag1 and PvEBPII are known to be shorter-lived and are

used here to represent exposure within 6–9 months (17, 27).

We used unsupervisedmachine learning K-means clustering

algorithms on each antigen separately to group samples into

positives or negatives based on their MFI values. The optimal

numbers of clusters for each antigen was determined using

within-cluster sum of squares and average silhouette testing (28).

Historic exposure to P. vivax was calculated as a combined

exposure to PvMSP119 and PvAMA1. If an individual was

classified as seropositive to one or both of these antigens,

they were classified as being seropositive to historical exposure

to P. vivax. Recent exposure to P. vivax was determined

by seropositivity to PvEBPII. If an individual was positive

for PvEBPII, they were classified as recently exposed to P.

vivax. Historic exposures to P. falciparum were calculated as a

combined exposure to PfMSP119 and PfAMA1. If an individual

was classified as seropositive to one or both of these antigens,

they were classified as being seropositive to historical exposure

to P. falciparum. Recent exposure to P. falciparum was defined

by seropositivity to Etramp5Ag1 antigens. If an individual

was positive for Etramp5Ag1, they were classified as recently

exposed to P. falciparum. Age-stratified seroprevalence was

estimated for proportional age groups for each species and

each exposure.

Spatial analysis

The spatial distribution of exposure risks were assessed using

geostatistical methods. Satellite-derived potential spatial and

environmental covariates were assembled to assess associations

with exposure risk. Covariates included topographic measures,

distance to land cover types, forest cover and forest loss,

population density, accessibility, and climactic variables

(Supplementary Table 1). Pearson correlation coefficients

were calculated, and highly correlated variables (correlation
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TABLE 1 Table of malaria antigens used to define P. falciparum and P. vivax exposures, broken down by Plasmodium species. Including Plasmodb ID

and reference source.

Species Antigen Description Exposure period Plasmodb ID Reference

P.falciparum PfAMA1 Apical membrane antigen 1 Historic PF3D7_1133400 (44)

P.falciparum PfMSP1_19 Merozoite surface protein 1-19 Historic PF3D7_0930300 (45)

P.falciparum Etramp 5 Ag 1 Early transcribed membrane protein 5 antigen (exon) 1 Recent PF3D7_0532100 (46), Tetteh K unpublished

P.vivax PvMSP119 Merozoite surface protein 1-19 Historic PVX_099980 (47, 48)

P.vivax PvAMA1 Apical membrane antigen 1 Historic PVX_092275 (49)

P.vivax PvEBPII P. vivax erythrocyte binding protein Recent PVX_110810 (50–52)

coefficient > 0.8) were excluded from the final dataset. All

covariates were resampled to 250m for predictions.

Geostatistical models of household seroprevalence for each

species exposure were fit separately for the 1,402 households in

the active surveillance. The models were fit within a Bayesian

framework where p(xi) denotes seroprevalence at locations

xi, i = 1, . . . , n, the number of positive households Yi out of

Ni people sampled follows a binomial distribution:

Yi|P (xi) ∼ Binomial (Ni, P (xi)) ,

logit (P (xi)) = β0 + d (xi)
′

β + wi

Where β0 denotes the intercept, d(xi)
′β denotes a vector of

location specific covariate effects (within active survey district

boundaries) and wi represents the spatial effect. The spatial

effects were modeled as a Matérn covariance function using

the stochastic partial differential equation (SPDE) approach in

Integrated Nested Laplace Approximation (R-INLA) (29). The

intercepts and fixed effect coefficients were fitted with weakly

informative priors of Normal (0,100). Deviance information

criteria (DIC) were used to assess the final models. A continuous

surface of prevalence predictions for the active survey districts

were extracted as the mean of posteriors of the predictions

for each model. For the eastern district of Et, we extended

the predictions to include the neighboring district of Xienghor,

as a portion of the survey households fell close to or over

the official district border. Exceedance probabilities for a 20%

seroprevalence threshold for P. vivax and a 5% seroprevalence

threshold for P. falciparum exposures were also extracted.

These metrics represent the probability of the seroprevalence in

each location exceeding its given threshold, where probabilities

around 0.5 represent high uncertainty around the threshold (30).

The upper and lower limits of the 95% credible intervals were

also extracted to visualize uncertainty. Prevalence predictions,

exceedance probabilities and upper and lower limits of the 95%

credible intervals were converted to raster files and visualized

in QGIS.

To evaluate health facility catchment-level seroprevalences

and PCR prevalences, we estimated catchment areas for all

health facilities from an official Lao PDR Ministry of Health list

(31) of 190 health facilities in the country. A friction surface

map of motorized travel time in Laos (32) was used to create

190 rasters of travel time to each health facility. The travel time

rasters were then combined into a final raster of minimum travel

time to each of the health facilities and converted into a polygon

shapefile of catchment boundaries based on lowest-travel time to

health facility. The catchment areas were estimated using script

adapted fromWeiss et al. (32) in RStudio version 1.4. Household

seroprevalence estimates were linked to catchment boundaries

using QGIS, and catchment-level seroprevalences and PCR

prevalences were calculated for each species exposure. Positive

RDT and microscopy levels per capita for 2016 were calculated

from the estimated population size for each catchment.

Ethics

Approvals for the field surveys (PI: Adam Bennett) were

obtained from UCSF (approval 16-19649; 7-20-2016) and

the Lao National Ethics Committee for Health Research,

Lao Ministry of Health (approval 2016-014; 8-22-2016). Both

approvals included provisions for future analysis of serological

markers of malaria exposures.

Results

The results from the retrospective survey of 2016 passive

surveillance records from the study regions are presented in

Table 2. In total 343 P. vivax cases and 36 P. falciparum cases

were confirmed by RDT. 23 P. vivax cases and 12 P. falciparum

cases were confirmed by microscopy.

Table 3 provides descriptive statistics on the participants

involved in the active survey. 5,084 individuals were samples

from 1,402 households, with an average of 3.6 samples per

household.

The meanMFI values for the antigens used to define historic

and recent exposure to P. falciparum and P. vivax are as follows:

PfMSP119 541.26 (±1334.88); PfAMA1 723.33 (±1785.43);

Etramp5.Ag1 99.31 (±183.71); PvMSP119 169.272 (±181.789);

PvAMA1 483.1 (±1772.88); PvEBPII 371.64 (±860.05). The

range of individuals’ MFI values by positivity and age are

presented in Supplementary Figures 1A,B.
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TABLE 2 Numbers of positive cases by species confirmed by RDT and microscopy from passive surveillance (health center) 2016 records.

District Health Center RDT Pf +ve RDT Pv +ve Microscopy Pf +ve Microscopy Pv +ve

Khua Buamaphan 5 60 1 2

Khua Lardsang 1 1 0 0

Khua Nayang 3 37 0 2

Khua Vikocmueng 0 0 0 0

Nambak Khunolum 0 0 0 0

Nambak Makpouk 18 100 0 0

Nambak Muengteng 0 0 0 0

Nambak Numnga 1 1 0 0

Nambak Numthuan 0 2 0 0

Et Naphieng 0 118 0 0

Et Xiengkhoun 3 13 11 19

Paktha Hardsa 0 1 0 0

Paktha Houisat 0 0 0 0

Paktha Jiengtong 0 3 0 0

Paktha Kengphak 0 0 0 0

Paktha Kiewlom 0 2 0 0

Paktha Konteum 5 5 0 0

TABLE 3 Age range and gender breakdown of participants in active

survey.

Characteristic n % total (95% CI)

Sex

Male 2,380 46.8 (45.7–48.0%)

Female 2,702 53.2 (52.0–54.3%)

Age Group

<5 273 5.4 (4.6–6.3%)

5–15 1,198 23.6 (21.9–25.3%)

> 15 3,611 71.0 (73.0–76.1%)

Table 4 presents the results of the PCR and serological

exposures from the active survey including the number of

individuals and households sampled per district and the number

positive for PCR and serological exposure to P. vivax and P.

falciparum.

At the survey-level seroprevalences for exposures to P. vivax

were higher (0.22 for historic and 0.07 for recent) than P.

falciparum (0.03 for historic and 0.01 for recent). The age-

stratified seroprevalences for each species exposure are shown

in Figure 2. Exposure was positively associated with increasing

age for historic exposure to P. falciparum and recent exposure

to P. vivax. These increases began at around 25 years of age for

both exposures. Recent exposure to P. falciparum was very low

across all age groups.

The PCR survey also found higher case numbers of P. vivax

(n = 23) than P. falciparum (n = 8). Of the 23 positive P. vivax

PCR cases in the active survey, seven were classified as positive

for recent exposure to P. vivax (30%). Of the eight positive P.

falciparum PCR cases in the active survey, one was classified as

positive for recent exposure to P. falciparum (12.5%). The central

districts of Khua and Nambak recorded the highest number of

positive PCR P. vivax cases. P. falciparum PCR case numbers

were similar across the three study areas.

Figure 3 presents the results of the geostatistical

modeling for household seroprevalences to P. vivax and

P. falciparum exposure. The environmental and spatial

covariates included in the final geostatistical models are listed in

Supplementary Table 3.

The estimation of catchment size resulted in 190 catchments

across Lao PDR (Supplementary Figure 1). Due to the imperfect

alignment of the passive surveillance data (3) and the active

surveillance survey (1), 286 of the cross-sectional survey

households (1,008 samples) did not fall within the catchment

boundaries. This resulted in a significant reduction in the sample

size for estimating PCR and seroprevalences at the catchment-

level. RDT and microscopy cases per capita were calculated

using the estimated population size for each health facility

for 2016 (3). The catchment-level seroprevalences for recent

exposure to P. vivax and P. falciparum and RDT andmicroscopy

cases per capita are presented in Figure 4.

Discussion

This study has demonstrated the use of integrating

serology into active surveillance projects to provide additional
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information on historic and recent exposures to malaria. We

have shown how geostatistical modeling with remote sensing-

derived environmental variables can be used to predict and

characterize the distribution of malaria exposures, and how

these can be used to highlight priority areas for added data

collection or targeted interventions. We found that historical

exposures to P. vivax and P. falciparum were more widespread

in northern Lao PDR, with recent exposures being more

focally distributed, as is expected in an elimination setting.

Additionally, we showed how retrospectively collected passive

surveillance data can be linked to active surveillance data which

were not collected in alignment.

The active surveillance survey involved rigorous population

sampling which was powered to estimate PCR-based prevalences

of malaria in northern Lao PDR as the country prepared for

elimination (1). They found very low numbers of asymptomatic

Plasmodium infections, with higher numbers of P. vivax (28

total, 0.005 prevalence) and lower numbers of P. falciparum

(eight total, <0.000 prevalence). The seroprevalence rates

estimated in this study for recent exposure to P. vivax and

P. falciparum were higher than these PCR rates but followed

similar trends. The higher numbers of P. vivax cases compared

to P. falciparum detected by Lover et al. (1) and recorded by the

health facilities (Figure 4) are consistent with our seroprevalence

estimations. The almost complete absence of P. falciparum PCR-

cases and very low numbers recorded in 2016 by health facilities

are also aligned with our very low estimation of recent exposure

to P. falciparum, suggesting that northern Lao PDR was close to

eliminating this species during the year of study. We classified

recent exposure to P. vivax and P. falciparum in 30 and 12.5%

of PCR-confirmed cases. This shows that our classifications to

recent exposure by serology detect some, but not all concurrent

infections. Additionally, the findings show that antigens used for

these classifications may be useful indicators of current as well

as recent exposure. However, the very low sample size of PCR-

confirmed cases for both species mean these findings cannot be

confirmed in this study. Our findings provide evidence that at a

broad level, our serological estimations reflect what is seen in

both PCR-based and routine clinical case management. They

also highlight the added information which can be extracted

from active surveillance samples with the operationally feasible

addition of MBA technology.

The age-stratified seroprevalence curves of recent exposure

for P. vivax and historic exposure for P. falciparum are

consistent with our expectations for a low-transmission setting

in the Greater Mekong Region (GMR). Here, and in Lao

PDR, malaria transmission is heterogenous, and transmission

is more intense in forested areas (33, 34). Malaria exposure

is largely an occupational hazard for forest workers, with

transmission higher in remote forested areas, logging camps

and plantations where conventional malaria vector control tools

are inefficient (33). In these populations, exposure typically

begins at around 20 years old when forest work begins
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FIGURE 2

Panel of age stratified seroprevalence graphs for (A) historic exposure to P. falciparum, (B) recent exposure to P. falciparum, (C) historic exposure

to P. vivax, and (D) recent exposure to P. vivax. This represents the full active survey population (n = 5,084).

(35–39). Historical exposures for P. falciparum increase with

age, as is expected as transmission was higher during the

lifetimes of older populations. We are therefore confident

in our methodology using k-means algorithms for classifying

seropositive and seronegative individuals, in the absence of

international standards for estimating malaria seropositivity in a

population. This characteristic age-stratified curve was not seen

for historic exposure to P. vivax. One explanation for this is

that it may be artifact of sampling bias, where the true highest-

exposed groups were less likely to be captured at home andmore

likely to be working outside of the home (8, 34, 40).

The geostatistical mapping of serology data in this study

allowed for the characterization of the spatial heterogeneity of

remaining foci of P. vivax and P. falciparum infection. This

mapping enables the estimation of seroprevalence at health-

decision making units (probabilities of being over a given

threshold), alongside measures of uncertainty (23). If taken

up by National Malaria Control Programmes, this could allow

prioritization of elimination efforts to the areas which they

would be most impactful. In this study we arbitrarily chose

thresholds of 20% exposure to P. vivax and 5% exposure

to P. falciparum due to the local epidemiology of these

species at the time of data collection. In future exercises

where geostatistical maps of serology data are used to inform

elimination programmes closer to the time of data collection,

these thresholds could be set by the programmes according to

their own criteria. The prediction maps and maps of exceedance

probabilities follow the trend seen in the population-level

classifications of seropositivity. We predicted higher and more

widespread exposures to historical antigens and lower, more

focalised exposures to recent antigens. In addition, predictions

for recent and historic P. vivax burdens were higher than those

for P. falciparum.

Despite the value of the geostatistical mapping, we faced a

number of limitations. The survey households were clustered

within three distinct areas in northern Lao PDR (Figure 1).

Geostatistical mapping works by exploiting correlation between

nearby data points and utilizing environmental and spatial

covariates to produce estimates on a continuous surface (41,

42). Predicting at too far of a spatial range from sampling

points results in higher uncertainty around predictions, which

is less useful for public health programmes. Therefore, we

limited the geostatistical mapping predictions to the districts

the samples were collected from and did not produce larger

province-level prediction maps. The spatial distribution of

sampling points is an important consideration to take into

account for projects planning to produce geostatistical maps,

where a wider distribution of points can allow for predictions
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FIGURE 3

Panel of geostatistical maps of predicted seroprevalences and exceedance probabilities to historic and recent P. vivax and P. falciparum

exposure for each district. Exceedance probabilities are on the bottom row of each district panel and refer to the probability of a location having

>20% predicted prevalence for P. vivax exposures, and >5% for P. falciparum exposures.

Frontiers inMedicine 09 frontiersin.org

74

https://doi.org/10.3389/fmed.2022.929366
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Byrne et al. 10.3389/fmed.2022.929366

FIGURE 4

Active and passive survey diagnostic results aggregated to catchment level. Gray background represents full district area used for geostatistical

predictions in Figure 3. Sample numbers for active surveillance are number of samples from active survey. Sample numbers for passive

surveillance are the 2016 population within health facility catchments which was used to calculate cases per capita.
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over larger spatial scales. The potential for relapses of P. vivax

due to the reactivation of hypnozoite stage parasites should

also be considered when interpreting the P. vivax maps and

seroprevalence estimates. While our seroprevalence estimates

and prediction maps followed the expected trend of declining

in size and becoming more focal as exposure transitioned

from historic to recent, the possibility of recurrent infections

inflating exposure estimates and predictions should still be

acknowledged. Differentiating between new and relapse cases

remains challenge in P. vivax research and should be taken into

account in mapping projects especially, as antibody production

may occur in a different location to the original site of

exposure (43).

While we have demonstrated a methodology for linking

passively collected health-facility data to active surveillance data

in the absence of health-facility catchment area boundaries,

this aspect of the study had several important limitations.

Firstly, the summary statistics presented for these areas are

likely subject to modifiable areal unit problems. The list

of health facilities used to create the catchment areas (31)

(Supplementary Figure 1) was more expansive than that used

by the retrospective review of malaria registries (3). This

may be explained by the regular updating of the official

online roster of health facilities, resulting in more locations

listed in 2021 than during the year of the survey. As a

result, some areas within the active surveillance districts were

broken into catchments for health facilities which we did not

have records for. 286 households comprising 1,008 samples

were located in these areas and were thus lost from the

catchment-level estimations of seroprevalences and PCR-based

prevalences. As a result, the sample sizes of survey households

per catchment were highly varied between health facilities,

with one facility’s records being excluded from this study

as zero survey households were located within the estimated

catchment area. Secondly, seroprevalences and PCR-prevalences

were calculated using different denominators to the RDT and

microscopy case metrics, therefore are not directly comparable.

The active surveillance survey metrics were calculated using

samples per area, and the passive surveillance metrics were

calculated per capita from the estimated population size per

catchment (3). Some households may also utilize near-by health

facilities that are not the administratively assigned ones for

their households, resulting in discrepancies in the catchment-

area population estimations. While it is useful to visualize

these various diagnostic endpoints on the same map (Figure 4),

as they can help to pick up broad patterns in recent and

current exposure, these limitations should be considered when

interpreting these results.

Despite these limitations, we have shown that adding

serology into passive surveillance projects can provide

additional information on current and historic trends in

exposure. The higher numbers of P. vivax compared to P.

falciparum cases detected in the passive and active surveillance

were reflected in the seroprevalence estimates for northern

Lao PDR from this study, indicating that at a broad level,

our serological estimations reflect the epidemiology of

malaria in the area. We also demonstrated the use of health

facility data to contextualize findings from serological burden

estimations. The addition of serology in this study allowed for

the characterization of the spatial distributions of exposures to

P. vivax and P. falciparum, demonstrating how these methods

can provide valuable information for control and elimination

programmes which need to identify and target remaining foci

of infection in low transmission settings. Additionally, we

showed how active surveillance data can be linked to passive

surveillance data, and the challenges which come with this.

Future work should prioritize spatial and temporal alignment

of sampling wherever possible, with design and implementation

of user-friendly platforms to move these analyses into more

routine public health use.
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rapid mass vaccination in March
2021 following B.1.351-variant
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Teresa Harthaller3, Helena Schäfer3, David Bante3,

Barbara Falkensammer3, Annika Rössler3, Lydia Riepler3,
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1Clinical Epidemiology Team, Medical University of Innsbruck, Innsbruck, Austria, 2Department of

Public Health and Primary Care, University of Cambridge, Cambridge, United Kingdom,
3Department of Hygiene, Microbiology and Public Health, Institute of Virology, Medical University of
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5Department of Surgery, University Hospital of Trauma Surgery, Medical University of Innsbruck,
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Medicine, Medical University of Innsbruck, Innsbruck, Austria

In order to curb the rapid dissemination of the B.1.351 variant of SARS-CoV-2

in the district of Schwaz and beyond, the EU allocated additional vaccine

doses at the beginning of March 2021 to implement a rapid mass vaccination

of the population (16+). The aim of our study was to determine the

seroprevalence of SARS-CoV-2 among the adult population in the district

of Schwaz at the time of the implementation. Data on previous history

of infections, symptoms and immunization status were collected using a

structured questionnaire. Blood samples were used to determine SARS-CoV-2

specific anti-spike, anti-nucleocapsid and neutralizing antibodies.We recruited

2,474 individuals with a median age (IQR) of 42 (31–54) years. Using the

o�cial data on distribution of age and sex, we found a standardized prevalence

of undocumented infections at 15.0% (95% CI: 13.2–16.7). Taken together

with the o�cially documented infections, we estimated that 24.0% (95% CI:

22.5–25.6) of the adult population had prior SARS-CoV-2 infection. Hence,

the proportion of undocumented infections identified by our study was 55.8%

(95% CI: 52.7–58.5). With a vaccination coverage of 10% among the adults

population at that time, we imply that a minimum of two-thirds of the

target popuation was susceptible to the circulating threat when this unique

campaign started.

KEYWORDS

seroprevalence, SARS-CoV-2, vaccination, Comirnaty, undocumented infection,

seropositivity, anti-N, beta
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Introduction

As global efforts are in progress to cope with the

uncontrolled transmission of SARS-CoV-2 infection, new

variants surface as obstacles against the process of containment.

The variant B.1.351, detected for the first time in South Africa

in October 2020 (1), was found to have impaired neutralization

by convalescent plasma from the wild type infection. A potential

dominance of such immune escape variants may pose a serious

threat to real world vaccine effectiveness.

Almost simultaneously with the introduction of the first

vaccines at the beginning of the year 2021, Europe notified

increased circulation of the variant B.1.351 (2).

Having reported over 300 cases of infections with this variant

of concern (VOC) at that time, Austria came into focus as

a hotspot (3, 4). Almost all reported cases originated from

the district of Schwaz in the western part of the country. In

order to curb the spread of this variant, the European Union

chose the district to serve as a model region and provided

Austria with 100,000 doses of the BNT162b2 (Comirnaty)

vaccine by BioNTech/Pfizer for the immediate immunization

of 50,000 adults living in this district. According to official

reports, approximately 41,700 (61% of the adult population)

received both doses of the vaccine as part of this immunization

programme (4, 5).

Vaccine donors, regional or national health authorities,

vaccine policy makers, other relevant institutions or even the

general public may legitimately wonder what proportion of

the community had already been exposed to the virus or

what proportion was completely immuno-naïve as this unique

immunization campaign started. The results may be used as

baseline information in evaluating the performance of the

mass immunization in achieving the goal it was aimed for

(6). Although for this purpose data from the official registry

of SARS-CoV-2 infections may be utilized, it is highly likely

that a non-negligible proportion of the population might

have gone through an infection that has remained undetected

and unreported (7–10). Anti-nucleocapsid antibodies may

help identify, irrespective of vaccination status, subjects with

prior infections which were not detected by the conventional

confirmatory tests.

With this study, we aimed to determine the prevalence

SARS-CoV-2 infection status through the use of

serological assays in the district of Schwaz at the time of

the mass vaccination.

Materials and methods

Study population

The study was conducted in March 2021. All adult residents

of the district Schwaz in Tyrol, aged 18 years and above (n

= 68,896), were invited through the local county office and

local media. Consenting participants were asked to fill out a

short questionnaire on sociodemographic aspects as well as their

history of SARS-CoV-2 infection, history of hospitalization and

the status of vaccination. Blood samples (EDTA) collected at

the study site were used for the determination of SARS-CoV-

2-specific antibodies targeting the spike (S) and nucleocapsid

(N) proteins.

SARS-CoV-2 antibody test

All samples were tested using the Chemiluminescent-based

immunoassay—SARS-CoV-2 IgG II Quant (Abbott, Illinois,

USA). The assay detects antibodies directed against S protein

and was performed on the ARCHITECT i2000SR platform.

Using standards of various concentrations, results were provided

in a quantitative manner as binding antibody units per

milliliter (BAU/ml). According to the manufacturer, the cutoff

for positivity was defined to be >7.1 BAU/ml. All samples

were further analyzed using a second serological assay—the

Elecsys Anti-SARS-CoV-2 (Roche Diagnostics, Indianapolis,

USA)—which detected antibodies against the N protein of

SARS-CoV-2. Detection of anti-N immunoglobulin (anti-N

Ig) has the additional value of differentiating between post-

infection and post-vaccination antibody positivity. Individuals

with positive anti-N Ig were further tested for the presence

of neutralizing antibodies using an in-house pseudovirus-

based assay (pVNT) as described previously (11, 12). In

short, replication defective vesicular stomatitis virus (VSV1G-

GFP) pseudotyped with Wuhan-1 spike protein was used

to infect susceptible cells (293T-ACE2) after pre-incubation

with participant’s plasma in serial four-fold dilutions. Cells

infected with the pseudovirus expressed GFP. This signal

was quantified approximately 16 hours after infection using

a spot reader (ImmunoSpot R© S5 analyzer). Continuous

titers that resulted in 50% reduction of GFP expression

(50% inhibition titer) as compared to virus-only wells were

determined using a non-linear regression method as described

before (13). Titers ≥1:16 (continuous titer of ≥16) were

considered positive.

Data analysis

Our study population showed a slight predominance of

women and subjects between 25 to 55 years of age as compared

to the general (source) population (Supplementary Figure 1).

In order to account for these discrepancies, we estimated the

overall prevalence through age and sex standardization. To

counteract a potential selection-bias of the study (i.e., more

subjects with a history or suspicion of previous SARS-CoV-

2 infection preferentially willing to participate), we estimated
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the serology-derived proportion of unreported infections and

interpreted the result in combination with data from officially

reported cases. For this purpose, we excluded subjects who

gave a history of prior infection in the questionnaire and

considered anti-N positivity among the rest of the study

participants to represent the proportion of undocumented

infections. Through direct age standardization using the

official census data of the district (14), we estimated the

seroprevalence in the adult population of Schwaz (source

population). We defined the true cumulative incidence at

the time of data collection to be the sum of the estimated

undocumented infections and the officially reported daily

numbers stratified by age and sex kindly provided by the

Austrian Agency for Health and Food Safety (Dr. Daniela

Schmid, AGES).

We used student’s t-test or ANOVA to test for a difference in

quantitative variables across groups.We applied non-parametric

tests (Mann-Whitney U test and Kruskal-Wallis) for variables

not fulfilling the criteria of normality. For variables of categorical

nature, we used χ
2-test (Fisher’s exact where appropriate). For

the main analysis of seroprevalence of unreported infections

using Roche anti-N Ig we also provided a Rogan-Gladen

correction for an imperfect diagnostic test. 95% CIs were

calculated using the Clopper-Pearson exact method (15). The

level of significance was set at 5% using two-sided tests

where applicable.

Ethical clearance

The study was approved by Ethics Committee of theMedical

University of Innsbruck (EK Nr:1093/2021).

Results

Questionnaire data

As shown in Table 1, the total number of participants

added up to 2,474 adults (n = 1,028 males and n =

1,446 females) between 18 and 89 years of age. While 593

participants (24%, 95% CI: 22.4–25.6) reported to have had

a PCR (n = 591) or antigen (n = 2) confirmed SARS-CoV-

2 infection, 94 (3.8%, 95% CI: 3.1–4.5) reported a previous

infection based on a routine antibody test. Only 15 participants

(2.1%) reported to have been hospitalized due to SARS-CoV-

2 infection. Around 15% of subjects with a previous infection

reported to have had no symptoms. Among participants with

a history of infection and reporting symptoms (n = 578),

the majority (52.8%) had only mild symptoms without being

bedridden. Although symptom reporting was more common

among females than males [OR, (95% CI) = 2.03 (1.34–3.14)],

significantly moremales reported to have been hospitalized [OR,

(95% CI) = 3.04 (1.03–8.99)]. A total of 1,948 participants

(79.2%) had received at least one dose of an mRNA or a

vector vaccine approved in Europe at the time of the study

(a single individual reported to have received BBIBP-CorV,

Sinopharm). The majority (92%) of the vaccinated subjects

had received Comirnaty—as part of the mass vaccination

with a median (IQR) of 9 (7–10) days prior to the study—

followed by Vaxzevria (ChAdOx1, AstraZeneca) (7.6%). No

significant difference was observed in the vaccination status

across sexes.

Seropositivity and previous infection

Independent of sex, the proportion of subjects positive for

anti-S IgG antibody was 51.4% and positive for anti-N antibody

34.3% (p= 0.28 and 0.29, respectively) (Table 1). The proportion

of anti-S positives was higher since there were participants

who had been vaccinated prior to or as part of the mass

immunization programme.

In order to assess the seroprevalence of SARS-CoV-2

antibodies before the mass vaccination, we characterized (as

shown in Table 2) subjects with positive anti-N Ig antibodies

(n = 848). We observed a significant association between anti-

N Ig levels and age but no difference across sexes. The median

concentration was three times higher among participants older

than 60 years as compared to those below 40 years of age.

Only 548 (64.6%) anti-N Ig positive subjects also reported a

history of previous PCR- or antigen-confirmed SARS-CoV-2

infection. About one third of the remaining 296 subjects with no

history of PCR- or antigen-confirmed SARS-CoV-2 infections

reported to have found out about a previous infection based

on an antibody test prior to the study, taking 205 participants

(8.3% of the total study participants) by surprise. Participants

reporting severe symptoms or a history of hospitalization had

significantly higher anti-N Ig concentrations than participants

without (p = 0.008 and 0.018, respectively). The mere presence

or absence of symptoms showed no significant difference on the

level of antibodies directed against N protein.

The majority of anti-N Ig positive subjects, 757 (89.3%),

were also positive for neutralizing antibodies. However, a

significant proportion had already received at least one

dose of SARS-CoV-2 vaccines prior to our study impeding

the interpretation of infection-induced neutralization activity.

Compared to 98.2% of previously infected plus vaccinated

individuals only 69.0% of the participants with previous

infection without any history of vaccination were positive

for neutralizing antibodies. The median 50% inhibition titer

was 46 fold higher in the vaccinated plus infected group

as compared to the non-vaccinated convalescent group (p

< 0.0001). Concentrating on the group with a history of

infection but no vaccination (n = 248), we observed a
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TABLE 1 Baseline characteristics of study participants (n = 2,474).

Participants Total

(n = 2,474)

Male

(n = 1,028)

female

(n = 1446)

p-value* Missing

(n)

Age, years 0

Mean (SD) 43.2 (14.3) 44.3 (14.3) 42,4 (14.2) 0.001

Median IQR 42 (31-54) 44 (33-55) 42 (31-53.3)

Range 18-86 18-82 18-86

History of previous infection (reported) (n,%) 0.49 10

PCR-based 591 (23.9) 236 (23.3) 355 (24.6)

Antibody-based 94 (3.8) 41 (4.0) 53 (3.7)

Antigen-based 2 (0.1) 1 (0.1) 1 (0.1)

None 1,777 (71.8) 746 (72.6) 1,031 (71.3)

Symptoms (if yes to infection, n= 687** (nmale =278, nfemale =409)) (n, %)

any symptom 0.001 2

Yes 578 (84.1) 218 (78,4) 360 (88.2)

No 107 (15.6) 59 (21.1) 48 (11.7)

bedridden 0.88 37

Yes 268 (39) 105 (37.8) 163 (41.5)

No 382 (55.6) 152 (54.7) 230 (56.2)

hospitalized 15 (2.1) 10 (3.6) 5 (1.2) 0.035 7

Vaccination status (n,%) 13

not vaccinated 513 (20.7) 195 (19,0) 318 (22.0) 0.097

vaccinated with one dose 1,812 (73.2) 765 (74.7) 1,047 (72.9)

vaccinated with two doses 136 (5.5) 64 (6.3) 72 (5.0)

Vaccine type among vaccinated, (n=1,948) nmale =829, nfemale =1,119) (n, %) 0.14 8

Comirnaty (BioNTech/Pfizer) 1,785 (91.6) 766 (92.4) 1,019 (91.1)

Vaxzevria (AstraZeneca) 147 (7.5) 56 (6.8) 91 (8.1)

Spikevax (Moderna Biotech) 7 (0.4) 1 (0.1) 6 (0.5)

Others 1 (0.1) 1 (0.1) 0

Antibody status (n,) 0

anti-S IgG positive 1,271 (51.4) 515 (50.1) 756 (52.3) 0.28

Anti-N Ig positive 848 (34.3) 340 (31.3) 508 (35.1) 0.29 1

pVNT (50% inhibition titer)§,

Overall (n=848) (nmale =340, nfemale =508)

0

pVNT positive (≥16), n (%) 757 (89.3) 299 (87.9) 458 (90.2) 0.31

Median (GMT) 695.9 (265) 674.9 (260.2) 708.5 (265.4) 0.19

By vaccination status 5

Non-vaccinated, (n=248) (nmale =89, nfemale =159)

pVNT positive (≥16), n (%) 171 (69.0) 56 (62.9) 115 (72.3) 0.13

Median (GMT) 24.5 (17.7) 24.4 (16.1) 24.5 (18.6) 0.57

Vaccinated, (n=595) (nmale =251, nfemale =344)

pVNT positive (≥16), n (%) 584 (98.2) 243 (96.8) 341 (99.1) 0.04

Median (GMT) 1,129.0 (820,4) 1,075.9 (697.7) 1,163.2 (923.4) 0.05

*Significance was calculated using chi-square test for the categorical variables and Mann-Whitney U test for the continuous variables,

**687= 591 (PCR-positive)+ 94 (antibody-positive)+ 2 (antigen-positive),
§Includes only subjects positive for anti-N Ig.

SD, standard deviation; IQR, interquartile range; S, spike protein; N, nucleocapsid protein; pVNT, pseudovirus based virus neutralization test; GMT, geometric mean titer.
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TABLE 2 Geometric mean (median) anti-N antibody concentrations across participant characteristics (n=848).

n Geometric mean (median), COI p-value** Missing (n)

Participants 0.25 0

male 340 35.1 (42.5)

female 508 30.7 (37.4)

Age (years) <0.0001 0

<40 365 23.5 (24.8)

40-<60 363 38.2 (44.5)

>60 120 52.2 (68.3)

History of infection 0.034 4

Yes (PCR, AG, AB) 639 35.1 (42.4)

No 205 27.5 (35.3)

History of infection 0.32 4

Yes (PCR, AG) 548 34.1 (41.5)

No* 296 29.8 (37.4)

Symptoms (nhistoryofinfection=639) 0.52 2

Yes 550 36.1 (42.9)

No 87 30.1 (36.2)

Non-mild symptoms (bed-bound), (nhistoryofinfection=639) 0.008 27

Yes 258 42.3 (46.0)

No 354 31.5 (40.5)

Hospitalized (nhistoryofinfection=639) 0.018 5

Yes 15 88.8 (119.8)

No 619 34.3 (41.6)

pVNT (50% inhibition titer)§, (n=248)positive (≥ 16) 171 53.4 (40.6) <0.0001 0

Negative (<16) 77 24.4 (19.4)

*Including participants with a history of antibody positive, **P-values were calculated based Mann-Whitney test, §Non-vaccinated convalescent individuals.

AB, antibody-based; AG, antigen-based; COI, coefficient of index. significant findings (values <0.05) are in bold.

significant association between anti-N Ig level and positivity for

neutralizing antibodies.

Undocumented SARS-CoV-2 infections
and standardized seroprevalence for the
general adult population of Schwaz

Undocumented infection was defined as being anti-N Ig

positive despite reporting to have had no known SARS-CoV-2

infection in the past. After excluding 548 persons who explicitely

reported to have had prior PCR- or antigen-based infection,

we found the crude seroprevalence of undocumented infections

among the study population reporting no history of infection

to be 15.8% (95% CI: 14.2–17.6). Supplementary Figure 2 shows

the quantitative distribution of anti-N Ig values across age.

Since the age and sex distribution of the study participants

showed obvious deviation from the official distribution of

the total population in Schwaz (Supplementary Figure 1), we

estimated the age and sex standardized prevalence (95% CI)

of undocumented infections as shown in Table 3. We initially

estimated the number of individuals in the general population

with undocumented infections by projecting the age-specific

crude seroprevalence from the study population to the total

population. We then determined the overall prevalence of

undocumented infections across age categories and sex. The

sum of the prevalences across these age strata (15.0%, 95% CI:

13.3–16.7) was the overall age standardized prevalence among

adults in Schwaz. This translated into 9,228 (95% CI: 8,150–

10,296) undocumented infections out of 61,576 adults officially

never having a previous SARS-CoV-2 infection (Table 4). Taking

7,320 subjects officially reported to have had confirmed SARS-

CoV-2 at the time of data collection (information obtained

from AGES), the true total number of infections in the adult

population of the district of Schwaz by March 2021 was

estimated at 7,320 + 9,228 = 16,548 (95% CI: 15,494 – 17,616)

which translates into an overall pre-mass vaccination SARS-

CoV-2 prevalence of 24% (95% CI: 22.5–25.6) and a proportion

of undocumented infections of 55.8% (95% CI: 52.7–58.5) in

adults at that time.

In a sensitivity analysis that employed the Rogan-

Gladen correction for an imperfect diagnostic test

(Supplementary Table 1), the results were similar to the

principal analysis, as expected given the sensitivity and
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TABLE 4 Projected undocumented and overall point prevalence of

SARS-SoV-2 infection in the district of Schwaz just before the mass

immunization campaign.

Point

estimate

95% confidence

interval

lower

bound

upper

bound

Estimated no. of cases in Schwaz

Expected number of unreported cases in

the reference population

9,228 8,159 10,296

Previously documented* 7,320

Documented and undocumented cases 16,548 15,479 17,616

% previously undocumented 55.87% 52.7% 58.5%

% of reference population including

previously documented cases**

24.0% 22.5% 25.6%

*Data from AGES, **Calculated as:
(

16548
68896

)

X 100%, all 95% confidence intervals (CI)

calculated based on Clopper-Pearson exact method.

specificity of the anti-N Ig assay close to 100%. In specific, in

participants without a known history of SARS-CoV-2 infection,

the age- and sex-standardized seroprevalence was 14.9% (95%

CI: 13.2–16.6%) and the expected number of unreported cases

in the reference population was 9,169 (95% CI: 8,103–10,233)

after correction.

Discussion

At the time of our data collection, the mass vaccination had

been going on for about one week. In order to avoid a potential

bias caused by anti-S IgG seroconversion following vaccination,

we chose to use anti-N Ig in estimating the seroprevalence.

This helps to doubtlessly exclude the effect of vaccination

following SARS-CoV-2 infection, since earliest seroconversion

has been described to occur within days post vaccination

(16–20). The demonstrably good performance of the Roche

anti-N immunoglobulin assay underscores the validity of our

approach (21–23). Moreover, the assay proved a persistently

high sensitivity even months after a confirmed infection (23).

With 7,320 officially documented cases above the age of 18

at the time of the study, the official SARS-CoV-2 prevalence

would be estimated to 10.6% (95% CI: 10.4–10.9) at that

time. The fact that 24% of the study participants reported

to have had PCR- or antigen-confirmed infection led to the

reasonable suspicion that our convenience sampling may have

resulted in a selection bias. A seroprevalence of 34.3% based

on anti-N positivity is thus likely to be an overestimation.

Consequently we opted to include, in the main analysis, only

subjects who reported no known history of infection (n =

1,871) and to estimate age standardized cumulative incidence

of unreported infections in the general adult population of

the district of Schwaz (n = 61,576). Using data obtained
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from official statistics in Austria (14), we accounted for

disproportional age and sex distribution of the study population

by conducting direct age and sex standardization. Our finding of

standardized seroprevalence of 15.0% translates into previously

undocumented 9,228 cases (95% CI: 8,159–10,296) in the

general adult population of Schwaz. Adding this to 7,320

(10.6%) subjects officially reported to have had SARS-CoV-2

at the time of data collection (data from AGES), the overall

prevalence of SARS-CoV-2 infection at the start of the mass

vaccination among adults added up to 24% (95% CI: 22.5–

25.6). With a vaccination coverage of 10% among the adult

population of Schwaz prior to the mass immunization campaign

(6), our result implies that a maximum of one third of

the adult popuation had at least one SARS-CoV-2 specific

immunological event.

Previous studies

Comprehensive meta-analysis studies indicate that a

plethora of seroprevalence studies has been conducted across

the globe since early on in the pandemic. A wide range of

cumulative incidence has been reported depending on the

population studied, the sample size used, the serological method

applied, the time of the study since the start of the pandemic

or whether or not vaccination status was considered (24, 25),

making direct comparison of estimates very challenging.

Based on a review on population-based studies in Europe

until September 2020, for example, the seroprevalence ranged

from as low as 0.42% in some studies to as high as 23.3% in a

highly affected region of Lombardy, Italy following the first wave

of infection (24). Another study conducted in Ischgl, a once-

a-corona-hotspot ski resort in western Austria in April 2020,

found an even higher seroprevalence of 42% (26). A nation-

wide study in Austria, conducted in Autumn of 2020 using

a representative sample of the Austrian population, found a

seroprevalence of 4.7% (95% CI: 3.8–5.6) and reported that

the estimate for western Austria was higher (5.7%, 95% CI:

4.1–7.4) (27).

Our study was conducted at the end of the second

infection wave, hence the higher seroprevalence highlighting the

temporal continuum of the rising infection numbers. A follow-

up nationwide survey conducted between October 2020 and

January 2021 and global epidemiological data on seroprevalence

over time also corroborate this temporal trend (25, 28).

Regarding antibody concentration and age, our findings are

in accord with several previous works showing higher antibody

titres in older adult populations, presumably owing to the fact

that age is a known risk factor for severe disease (29–32). Since

the very beginning of the pandemic, even before vaccines were

available, several studies reported higher levels of both binding

and neutralizing antibodies correlating with disease severity,

which in turn has been shown to correlate with age among other

factors (33–37).

Similarly, a superiority of the concentration and quality of

antibodies generated by vaccinees with a history of infection

compared to immuno-naïve vaccinees has also been reported

previously, even following a single dose (18, 38–45). The

robustness of this finding is strengthened by the observation

that not only humoral response but also cellular immunity was

generally superior in the non-naïve group (40, 43, 45).

Seroprevalence post second infection
wave

Since seroprevalence surveys conducted after 2021 paralleled

the vaccination rollout, interpretation of data has been

a challenge unless non-vaccine-induced antibodies like the

nucleocapsid protein antibodies are targeted. Similar to ours,

several other studies investigated seroprevalence based on anti-

N Ig in the post-vaccine era. Studies targeting health care

workers or patients or residents of nursing homes found a

much higher seroprevalence than ours owing to the high-risk

target population (46–48). For instance, a prospective study

from England, which examined the prevalence of SARS-CoV-2

among both residents and staff in long-term care facilities over

a period of March through the beginning of May 2021 found a

prevalence of anti-N Ig positivity of 34.6% among the residents

and 26.1% among staff (47).

Blood donors, on the other hand, make up a comparable

group to our study population. Contemporaneous to ours,

another survey assessed seroprevalence among Tyrolean

blood donors targeting anti-N antibodies. Siller et al. found

seropositivity (95% CI) of 14.0% (13.0–15.1) among donor

samples collected in March 2021 (49), a finding notably lower

than ours (24%) in the district of Schwaz. Several factors may

be accountable for this: First, the two studies used different

serological platforms—chemiluminescent microparticle

immunoassay from Abbott vs. Electrochemiluminescence

immunoassay from Roche. These two assays were shown to have

a significant gap in sensitivity of detecting anti-N antibodies

particularly later in the post-infection period in favor of the

Roche assay (40): Six months post confirmed SARS-CoV-2

infection, the Roche assay had a sensitivity of 94,3% (95% CI:

84.3–98.8) in detecting anti-N antibodies whereas for the Abbott

system it was only at 45.3 % (95% CI: 31.6–59.6%) (39). Second,

reports from official data indicated that the district of Schwaz

had higher incidence rates (49, 50) in the second infection

wave as compared to the rest of the Tyrolean districts, further

accounting for the discrepancy.

Common to the majority of previously published

seroprevalence data, as underpinned by a large global meta-

analysis, is that the estimates based on serological approach
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are clearly higher than the officially reported ones with values

ranging from as low as 1.5 times to as high as 10 times the

reported cumulative incidence (51). With 55.8% of seropositive

subjects having never been registered officially, our study

underpins this notion.

Strengths and limitations

Beyond the large sample size, the availability of data on

daily infections in the study district across age and sex since

the start of the pandemic, as well as the official census data that

enabled a direct age standardization and projection of estimates

to the general population, is one strength of the study. The main

serological assay we used to determine seroprevalence has a high

sensitivity and specificity (22, 23).

Amajor limitation of this study is the convenience-sampling

approach in which individuals who were willing to participate

may be significantly different from those who were not attracted

by this approach. This might have resulted in selection bias

toward higher prevalence. We aimed to balance this effect

by concentrating on subjects reporting no known history of

previous infection and by coupling the unreported infections to

the officially registered cases. A further limitation is that our data

concentrated only on the adult population as we lacked ethical

clearance to include minors.

Conclusion

Our conclusions are twofold. First, by accounting for the

undocumented cases through serological approach, our study

confirmed once again that officially reported data on infection

status markedly underestimate the true prevalence. Second,

adding our finding to the vaccine coverage of 10% among

the adults population shortly before the mass immunization

campaign (6), our result implies that at least two-thirds of

the adult population was immuno-naïve and susceptible to the

circulating threat as this unique campaign started.
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SUPPLEMENTARY FIGURE 1

Age structure of the study population as compared to the o�cial age

structure in Schwaz (source population) among men (A) and women (B)

[Source population data from Statisik Austria (14)].
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SUPPLEMENTARY FIGURE 2

Spearman‘s correlation coe�cient (r) and 95% CI between anti N Ig and

age of study participants with no reports of known prior infection (n =

1871) (A) and the whole study participants (n = 2472) (B). Dotted

horizontal lines represent the cuto� values as recommended by the

manufacturer. COI, coe�cient of index; N, nucleocapsid; Ig,

Immunoglobulin.

SUPPLEMENTARY TABLE 1

Seroprevalence of unreported SARS-CoV-2 infection after

Rogan-Gladen correction.
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Background: Infectious diseases continue to burden populations in Malaysia,

especially among rural communities where resources are limited and access

to health care is di�cult. Current epidemiological trends of several neglected

tropical diseases in these populations are at present absent due to the lack

of habitual and e�cient surveillance. To date, various studies have explored

the utility of serological multiplex beads to monitor numerous diseases

simultaneously. We therefore applied this platform to assess population level

exposure to six infectious diseases in Sabah, Malaysia. Furthermore, we

concurrently investigated demographic and spatial risk factors that may be

associated with exposure for each disease.

Methods: This study was conducted in four districts of Northern Sabah

in Malaysian Borneo, using an environmentally stratified, population-based

cross-sectional serological survey targeted to determine risk factors for

malaria. Samples were collected between September to December 2015, from

919 villages totaling 10,100 persons. IgG responses to twelve antigens of six

diseases (lymphatic filariasis- Bm33, Bm14, BmR1, Wb123; strongyloides- NIE;

toxoplasmosis-SAG2A; yaws- Rp17 and TmpA; trachoma- Pgp3, Ct694; and

giardiasis- VSP3, VSP5) weremeasured using serologicalmultiplex bead assays.

Eight demographic risk factors and twelve environmental covariates were

included in this study to better understand transmission in this community.

Results: Seroprevalence of LF antigens included Bm33 (10.9%), Bm14+ BmR1

(3.5%), and Wb123 (1.7%). Seroprevalence of Strongyloides antigen NIE was

16.8%, for Toxoplasma antigen SAG2A was 29.9%, and Giardia antigens GVSP3
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+ GVSP5 was 23.2%. Seroprevalence estimates for yaws Rp17 was 4.91%,

for TmpA was 4.81%, and for combined seropositivity to both antigens was

1.2%. Seroprevalence estimates for trachoma Pgp3 + Ct694 were 4.5%. Age

was a significant risk factors consistent among all antigens assessed, while

other risk factors varied among the di�erent antigens. Spatial heterogeneity

of seroprevalence was observed more prominently in lymphatic filariasis

and toxoplasmosis.

Conclusions: Multiplex bead assays can be used to assess serological

responses to numerous pathogens simultaneously to support infectious

disease surveillance in rural communities, especially where prevalences

estimates are lacking for neglected tropical diseases. Demographic and spatial

data collected alongside serosurveys can prove useful in identifying risk factors

associated with exposure and geographic distribution of transmission.

KEYWORDS

neglected tropical disease (NTD), serology, multiplex bead assay analysis,

epidemiology - analytic (risk factors), Malaysia

Introduction

Within the last decade, disease control efforts including

mass drug administration, improved sanitation, and public

health awareness have helped reduce the burden of neglected

tropical (NTDs) and other infectious diseases in Malaysia.

However, many of these diseases persist, especially among

isolated, resource-constrained, and aboriginal communities in

Sabah, resulting in sustained morbidity and chronic impact on

quality of life (1). For example, helminth diseases in Malaysia

include strongyloidiasis (2–4) and lymphatic filariasis (LF) (5)

that can cause a range of illnesses leading to malnutrition

and disability (6–8). Persistent protozoan diseases in Malaysia

include giardiasis (9), toxoplasmosis (10), and malaria (11,

12). Giardiasis can result in malnutrition from chronic

diarrhea (13, 14) while toxoplasmosis symptoms can vary

from asymptomatic to severe clinical manifestations that occur

typically in immunocompromised patients (15). In Malaysia,

bacterial diseases include leptospirosis (16, 17), trachoma (18),

and yaws (19) that can impact the skin, eyes, joints, and other

parts of the body.

Current epidemiological trends are unknown for many

of these infections due to the dearth of routine and

reliable surveillance (18). Characterizing disease burden can be

particularly difficult in low-transmission and post-elimination

settings, especially if sub-clinical infections are common.

Assessing cross-sectional population prevalence can help

identify areas of transmission resurgence or introduction,

but low transmission rates, mild morbidity, and limited

resources may have reduced public health priority of systematic

monitoring of these diseases. Since transmission of many

of these pathogens geographically overlap and can result

in co-infections, integrated, multi-disease monitoring would

provide resource efficient alternatives compared with single

disease surveillance (20). While diverse biological targets of

tropical infections often require different laboratory methods to

capture disease burden (e.g., stool microscopy, polymerase chain

reaction, or antibody testing), a unified platform for monitoring

exposure to diverse pathogens may help to overcome some of

these logistical challenges toward concurrent NTD monitoring.

Integrated monitoring may be attainable using serological

multiplex bead assays (MBA). MBAs can quantify immune

responses to multiple pathogens from a single blood spot (21).

Serology can effectively capture asymptomatic infections and

reveal historical pathogen exposure by measuring pathogen-

specific antibody responses (22). The use of serology in

monitoring NTDs and vaccine preventable diseases (VPDs)

has been applied in numerous settings (21–25). Furthermore,

demographic and environmental data collected in population-

based surveys provide key opportunities to assess potential

and shared risk factors of the different diseases that may

enhance controls strategies and community awareness. While

certain socio-economic risk factors have been studied for

several parasitic infections in Malaysia (4, 13, 26, 27), spatial

and other risk factors are not well-characterized for many of

these diseases.

To our knowledge, multiplex bead assays have yet to be

applied to assessing NTD and parasitic disease seroprevalence

and associated risk factors in Malaysia. In this study, we used

MBA on samples collected during a 2015 cross-sectional survey

in Northern Sabah, Malaysia to estimate population exposure to

multiple pathogens. We aimed to (1) describe population level

exposure to six infectious diseases, (2) assess pathogen-specific

individual risk factors for exposure; and (3) determine spatial
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and environmental risk factors and predict population-level

exposure probabilities.

Methods

Study site and sampling

This study was conducted in four districts of Northern

Sabah in Malaysian Borneo (Figure 1). This area is tropical

with elevations ranging from sea-level to over 4,000 meters

above sea level (MSL). The population is predominantly rural,

and most occupations are associated with agricultural or

plantation activities. This study was designed to determine the

risk factors for malaria using an environmentally stratified,

population-based cross-sectional survey that was conducted

from September 17, 2015 to December 12, 2015, as described

by Fornace et al. (28). Briefly, seroprevalence was estimated

using a non-self-weighting two-stage sampling design of

919 villages stratified by forest cover, with a target sample

size of 2,650 households and 36 households sampled per

village (powered for Plasmodium knowlesi seroprevalence).

All individuals residing in selected households were asked

to participate (ages 3 months−105 years). Finger prick

blood sampling was used to prepare blood spots of filter

paper (3MM, Whatman, Maidstone, UK).

Ethics approval

The Medical Research Sub-Committee of the Malaysian

Ministry of Health (NMRR-14-713-21117) and the Research

Ethics Committee of the London School of Hygiene and

Tropical Medicine (8340) approved the Malaysian study

and written informed consent was obtained from all study

participants. Because CDC authors did not interact with

study participants and had no access to personal identifying

information, they were determined to be “not engaged” in

human subjects research.

Multiplex IgG detection assay

The IgG responses to 12 antigens from six pathogens were

assayed (Table 1; Supplementary Table 1). Merozoite surface

protein 1-19 (MSP1-19) and apical membrane antigen-

1 (AMA-1) antigens from Plasmodium falciparum and P.

vivax were also included with appropriate control sera as

internal positive controls. Excluding the malaria proteins, all

antigen-coupled microspheres were provided by the Centers

for Disease Control and Prevention (Atlanta, GA, USA)

and coupled according to standard Luminex protocols to

minimize the signal-to-noise ratio (29). Malaria antigen

FIGURE 1

Sampling sites in Sabah, Malaysia. Sampling site locations in

Malaysia (A) and Sabah state in Malaysia (B).

coupling was optimized in-house as described previously

(28, 30) (Luminex Corporation, Austin, TX, USA).

Test samples were eluted from a 3-mm dried blood spot

(DBS) punch, corresponding to 2.1 µl of whole blood, and

shaken overnight at room temperature in 200 µl of elution

buffer (1xPBS, 0.05% sodium azide and 0.05% Tween-20),

resulting in a 1:200 pre-dilution, assuming 50% hematocrit.

At least 1 day prior to testing, samples were diluted to a

final 1:400 dilution using Luminex buffer B (1xPBS, 0.05%

Tween, 0.5% BSA, 0.02% sodium azide, 0.1% casein, 0.5%

polyvinyl alcohol (PVA), 0.5% polyvinyl pyrrolidone (PVP) and

15.25µg/ml E. coli extract) to prevent non-specific binding.

Negative and positive controls were also incubated in buffer B

at least 1 day before testing, with negative controls prepared
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TABLE 1 Cut-o� method, seroprevalence and vaccine exposure in percentages, and number of individuals per antigen.

Antigen, pathogen Disease Percent seroprevalence with 95% CI n

Gaussian mixture model (2 distributions)

Bm33, Brugia malayi Lymphatic Filariasis 10.9 (10.2, 11.6) 8129

Wb123,Wucheria Bancrofti Lymphatic Filariasis 1.7 (1.5, 2.02) 8128

NIE, Strongyloides stercoralis Strongyloidiasis 16.8 (16.7, 16.9) 8131

SAG2A, Toxoplasma gondii Toxoplasmosis 29.9 (28.9, 30.1) 7430

Rp17, Treponemal pallidum pertenue Yaws 4.9 (3.9, 6.1) 1529

TmpA, Treponemal pallidum pertenue Yaws 4.8 (4.00, 5.8) 1660

Rp17 TmpA double positive Yaws 1.2 (0.7, 1.8) 1638*

VSP3+ VSP5, Giardia duodenalis Giardiasis 23.2 (22.3-24.2) 7682

K-means clustering (k = 3)

Bm14+BmR1, Brugia malayi Lymphatic Filariasis 3.5 (3.1, 4.00) 6855

Pgp3+Ct694, Chlamydia trachomatis Trachoma 4.5 (3.7, 5.5) 1970

TABLE 2 Study site characteristics.

Demographic variable n

Study population 8,205

Males 3,389

Females 4,312

Mean age in years (range) 29 (0–105)

Occupation n

Farmer 1,153

Student 3,745

Other occupation 997

No occupation 3,745

Ethnic groups in Malaysia n

Bajau 752

Dusun 4,137

Other 1,135

Rungus 2,091

Environmental variable Mean (range)

Population density (per km2) 1.8 (0–183.4)

Elevation (meters above sea level) 166.4 (4.0–1,258.0)

NDVI 0.5 (-0.2 to 0.9)

Average temperature, 1970–2000 (◦C) 26.7 (21.5–27.5)

Mean diurnal range, 1970–2000 (◦C) 8.2 (7.00–10.3)

Maximum temperature of warmest month, 1970–2000 (◦C) 31.9 (28.1–32.8)

Minimum temperature of coldest month, 1970–2000 (◦C) 21.5 (14.8–22.9)

Precipitation of the wettest month. 1970–2000 (mm) 2,417 (2,167–2,754)

Precipitation seasonality, 1970–2000 (coefficient of variation) 44.1 (16.9–59.5)

Distance to intact forest (m) 3,647 (0–19,836)

Distance to irrigated farmland (m) 2,794 (0–23,716)

Distance to oil palm plantation (m) 1098 (0–20,940)

at 1:400, a pooled P. falciparum positive prepared at 1:400

and 1:4,000, and a pooled P. vivax positive control prepared

in a 6-point 2-fold serial dilution (1:400–1:12,800). Fifty

microliter of the samples were co-incubated with antigen-

coupled beads in a 1-day multiplex serological assay described

previously (30). Using a Luminex MAGPIX bioanalyzer and

xPONENT software (version 4.2), the background-adjusted

median fluorescent intensity (MFI) of wells achieving at least a

30-bead count per analyte were recorded. The P. vivax control

curve was included on each plate to standardize data between

plates (28).

Determination of seropositivity

Different cut-off approaches were used to determine

seropositivity per antigen (Supplementary Table 2). To

determine seropositivity, antigen-specific cut-off values from

log transformed MFI with background subtracted (MFI-bg)

were calculated in R using the mixtools package (31). Gaussian

mixture models using the mean of the lower component plus

three standard deviations were used to determine cut-off

thresholds for eight antigens on this panel. To ensure sufficient

negatives for estimating population level exposure, we included

individuals of all ages in cut-off determination for LF (Bm33,

LF Wb123) and toxoplasma (SAG2A) antigens (32). Data from

individuals <3, 5, and 14 years of age were used to determine

cut-offs for antigens of strongyloides (NIE), giardia (VSP3,

VSP5), and yaws (Rp17, TmpA), respectively. For giardia and

yaws, we examined double seropositivity as an indicator of more

recent exposure.

As multiple antigens were measured for specific diseases, we

also analyzed highly correlated antigens (Pearson’s correlation

co-efficient > 0.65) for the same pathogen together as

representative of individuals exposed to the same pathogen

(Supplementary Figure 1). This was done for lymphatic filariasis

(Bm14 and BmR1) and trachoma (Pgp3 and Ct694) antigens

using K-means clustering (three clusters, highest cluster of MFI

responses to multiple antigens are considered seropositive) to

classify seropositive and seronegative. We limited analysis of

antigens for trachoma to children under 10 years old to exclude

sexually acquired venereal chlamydia.
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FIGURE 2

Adjusted odd ratio plots for associated disease risk factors.

Statistical analysis of risk factors

We assessed eight demographic, health, and socioeconomic

risk factors (Supplementary Table 3). Logistic regression was

used to evaluate risk factors association to seroprevalence for

each antigen, with household included as a random effect to

control for sampling design. Associations with a p < 0.05 were

considered statistically significant using adjusted odds ratios

(Supplementary Table 4). Variables were assessed using variation

inflation factor < 5 to assess for potential collinearity, and final

models were selected using backwards elimination (p < 0.05).

Spatial patterns of exposure risks

To assess the spatial distribution of exposure risks,

we additionally assembled potential spatial environmental

covariates, including topographic measures, distance to land
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cover and forest types, population density, accessibility,

and climatic variables (Table 2). Pearson correlation analysis

was used to exclude highly correlated variables (correlation

coefficient > 0.7) with the final dataset including 21 potential

spatial and environmental predictors (Supplementary Tables 5,

6). As demographic data was not available for all locations within

this region, we did not include additional questionnaire data. All

covariates were resampled to 500m resolution for predictions.

Using the seropositivity thresholds defined above, we

fit geostatistical models of household seroprevalence for

each disease separately. Models were fit in a Bayesian

framework with p(xi) denoting the seroprevalence

at locations xi, i = 1 . . . n, with mi individuals

sampled per household location. The full model was

specified as:

Yi ∼ Binomial
(

mi, p(xi)
)

With the linear predictor for the binomial model specified as:

logit
(

p(xi)
)

= β0 + d(xi)
′β + wi

Where β0 represents the intercept, d(xi)
′β represents a

vector of location specific covariate effects and wi represents

the spatial effect. Residual spatial autocorrelation was assessed

using Moran’s I, with spatial effects modeled as a Matern

covariance function using the stochastic partial differential

equation approach implemented in Integrated Nested Laplace

Approximation (R-INLA) (33). Weakly informative priors

of Normal (0, 100) were used for intercepts and fixed

effect coefficients and penalized complexity priors were used

for the spatial effect (34). Final models were assessed

using the deviance information criteria (DIC) and root

mean squared error. Posterior probabilities were estimated

using 1,000 posterior samples. Additionally, to visualize the

uncertainty around these predictions, we calculated exceedance

probabilities using a 10% seroprevalence threshold (35).

These exceedance probabilities represent the probability a

location exceeds this threshold; locations with exceedance

probabilities around 50% represent areas where there is

high uncertainty around this threshold. All analysis was

conducted in R statistical software (36), with maps visualized in

ArcGIS (ESRI, Redlands, USA).

Results

Seroprevalence

Cross-sectional serological survey data was available

for 10,100 individuals, with varying number of individuals

available for analysis based on sample and antigen availability.

Seroprevalence estimates of the whole study site in northern

Sabah are shown in Table 1. The seroprevalence of LF antigens

were highest in Bm33 (10.9%), then Bm14+ BmR1 (3.5%),

and lowest in Wb123 (1.7%). Seroprevalence of Strongyloides

antigen NIE was 16.8%, for Toxoplasma antigen SAG2A was

29.9%, and Giardia antigens GVSP3 + GVSP5 was 23.2%.

Seroprevalence estimates for yaws antigens in school children

<10 years of age for Rp17 was 4.91% and for TmpA was 4.81%.

As Rp17 may indicate historical exposure and TmpA may

indicate more recent exposure, combined seropositivity to both

antigens was 1.2%. Seroprevalence estimates for trachoma Pgp3

+Ct694 were 4.5%.

Study site characteristics that include demographic and

environmental variables are listed in Table 2. Seroprevalence of

demographic risk factors are listed in Supplementary Table 3.

Seropositivity to all assessed antigens showed potential

age effects, demonstrating differences in exposure by age

category (Supplementary Figures 2–4).

Risk factor analysis

Multivariate analysis using logistic regression identified

associations between seropositivity and risk factors

that were considered significant at p < 0.05 (Figure 2;

Supplementary Table 4). For LF Bm33 antigen, significant

associations were observed for age, wealth, and Dusun

ethnicity. Higher socio-economic status and Dusun ethnicity

demonstrated decreased odds of risk of exposure. For LFWb123

antigens, no significant associations were observed, potentially

due to the low overall seroprevalence in the population. For

LF Bm14 + BmR1, significant associations for risk factors

were observed for age only. For toxoplasma SAG2A antigen,

significant associations were observed with age, gender,

ethnicity, and bath location. Increased odds of exposure were

observed for males compared to females and for ethnicity

within the “Other” category. Decreased odds of exposure

were observed for Rungus ethnic group. For the Strongyloides

antigen, significant associations were observed for age, wealth,

going to the forest, and gender. Higher socio-economic status

was associated with decreased odds of exposure, while going

to the forest and being male demonstrated increased odds of

exposure. For Giardia antigens, age, student occupation, Dusun

ethnicity, and bath location (i.e., bathing in outdoor locations

or with water pipes) were shown to increase odds of exposure,

while decreased odds of exposure was observed with higher

socio-economic status. For trachoma antigens, age was the only

significant risk factor.

Environmental risk factors and spatial
distribution of exposure

The spatial distribution of seroprevalence of antigens are

presented in Figure 3 and Supplementary Figure 6. The study
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FIGURE 3

Geostatistical maps showing mean posterior estimated seroprevalence per antigen.

area represented a wide range of ecologies with varying

land cover, topography, and population densities (Table 2;

Supplementary Table 5). Using these data, we additionally

identified predictive spatial and environmental factors for

exposure to diseases (Supplementary Table 6). Geostatistical

models identified marked differences in the spatial distribution

of exposure to the different antigens, revealing areas of

potential persistent exposure. Mean posterior estimates of

seroprevalence for each pathogen are shown in Figure 3,

with estimates of the probability of over 10% of the

population being exposed to a particular pathogen shown in

Supplementary Figure 5. For example, the spatial distribution

of seroprevalence for strongyloides NIE and Yaws TmpA

demonstrated broad homogeneity in community exposure,

while the spatial distribution of toxoplasma SAG2A and LF BM

antigens identified areas of higher seroprevalence compared to

the rest of the community.

Discussion

Serological surveys provide a platform for integrated

monitoring of numerous pathogens. In our study, we applied

multiplex bead assays to assess seroprevalences and associated

risk factors to six NTDs. The seroprevalence results provided

evidence of exposure for all NTDs in Malaysia during

2015. Integrating this data within a geostatistical framework

enables visualization of spatial dispersal of exposure, detecting

priority areas for follow up, surveillance, and targeted public

health initiatives.

Analysis of disease specific responses allowed identification

of risk factors and spatial distribution of exposure for all

diseases, showing broad agreement with other sources of

epidemiological data. For example, persistent LF transmission

and LFMDAwas on-going during the year of the survey [World

Health Organization (WHO) Global Health Observatory

(GHO), accessed August 19, 2020]. Preventative chemotherapy

treatments for strongyloidiasis (prevalence = 16.8%) and other

STHs were also administered to parts of the country during the

same year of this survey (according to WHO GHO, accessed

August 19, 2020), and prevalence estimates were similar to

previously reported estimates (31.5%, using ELISA) in Malaysia

(Orang Asli) (2). Seroprevalence estimate for toxoplasmosis

in this study was 29.9% (CI: 28.9–30.1%) and consistent with

similar estimates of previous studies (10, 37). For giardiasis, the
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seroprevalence estimate was 23.24% (CI: 22.31–24.19%), higher

than prior estimates using molecular techniques, which varied

between 0.2 and 20% (38, 39). Composite antigen responses

for trachoma were detected among 4.52% (CI: 3.68–5.53%) of

children 1–9 years of age. This is similar to what was previously

observed in areas suspected not to be endemic for trachoma

in the Pacific Island nations of the Solomon Islands, Fiji, and

Vanuatu (40–42).

For LF, trachoma, yaws, and Giardia, multiple antigens

were included in determining seropositivity. For LF prevalence,

estimates varied using antigens of the same pathogen. This

may be due to differing immunogenicity of antigens, antibody

kinetics as markers of recent or historical exposure, or possible

cross reactivity with antibodies elicited by infection with other

pathogens (43, 44). For yaws antigens, seroprevalence was 4.91%

(CI: 3.93–6.11%) for Rp17 and 4.81% (CI: 3.98–5.79%) for

TmpA. We observed a lack of correlation between the two

yaws antigen, which may be due to individual antigen function

(Supplementary Figure 6). For example, Cooley et al. have found

that Rp17 captures long-lived treponemal antibodies, while

TmpA can be potentially used to differentiate exposure based on

antibody titer concentrations (45). In our study, we presented

double seropositivity for both antigens (1.16%, CI: 0.74–1.80). If

further information was available on antibody decay rates, more

accurate estimates of infection status and time since infection

could be identified. For highly correlated antigens of LF and

trachoma, we determined seropositivity by applying K-means

clustering approach to classify seroprevalence. This approach

to classifying antibody responses may potentially enhance

seroprevalence approximations by examining multiple highly

correlated antigens within the population, thereby maximizing

the use of information from multiple antigens.

We examined several risk factors in this study to

demonstrate the utility of multiplex bead assays in supporting

integrated disease control efforts. Given the age effect on

antibody acquisition, we hypothesized that this association

would be present among differing concentrations of the

antigen levels and age, within our study population. We found

age to be associated with seroprevalence for all antigens,

indicating increased likelihood for exposure over time. For

giardiasis, however, consistent exposure and chronic infection

among children and adults may dampen any age effects on

seroprevalence. Differences in antibody concentrations in age

may support targeted public health initiatives and further

examination of historical exposure patterns among age groups.

Previous studies in Malaysia have found associations

between low socioeconomic backgrounds and burden of disease,

which is attributable to living standards, working conditions and

access to health care (46, 47). We hypothesized that high wealth

index would be an acceptable indicator of adequate nutrition,

better living conditions, clean water, and easier access to health

care, thus reducing seroprevalence in higher socio-economic

classes for all NTDs and parasitic disease infections (14, 48, 49).

We found associations of higher wealth index and decreased

seroprevalence among antigens of LF, Strongyloides, andGiardia,

but no associations were observed for Toxoplasma or trachoma.

Common socio-demographic risk factors such as gender,

ethnicity, education, occupation, toilet usage, and contact with

animals have also been previously studied for LF, toxoplasmosis,

and giardiasis in Malaysia (5, 15, 37, 50, 51). We examined

these potential risk factors for the diseases represented by our

panel of antigens. In this study, significant risk of exposure for

occupation was not observed for any disease. Previous studies

have found limited data on human seroprevalence in relation

to animal exposure for toxoplasmosis in Malaysia, including

domestic and livestock animals (52), although Ngui et al.

found significant associations with seropositivity for individuals

coming in close contact with cats and other pets (10). In our

study, we did not find any significant associations with owning

animals and increased odds of exposure for any disease marker.

We also included bath location in this risk factor analysis, as

clean water is important in the prevention of diseases such

as STHs and giardiasis, and we found significant associations

in decreased prevalence with the use of bathrooms compared

to outside bathing for giardiasis in this study. Variation in

seroprevalence by ethnic groups may be attributable to cultural

norms, occupations, genetics, and geographic dispersion that

may warrant more detailed investigation of these differences to

aid public health initiatives.

In addition to identifying risk factors, we demonstrate

how serological data can be used to characterize the spatial

distribution of exposure. Simple visualizations of cluster level

mean antibody responses can be used to quickly identify clusters

with high responses to multiple pathogens. By integrating

serological data into geostatistical models, we identified areas

with differential exposure of diseases such as filariasis or

focalised transmission such as toxoplasmosis; this data can

be used to supplement available infection reports to support

elimination campaigns and targeted control. Conversely, we

also identify diseases with widespread transmission, such as

giardiasis. Characterizing these differences in spatial distribution

allows development of appropriate control and surveillance

strategies for diseases with vastly different transmission levels.

Additionally, this provides further data on the immune

status of different populations, with potential implications on

susceptibility to disease.

Within this study there are several limitations. Serological

standards to determine cut-offs have not been established

for most pathogens on this panel, and choice of cut-off

method may have impacted the accuracy of seroprevalence

approximations. Another limitation within the survey is the

lack of individual information about survey respondent’s

migratory status for coastal Sabah, thus it is unclear whether

serological responses represent regional or imported cases.

Lastly, we applied a non-conventional method to cluster

seropositives using k-means algorithm for correlated antigens
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of the same pathogens. While trachoma estimates were

similar to what was found previously, the discrepancy in

seroprevalence estimates among mixture models and k-means

clustering for LF antigens implores further exploration of using

this method paired with clinically confirmed data or gold

standard approaches.

Despite these limitations, this study supports the utility

of MBAs for simultaneous disease monitoring of diverse

pathogens in low transmission settings. As integrated disease

management is being adopted in the WHO NTD Roadmap of

2021 (53), MBAs with serological surveys can provide valuable

information regarding population exposure and associated

socio-demographic or environmental risk factors impacting

transmission of numerous co-endemic pathogens.
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Serological investigation of
plague and brucellosis infection
in Marmota himalayana plague
foci in the Altun Mountains on
the Qinghai-Tibet Plateau

Shuai Qin1†, Junrong Liang1†, Deming Tang1†, Yuhuang Chen2†,

Ran Duan1, Xinmin Lu3, Asaiti Bukai3, Xiaojin Zheng3,

Dongyue Lv1, Zhaokai He1, Weiwei Wu1, Haonan Han1,

Huaiqi Jing1 and Xin Wang1*

1State Key Laboratory of Infectious Disease Prevention and Control, National Institute for

Communicable Disease Control and Prevention, Chinese Center for Disease Control and

Prevention, Beijing, China, 2Shenzhen Nanshan Maternity and Child Healthcare Hospital, Shenzhen,

China, 3Akesai Kazak Autonomous County Center for Disease Control and Prevention, Jiuquan,

China

The Altun Mountains are among the most active regions of Marmota

himalayana plague foci of the Qinghai-Tibet Plateau where animal plague

is prevalent, whereas only three human cases have been found since 1960.

Animal husbandry is the main income for the local economy; brucellosis

appears sometimes in animals and less often in humans. In this study, a

retrospective investigation of plague and brucellosis seroprevalence among

humans and animals was conducted to improve prevention and control

measures for the two diseases. Animal and human sera were collected

for routine surveillance from 2018 to 2021 and screened for plague and

brucellosis. Yersinia pestis F1 antibody was preliminarily screened by the

colloidal gold method at the monitoring site to identify previous infections

with positive serology. Previous plague infection was found in 3.2% (14/432)

of the studied human population having close contact with livestock, which

indicates evidence of exposure to the Yersinia antigen (dead or live pathogenic

materials) in the Altun Mountains. Seroprevalence of brucellosis was higher in

camels (6.2%) and sheepdogs (1.8%) than in other livestock such as cattle and

sheep, suggesting a possible transmission route from secondary host animals

to humans.

KEYWORDS

plague, brucellosis, seroprevalence, Marmota himalayana plague foci, previous

infection
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Introduction

Brucellosis and plague are both natural focus diseases

that are separately recognized as neglected diseases and re-

emerging diseases by the World Health Organization (1–

3). With the economic globalization and rapid development

of the transportation industry, the possibility of occurrence

of imported cases in non-endemic foci is increasing (4–8).

Marmota himalayana plague foci of the Qinghai-Tibet Plateau

are the most active foci in China, whereas the AlutunMountains

are the most active region (9, 10). In the M. himalayana plague

focus in China before the 1990s, most human cases occurred

here. Since the 1990s, rat-associated plague epidemics have

erupted in southern China, but beginning in 2004, the M.

himalayana plague focus re-emerged as the main source of

human cases. Outbreaks have occurred here every few years

(11). Each year, Y. pestis is isolated in a number of marmots

found dead in the environment (12). However, only three human

cases have been found since 1960 (13). The reason for this

paradox is not known. Brucellosis is also an important zoonosis

in the Altun Mountains where animal husbandry is practiced

(14). In 2020, a brucellosis outbreak occurred in camel herd.

The local transmission of brucellosis was of concern. In this

study, the findings of previous plague infection in humans and

transmission of brucellosis from a secondary host can help

improve the prevention and control of these two significant

zoonoses (15).

Materials and methods

The Altun Mountains located on the north of the M.

himalayana plague foci of the Qinghai-Tibet Plateau (Figure 1A)

are mainly desert and semi-desert grasslands (Figure 1B). The

area where the residents live is vast and sparsely populated

(10,000 people in 31,000 km2). Among the livestock raised,

the number of sheep is the largest, which is about 120,000 per

year. That of cattle, horses, camels, and other large livestock is

about 6,000 per year. Free-ranging assisted by sheepdogs is the

main husbandry pattern.M. himalayana are plentiful in number,

widely distributed, have a high natural carrier rate of Y. pestis,

and are the foci’s main reservoir of Y. pestis (16).

This retrospective study was conducted by the National

Institute for Communicable Disease Control and Prevention,

Chinese Center for Disease Control and Prevention. To analyze

the average seroprevalence levels of plague and brucellosis,

at least two years of human and animal samples collected

as part of routine surveillance were included in this study.

Based on the screening test adopted by the laboratory at the

monitoring site, the positive samples were further confirmed by

the superior laboratory.

Blood samples were collected and sera were separated by

centrifugation and frozen at −80◦C. Serological monitoring of

brucellosis in livestock (camel, cattle, sheep, and sheepdogs) and

persons whose occupations were breeder, herder, veterinarian,

and other occupations that were in close contact with livestock

was carried out. The serum samples were collected during

routine surveillance of plague and brucellosis from 2018 to

2021. The gender, age group (17), and occupation information

was also collected. Human sera collected for brucellosis

surveillance was also tested for the plague. The sera of marmots

collected for plague surveillance was both tested for plague

and brucellosis.

The colloidal gold method was used for screening for Y.

pestis F1 antibodies (Beijing Jianaixi Biotechnology Co., Ltd.,

Beijing, China) and the indirect hemagglutination assay was

performed for verification (Qinghai Province Endemic Disease

Prevention and Control Institute, Xining, Qinghai Province,

China). F1 antigen inhibition controls, negative controls, and

positive controls were established. An antibody titer ≥ 1:16 was

identified as positive.

The rose bengal plate test was used for screening for

brucella antibodies (Idexx Laboratories, Westbrook, Maine,

United States; Lanzhou Institute of Biological Products Co., Ltd.,

Lanzhou, Gansu Province, China). A total of 30 µL antigen

and 30 µL serum samples were mixed on a flat plate. Results

were read immediately after 4min. Positive samples were further

tested byWright’s serum agglutination tests (Idexx Laboratories,

Westbrook, Maine, United States). Sera were diluted by 1:5, 1:10,

1:20, 1:40, 1:80, and 1:160, and then equal-volume brucellosis

antigen was added to each tube. Tubes were thoroughly mixed

and incubated for 18–20 h at 37 ± 3◦C. Turbidimetric tubes

were used to compare the serum agglutination degree of

samples. Samples ≥30 IU/ml were identified as positive. The

antigen used in the study can detect B. suis, B. melitensis, and

B. abortus.

Statistical analysis was conducted to compare seroprevalence

among different groups (SPSS Version 26.0). According to

specific theoretical frequency, Pearson’s chi-square test (T≥ 35),

Yates’s continuity correction (1 ≤ T < 5), or Fisher’s exact test

(T < 1) was applied to assess associations between variables of

concern and the seroprevalence of brucellosis or plague.

Results

A total of 432 individuals between ages of 7 and 70 with

certain occupations that were in close contact with livestock

from January 2020 to July 2021 were tested for brucella and Y.

pestis. The sample population was engaged in animal husbandry,

including breeders (168), herders (167) veterinarians (59), and

other occupations, including 38 individuals who purchase,

process, or sale livestock products, such as fur, milk, meat, etc. A

total of 5,799 livestock serum samples were tested for brucella.

Samples included sera from cattle (987), camels (3,820), and

sheep (882) collected from 2019 to 2020, and sheepdogs (110)
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FIGURE 1

Ecology of the studied region and plague first-aid kit given to herdsmen. (A) Geographic region of this study. (B) Landscape of camel’s living

habitat. (C) (Left) Tablet oxytetracycline contained in the Plague first-aid kit. (Right) Sulfamethoxazole, sulfadiazine, and trimethoprim contained

in the Plague first-aid kit. (Bottom) Plague first-aid kit for herdsmen.

collected from January 2020 to July 2021. To analyze the average

seroprevalence level of brucellosis, human and dog samples

collected in 2020 and 2021 were included because samples

collected in 2019 were not available. No positive marmots were

detected in the same period, so the range of detection years

was expanded. A total of 360 marmot sera samples collected

from January 2018 to July 2021 were tested for brucella and

Y. pestis antibodies (because of insufficient sample volume, 73

marmot samples collected from 2018 to 2019 were tested only

for brucella, while 287 marmot samples collected from January

2020 to July 2021 were tested for brucella and Y. pestis).

The seroprevalence for plague in marmots was 25.1%

(72/287). Among 72 positive samples, the titers accounting for

the top two largest proportions were 1:128 (25.0%, 18/72) and

1:2,048 (18.1%, 13/72), the highest titer was 1:16,384 (1.4%,

1/72), and the lowest titer was 1:16 (4.2%, 3/72) (Figure 2). The

seroprevalence for human plague infection was 3.2% (14/432)

(Table 1). All of the 14 seropositive individuals were identified
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FIGURE 2

Frequency of Yersinia pestis F1 antibody titer in seropositive humans and Marmota himalayana.

TABLE 1 Seroprevalence of brucellosis and plague in studied human populations.

Brucellosis,

Seroprevalence, 95%

CI (Positive /Total)

P-value Plague,

Seroprevalence, 95%

CI (Positive /Total)

P-value

Gender 0.999 0.397

Male 1.1%, 0.2–3.1% (3/275) 2.6%, 0.7–4.3% (7/275)

Female 1.3%, 0.1–4.5% (2/157) 4.5%, 1.2–7.4% (7/157)

Age group 0.820 0.525

7∼19 0.0%, 0.0–33.6% (0/9) 0.0%, 0.0–3.6% (0/9)

20∼44 1.7%, 0.3–4.7% (3/181) 2.8%, 0.4–5.0% (5/181)

45∼59 1.0%, 0.1–3.5% (2/202) 4.5%, 1.5–7.0% (9/202)

60∼70 0.0%, 0.0–8.8% (0/40) 0.0%,0.0–8.8% (0/40)

Occupation 0.906 0.259

Breeder 1.8%, 0.4–5.0% (3/168) 1.8%,0.4–5.0% (3/168)

Herder 1.2%, 0.1–4.2% (2/167) 3.6%,0.7–6.2% (6/167)

Veterinarian 0.0%, 0.0–6.1% (0/59) 6.8%,1.8–15.5% (4/59)

Other occupations 0.0%, 0.0–9.3% (0/38) 2.6%,0.1–13.5% (1/38)

Total 1.2%, 0.2–2.1% (5/432) 3.2%,1.5–4.8% (14/432)

as previous plague infection cases. The highest titer was 1:256,

accounting for 21.4% (3/14), and the lowest titer was 1:16,

accounting for 28.6% (4/14) (Figure 2). Occupations with the

highest seroprevalence were veterinarians (6.8%, 4/59) and

herders (3.6%, 6/167).

The seroprevalence for livestock brucellosis infection was

4.2% (243/5,799). It was higher in camels (6.2%, 236/3,820) and

sheepdogs (1.8%, 2/110) than in cattle (0.4%, 4/987) and sheep

(0.1%, 1/882); the seroprevalence formarmots was 0 (0%, 0/360).

In humans, the seroprevalence for brucellosis was 1.2%

(5/432) (Table 2). The titers were 1:40 for two samples, and

1:20, 1:80, and 1:160 for the other three. Occupations with

the highest seroprevalence were breeders (1.8%, 3/168) and

herders (1.2%, 2/167). No statistically significant differences

were found in seroprevalence between different groups in plague

or brucellosis infection.

Discussion

The potential danger of animal plague prevalence should

not be underestimated: one-fourth of the marmots were positive

for F1-antibody, and seroprevalence for people having contact

with livestock animals was 3.2%, which indicates evidence
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TABLE 2 Brucellosis seroprevalence in di�erent hosts.

Host Collection

period

No. specimens No. positive

specimens

Seroprevalence

(%)

Cattle 2019–2020 987 4 0.4

Sheep 2019–2020 882 1 0.1

Camel 2019–2020 3,820 236 6.2

Sheepdog 2020–2021 110 2 1.8

Marmot 2018–2021 360 0 0.0

Human 2020–2021 432 5 1.2

of exposure to the Yersinia antigen (dead or live pathogenic

materials). On the other hand, the findings of F1 antibody-

positive unreported cases suggests that these previous plague

infection cases had been ignored or misdiagnosed on routine

clinical examination. Hence, routine surveillance of plague

should be strengthened as some plage infection cases could be

missed on routine clinical examination.

Several reasons might explain why previous plague

infections have been missed and why severe plague cases are

rare in the most active regions of theM. himalayana plague foci

of the Qinghai-Tibet Plateau, Altun Mountains. First, the risk of

human transmission is low because humans live in vast, sparsely

populated areas. Second, the local Centers for Disease Control

and Prevention distributed plague first-aid kits (Figure 1C) for

herdsmen and breeders containing tablets of oxytetracycline,

sulfamethoxazole, sulfadiazine, and trimethoprim, with a

reminder to take the medicine and seek prompt medical

advice if fever and other typical plague symptoms develop after

contacting rodents such as marmots and hares. The majority of

studied people were breeders and herders, living on vast land

away from hospitals (Table 1). It is not known how many of

them took the medicine, but the F1 antibody-positive cases had

high chances. They may have taken medicine from a first-aid kit

and recovered from the plague. Third, because of propaganda

and customs, most local people will not eat dead animals that

are found, reducing the risk of contracting pneumonic plague.

The bubonic plague caused by fleabites was likely the plague

type in plague cases, which has a long incubation period, no

human-to-human transmission, and low mortality (11). Drugs

in the incubation period can control infection progression in

the early stages, avoid deterioration in the condition, and greatly

reduce the case fatality rate (18). This indicates the importance

of early prophylactic medication.

Brucellosis outbreaks occurred among camels in the region

where brucella seroprevalence in camels was 6.2% but that of

the studied human population was only 1.2% (19, 20). The rate

was lower than that in Shanxi (2.91%) and Xinjiang (1.68%),

which are also areas with high brucellosis incidence (21). The

relatively low rate might be due to humans having less chance

of contact with livestock in pastoral areas than that in captive

breeding. In addition, most of the people living in the area are

Kazak ethnicity, and they reduce risk of brucella infection by

practicing good hygiene, including not eating raw meat and or

found dead animals, washing their hands under running water

before meals, and not optional touching food when visiting as

a guest.

The way camels got infected is of concern, as they are

usually raised separately with other livestock in the pastoral

areas. Wild marmots have chances of contact with camels,

but their negative results for brucellosis suggest that this

is infrequent. Therefore, marmots and other livestock were

unlikely the sources of infection. Sheepdogs had the second

highest brucellosis seroprevalence after that of camels. Dogs

are usually affected by Brucella canis but can also be infected

with Brucella melitensis which camels are highly susceptible to.

Camels can have close contact with sheepdogs when grazing.

It is likely that diseased camels infected the dogs and the

infection is circulating in the population. There is another

possibility that the sheepdogs may be the source of infection

in camels. Infected camels are difficult to detect because they

are nearly asymptomatic (22), which increases the possibility

of mutual infection among camels as the cause of outbreaks.

Brucellosis in humans and animals caused by dogs has also been

reported previously (23). Dog–camel transmission as a possible

cause of brucellosis outbreaks indicates that host animals with

low infection rates may also become secondary or transient

sources of infection. Therefore, secondary hosts also need to

be considered in zoonoses prevention and control, especially in

natural foci associated with developed animal husbandry.

This serological investigation confirmed the existence of

missed previous infection with plague in these foci and

indicated the risk of the secondary host animal in the

transmission of brucellosis infection. In the investigation of

the transmission chain of brucellosis infection in camels, the

serological investigation has shown that sheepdogs have a higher

risk of transmission than other animals. However, because of

the lack of a questionnaire survey on possible risk factors, the

source of camel infection can only be speculated. More detailed

epidemiological exposure history and etiological analysis will

be helpful to determine the risk factors and infectious chains
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of these two zoonotic diseases and should be confirmed in

further studies.
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Themajority of Hepatitis E Virus (HEV)-related studies are carried out in adults whereas

information about HEV seroprevalence, clinical disease manifestation, molecular

epidemiology, and transmission patterns in children is limited. To estimate HEV

seroprevalence among scholar children living in an urban setting and to analyze risk

factors for an infection, we invited children aged 5–18 years from Bogotá (Colombia)

for a cross-sectional survey. We collected self-reported data on demographics, social,

clinical, and exposure variables in a structured interview. Venous blood samples were

analyzed with two commercially available ELISAs for HEV-specific IgG antibodies.

Among the 263 participants, we found three HEV IgG-reactive samples (1.1%)

using both assays. We additionally characterized the samples for HEV IgM using a

commercially available IgM ELISA and for HEV RNA. Here, we found one IgM-reactive

sample, whichwas also reactive for IgG. In contrast, none of the IgM- and IgG-reactive

sera samples showed detectable RNA levels indicating HEV exposure had not been

recently. All participants reported access to drinking water and sanitary systems in

their households and frequent hand washing routines (76–88%). Eighty percent of

children reported no direct contact with pigs, but occasional pork consumption was

common (90%). In contrast to the majority of studies performed in Colombian adults,

we found a low unadjusted HEV seroprevalence of 1.1% (95% CI: 0.3–3.6%) for both

HEV IgG ELISAs in our study population. While the majority of participants reported

pork consumption, we speculate in the absence of viral RNA for genotyping in the

a�ected individuals, that existing access to drinking water and sanitary systems within

our study group contribute to the low HEV seroprevalence.

KEYWORDS

adolescents, children, Colombia, Paslahepevirus balayani (previously Hepatitis E virus),

seroprevalence, risk factors, surveillance, transmission

1. Introduction

Paslahepevirus balayani (HEV), previously known as Hepatitis E virus, is responsible for a

liver disease that affects ∼ 20 million people worldwide, especially in low- and middle-income

countries with poor socioeconomic conditions such as lack of sanitation, low-quality drinking

water, or food supply (1, 2). While HEV liver disease is usually self-limiting with mild
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symptoms, it can result in severe acute hepatitis, extrahepatic

disorders, chronic hepatitis leading to fibrosis/cirrhosis, and

fulminant hepatitis in some individuals (3). In particular, pregnant

women face an increased risk of fulminant hepatitis with a mortality

rate of 26.9% (4), whereas 66% of immunocompromised solid-organ

transplant recipients develop a chronic course of infection (5).

HEV as a single-stranded RNA virus can be grouped in

8 genotypes (HEV-1-HEV-8) within the Hepeviridae family,

Orthohepevirinae subfamily, Paslahepevirus genus, and balayani

specie (6), but only genotype 1–4 and 7 infect humans (2, 7).

HEV-1 and HEV-2 are dominant in low-middle-income countries

within Africa and Asia where they cause both sporadic cases

and larger outbreaks (8). While the fecal-oral HEV-1 and HEV-2

transmission route by contaminated water has been ascertained,

HEV-3 and HEV-4 infection appear to be primarily associated with

the consumption of contaminated or undercooked meat, or direct

contact with an infected animal such as pigs, deer, or wild boar (8).

Additionally, HEV-3 transmission after blood transfusions has also

been documented (8–10). HEV-7 infection has been predominantly

reported in camels (11), but one study has also found a patient to be

infected by HEV-7 after consuming camel meat and milk (7). Other

studies have also reported serological and molecular evidence of

human infections with members of the Rocahepevirus ratti species,

especially with the genotype C1 (12–17).

Global HEV seroprevalence estimates strongly vary and range

from 0.25% to 74.76% (8). Those discrepancies are not only

attributable to differences in hygienic standards, access to sanitation,

or in zoonotic exposures, but also dependent on which serological

assay is used to determine a previous HEV exposure (8, 18,

19). Although infections are thought to occur mainly in late

childhood or young adulthood (20, 21), there are few studies

that actually investigate HEV disease burden in children (22),

and information about HEV seroprevalence, clinical manifestations,

molecular epidemiology and transmission patterns in this population

are equally less well examined (22, 23).

To address this gap, we performed a HEV seroprevalence study

in children from Bogotá, Colombia. Colombia is an upper-middle-

income country with clear social determinants of health inequalities

especially between the rural and urban regions (24, 25). Bogotá, the

country’s capital has the lowest Unsatisfied Basic Needs indicator

and the highest percentage coverage of public services in Colombia

(26). To date, a limited number of studies has examined HEV disease

burden in Colombian adults. Molecular and/or serological evidence

of HEV infection has been detected in human sera or feces samples

from acute hepatitis patients from different Colombian cities (27,

28), blood donors from Antioquia (29), swine farm workers from

Medellin (30), and in slaughtered pigs or pig feces in Antioquia

(31) or Medellin (32), respectively. HEV genome was also detected

in both waste and drinking water in Antioquia (33). Concerning

genotype distribution in Colombia, HEV-3 was first characterized

in a 2008–2009 study (27, 34). HEV seroprevalence estimates were

variable, while two studies in viral hepatitis patients showed anti-

HEV proportions of 7.5% and 25.3% for IgG and of 1.74% and 5.6%

for IgM (27, 33), the reported HEV IgG seroprevalence was 45.2% in

blood donors (29).

We provide for the first time data on HEV seroprevalence

estimates among scholar children living in the urban setting of

Bogotá, and analyzed risk factors for infection by association with

demographics, social, clinical, and exposure variables. Data about

HEV seroprevalence in children is essential to understand the

variable levels of seroprevalence not only observed in Colombian

adults, but it also provides information for health authorities on the

current extent of HEV infections to support the possible inclusion

of HEV in the diagnosis and management plan of viral hepatitis

in Colombia and to create control and prevention strategies for

fecal-oral and zoonotic transmission.

2. Materials and methods

2.1. Study population

We designed a cross-sectional study, which was carried out in

cooperation with the Universidad Nacional de Colombia (UNAL)

from February 2020 until March 2021 in Bogotá, Colombia. Based on

the division of Bogotá in 20 localities and 6 stratum areas (35, 36), we

designed a two-stage cluster random sampling considering localities

(37), and schools (38). The software Epidat version 4.2 was used to

calculate a sample size of 280 (39) based on an estimate of 1.5 million

individuals living in Bogotá aged between 5 and 18 years, an expected

HEV seroprevalence of 3%, with amargin error of 2%, and confidence

level of 95% (40).

Children and adolescents (further referred to as children) from

5 to 18 years old were invited to participate by advertising the study

in different schools through electronic and paper-based documents.

Prior to initiating the study, participating parents or legal guardians

provided written informed consent. Inclusion criteria were to live

in Bogotá, to study at the selected schools, and to have the

authorization and company of a parent or legal guardian. We

excluded children with any predisposition for bleeding, blood clots,

cognitive deficits that prevent giving informed assent or consent,

or suffering from primary or secondary immunodeficiency. Based

on the socioeconomics characteristics of the respective population,

we considered localities in Bogotá that had all strata represented

(Suba, Usaquén, and Chapinero), and those with low socioeconomic

conditions (San Cristóbal, Ciudad Bolívar, Usme, Bosa, and Santa

Fe) for taking part in the study (41). Within the pre-identified

localities, we randomly pre-selected two localities Ciudad Bolívar

and Usaquén and different schools within those areas. However,

due to the COVID-19 pandemic and the ensuing low numbers of

participants, we invited other localities and schools to take part

in the study (Supplementary Table 1). The COVID-19 pandemic

also led to the exclusion of children and companions with risk

factors or comorbidities such as diabetes, hypertension and others

(Supplementary Table 2), or acute respiratory symptoms.

The study was conducted in line with the Declaration of Helsinki,

and followed STROBE guidelines (42). It was approved by the

Comité De Ética De Investigacion De La Facultad De Medicina,

Universidad Nacional de Colombia, Bogotá, Colombia (N◦.009-125-

19) and by the Ethics Committee of Hannover Medical School,

Hannover, Germany (Nr.9254_BO_K_2020).

2.2. Data collection and management

We collected self-reported data on demographic, social, clinical,

and exposure variables through a structured questionnaire; using

REDCap 7.3.6 electronic data capture tools hosted at Unidad
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TABLE 1 General characteristics of the participants.

Characteristics of the participants 263 (100%)
All participants

n (%)

260 (98.9%)
HEV IgG non-reactive

participants n (%)

3 (1.1%)
HEV IgG reactive
participants n (%)

Social and demographic characteristics

Age in years: Median (IQR) 9 (8-11) 9 (8-11) 8 (7-9)

Sex Male 142 (54.0) 141 (54.2) 1 (33.0)

Female 121 (46.0) 119 (45.8) 2 (67.0)

School type Public 234 (89.0) 231 (88.8) 3 (100.0)

Private 29 (11.0) 29 (11.2) 0 (0.0)

Social security affiliation Subsidized 38 (14.5) 38 (14.6) 0 (0.0)

Contributory 217 (82.5) 214 (82.3) 3 (100.0)

Unaffiliated 8 (3.0) 8 (3.1) 0 (0.0)

Socioeconomical strata† One 4 (1.5) 4 (1.5) 0 (0.0)

Two 93 (35.4) 91 (35.0) 2 (67.0)

Three 163 (61.9) 162 (62.3) 1 (33.0)

Four 2 (0.8) 2 (0.8) 0 (0.0)

Unknown 1 (0.4) 1 (0.4) 0 (0.0)

Income‡ Between one and two minimum

wages

174 (66.2) 171 (65.9) 3 (100.0)

2–6 minimum wages 69 (26.2) 69 (26.5) 0 (0.0)

More than 6 minimum wages 5 (1.9) 5 (1.9) 0 (0.0)

Do not want to inform 11 (4.2) 11 (4.2) 0 (0.0)

Unknown 4 (1.5) 4 (1.5) 0 (0.0)

Country of birth Colombia 251 (95.4) 248 (95.4) 3 (100.0)

Venezuela 10 (3.8) 10 (3.8) 0 (0.0)

Other 2 (0.8) 2 (0.8) 0 (0.0)

Behavioral characteristics

Mother occupation Occupation with animal/soil

contact

3 (1.1) 3 (1.1) 0 (0.0)

Other 259 (98.5) 256 (98.5) 3 (100.0)

Unknown 1 (0.04) 1 (0.4) 0 (0.0)

Father occupation Occupation with animal/soil

contact

2 (0.8) 2 (0.8) 0 (0.0)

Other 229 (87.1) 226 (86.9) 3 (100.0)

Unknown 32 (12.1) 32 (12.3) 0 (0.0)

Contact with pigs Yes 52 (19.8) 52 (20.0) 0 (0.0)

No 209 (79.4) 206 (79.2) 3 (100.0)

Unknown 2 (0.8) 2 (0.8) 0 (0.0)

Pork consumption Never 12 (4.6) 11 (4.2) 1 (33.0)

Occasionally 236 (89.7) 234 (90.0) 2 (67.0)

Usually 14 (5.3) 14 (5.4) 0 (0.0)

Always 1 (0.4) 1 (0.4) 0 (0.0)

Drinkable water Bottled 42 (16.0) 41 (15.8) 1 (33.3)

Filtered 30 (11.4) 29 (11.2) 1 (33.3)

Boiled 71 (27.0) 70 (26.9) 1 (33.3)

Tap water 120 (45.6) 120 (46.1) 0 (0.0)

(Continued)
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TABLE 1 (Continued)

Characteristics of the participants 263 (100%)
All participants

n (%)

260 (98.9%)
HEV IgG non-reactive

participants n (%)

3 (1.1%)
HEV IgG reactive
participants n (%)

Hand washing after the toilet Occasionally 27 (10.3) 27 (10.4) 0 (0.0)

Usually 74 (28.1) 72 (27.7) 2 (67.0)

Always 160 (60.8) 159 (61.1) 1 (33.0)

Unknown 2 (0.8) 2 (0.8) 0 (0.0)

Hand washing before eating Never 5 (1.9) 5 (1.9) 0 (0.0)

Occasionally 55 (20.9) 53 (20.4) 2 (67.0)

Usually 90 (34.2) 90 (34.6) 0 (0.0)

Always 112 (42.6) 111 (42.7) 1 (33.0)

Unknown 1 (0.4) 1 (0.4) 0 (0.0)

Recreational swimming in

rivers or streams

Yes 155 (58.9) 154 (59.2) 1 (33.0)

No 108 (41.1) 106 (40.8) 2 (67.0)

Health-related characteristics

Blood transfusion Yes 1 (0.4) 1 (0.4) 0 (0.0)

No 262 (99.6) 259 (99.6) 3 (100.0)

Jaundice Yes 2 (0.8) 2 (0.8) 0 (0.0)

No 261 (99.2) 258 (99.2) 3 (100.0)

Viral hepatitis diagnosis Yes 2 (0.8) 2 (0.8) 0 (0.0)

No 261 (99.2) 258 (99.2) 3 (100.0)

Hepatitis symptoms Yes 16 (6.1) 16 (6.2) 0 (0.0)

No 247 (93.9) 244 (93.8) 3 (100.0)

†One represents the lowest strata and six the highest.
‡Colombian minimum wage∼ 280 USD.

de Informática y Comunicaciones - Facultad de Medicina -

Universidad Nacional de Colombia (43, 44). Details are listed

in Table 1.

In addition, we took ∼ 5ml of venous blood by venipuncture

using an S-Monovette (cat no: 03.1397, Sarstedt, Sarstedt, Germany).

Prior to freezing at <-20◦C, samples were allowed to clot for 30min

at ambient temperature, and then centrifuged at 2,000 g for 10min

to obtain serum. In the absence of a gold standard for identification

of anti-HEV IgG antibodies, two commercially available ELISAs

were selected:

1. HEV IgG ELISA [cat no: 88 03 30, Axiom Diagnostic, Bürstadt,

Germany; developed byWantai, Beijing, China (19, 45)]: with a

reported sensitivity of 93% (calculated with 90/91 patients with

confirmed HEV infection) and a specificity of 99% (calculated

with 414/418 blood donor samples) determined by Norder

et al. (46).

2. recomWell HEV IgG [cat no: 5004, Mikrogen Diagnostik,

Neuried, Germany]: with a reported sensitivity of 98.9%

(calculated with 88/89 patients with acute HEV infections) and

a specificity of 98.5% (calculated with 132/134 blood donor sera

samples) defined by the manufacturer (47).

While the recomWell HEV IgG ELISA uses recombinant peptides

of HEV ORF2/ORF3 genotypes 1 and 3 (46, 47) as antigens, the

Axiom HEV IgG ELISA limits itself to the carboxy-terminal region

of the ORF2 genotype 1 Burmese strain (46). Samples were measured

once and classified as reactive for anti-HEV IgG based on an assay-

specific signal to cut-off (S/CO) value of above 1.1 or 1.2 for the

Axiom and the Mikrogen ELISA, respectively. HEV IgG-reactive

samples after the first screening of all samples were re-measured in

triplicates to confirm reactivity.

Because of the unavailability of the World Health Organization

Reference Reagent for Hepatitis E Virus Antibody (NIBSC

code: 95/584), we included two other available NIBSC quality

control reagents QCRTHAVQC1 - Total Anti-Hepatitis A Virus

Quality Control Reagent Sample 1 (NIBSC code: 17/B725) and

QCRHEVQC1 - Anti-Hepatitis E Quality Control (NIBSC code:

17/B723) on every ELISA plate to monitor assay performance

(Supplementary Table 3).

Next to an analysis for HEV IgG, all samples were also analyzed

for HEV IgM using the recomWell HEV IgM [cat no: 5005, Mikrogen

Diagnostik, Neuried, Germany, with a reported sensitivity of 98.9%

(calculated with 87/89 patients with acute HEV infection) and a

specificity of 98.5% (calculated with 354/359 of patients with a

suspected non-HEV infection and blood donors) (47)], as IgM

reactivity indicates a more recent infection (48). All IgM-reactive/-

borderline samples in the first measurement were re-measured twice

for an unequivocal IgM result. All IgG- and IgM-reactive samples

were then further analyzed with the IVD-certified RealStar HEV
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FIGURE 1

Flow chart of participants’ selection.

RT-PCR Kit 2.0 (cat no: 272013, Altona Diagnostics, Hamburg,

Germany) for the detection and, if applicable, the quantification of

HEV-specific RNA. Prior to qRT-PCR analysis, nucleic acid from

sera samples was isolated using the QIAamp MinElute Virus Spin

Kit (cat no: 57704, Qiagen, Hildesheim, Germany). All laboratory

analysis were performed according to the manufacturer’s instruction.

A more detailed description of the procedures can be found in

Supplementary material.

2.3. Statistical analysis

Presence or absence of HEV IgG was defined as the main

study outcome and considered as dependent variable. As exposures,

we studied different socioeconomical and behavioral aspects, with

special emphasis in fecal-oral and zoonotic transmission. We

summarized categorical variables as counts and percentages, and

continuous variables as medians and inter-quartile ranges (IQR). Due

to only three reactive samples, we refrained from carrying out formal

statistical tests assessing the association between HEV IgG reactivity

and socioeconomical and behavioral variables.

We calculated the proportion of HEV IgG-reactive samples with

their 95% confidence intervals (95% CI), score method with Yates’

correction, function prop.test() in the R package “stats” (49) for each

ELISA. After this, the crude seroprevalence was adjusted for the

respective test’s sensitivity and specificity as proposed by Lang and

Reiczigel (50) using the R package “asht” (51). For calculation of

those adjusted seroprevalence estimates, we used the sensitivity and

specificity values determined byNorder et al. (46) for the Axiom assay

and for the recomWell assay those provided by the manufacturer

(47), as the latter reports information from an updated recomWell

assay with altered performance characteristic that was also utilized

in our study. We also assessed the inter-rater reliability between the

two HEV IgG ELISAs by calculating Fleiss’s k (52) with the R package

“irrCAC” (53).

All statistical analysis were performed using RStudio (54) version

4.0.2, and the geographical representation was done using ArcGIS

version 10.8.1 using the boundaries provided by Humanitarian Data

Exchange (55) and data from Datos Abiertos Bogotá (56). HEV

IgG/IgM S/CO calculation and quantification of HEV RNA were

performed in Excel 2016 (Microsoft, Redmond, USA) or in GraphPad

Prism 9.4.1 (GraphPadInc, SanDiego, USA), respectively.

3. Results

During the recruitment phase, 502 people showed interest to

participate in the study. After the first contact with the team, 192

(38%) people were excluded because they did not meet the inclusion

criteria, declined participation, did not attend the appointment, or

did not reply further. Among the remaining 310 people (62%), 263 of

them (85%) were included into the study, as they had a sufficiently

complete data set suitable for analysis (Figure 1). The median age

of those participants was 9 years (interquartile range 8–11 years),

and 142 (54.0%) participants were male. Other characteristics of the

participants are presented in Table 1.

We detected three HEV IgG-reactive samples with the recomWell

HEV IgG ELISA and the Axiom HEV IgG ELISA in our final study

population resulting in a crude seroprevalence of 1.1% (95% CI: 0.3–

3.6%). When adjusting this crude estimate by each assay sensitivity

and specificity, we found a seroprevalence of 0.0% (95% CI: 0.0–

2.6%) for the recomWell assay and of 0.2% (95%CI: 0.0–2.6%) for the

Axiom assay. When analyzing the concordance between serological

test results (Table 2), we obtained a Fleiss’s k agreement coefficient of

1, which demonstrates a perfect agreement between the assays.

All HEV IgG-reactive samples originated from participants born

and raised in Colombia, who lived in areas of socioeconomic
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TABLE 2 Concordance of test results between both HEV IgG ELISAs.

Axiom assay
results

RecomWell assay results

Positive Negative Total
(min–max
S/CO)

Positive 3 0 3 (9.36–14.54)

Negative 0 260 260 (−0.01–0.89)

Total

(min–max S/CO)

3 (4.51–8.55) 260 (0.01–0.87) 263

strata 2 and 3 (Table 1). Their parents received an income between

one and two minimum wages (280–560 USD). All HEV IgG-

reactive samples were from the locality Engativá but from different

neighborhoods (Figure 2). None of the individuals with HEV IgG-

reactive samples reported having an earlier blood transfusion, having

suffered previously from jaundice or any other hepatitis-related

symptoms, or having a diagnostic hepatitis panel done before our

study took place.

All HEV IgG-reactive participants reported access to good-

quality drinking water and sanitary systems in their homes making

handwashing before eating food and after using the toilette possible.

Pork consumption was reported by two people (67%), while

recreational swimming in rivers or lakes was reported by one person

(33%) (Table 3). Due to the low number of reactive cases, we refrained

from further statistical evaluation to examine if age, gender, or

other examined behavioral or environmental factors such as pork

consumption, were associated with an earlier HEV infection.

After performing the IgM analysis, we found one reactive sample

resulting in crude seroprevalence of 0.4% (95% CI: 0.0–2.4%) and an

adjusted seroprevalence of 0% (95% CI: 0.0–1.3%). This reactive IgM

sample was also reactive for IgG (Table 3). When analyzing those sera

for HEV RNA by quantitative RT-PCR, no amplification traces were

detectable in any of the samples.

4. Discussion

We explored the HEV seroprevalence in children aged 5–18

years living in an urban setting of Bogotá, Colombia together with

social, clinical, and exposure variables to analyze risk factors for a

HEV infection. We found an unadjusted HEV seroprevalence of

1.1% (95% CI: 0.3–3.6%) in our study population using two HEV

IgG ELISAs. Our low HEV seroprevalence is in line with the few

other studies performed in children in Latin America (57). While

the first of two studies conducted in Argentina found a crude HEV

IgG seroprevalence of 0.15% in participants from urban Buenos

Aires with a mean age of 6.4 (58), the second one found a crude

seroprevalence of 1.7% in participants from the rural Chaco Province

with a median age of 14 years (59). HEV crude seroprevalence in

children from urban Santa Cruz, Bolivia was 1.7% (95%CI: 1.5–1.8%)

(60), in which all HEV IgG-reactive participants were exclusively

from the poorest social class and between 13 and 18 years old.

Other studies have shown higher seroprevalences. A study from

Mato Grosso State, Brazil where a series number of hepatitis cases

occurred in 1997 and 1998, reported a HEV IgG seroprevalence of

4.5% (95% CI 2.9–6.9%) in children aged 2–9 years (61), while a

study from Mexico with representative regional and socioeconomic

sampling found a HEV IgG seroprevalence of 4.4% in 5–14 year old

children with increased Odds Ratios for age, type of community, and

educational level (62). Even though our low seroprevalence is in line

with similar studies in other Latin American countries, our study

design did not allow us to identify an increase of seroprevalence with

age, as shown by the study in Mexico (62). The latter study selected

serum samples from a National Serologic Survey performed in 1987

and 1988, which included 3,549 participants aged 1 to 29 years old

(62). Evidence suggests that increasing age is a risk factor for HEV

infection (57). A systematic review by Belei et al. found that HEV

seroprevalence estimates in individuals between 15 and 30 years can

reach about 30% (63). Kmush et al. studied HEV seroprevalence in

both children and adults and found an overall seroprevalence of HEV

antibodies among adults of 9.52% (95% CI: 3.58–19.59%) in contrast

to a seroprevalence of 0.7% (95% CI: 0.15–2.09%) in children (64).

As observed by Kmush et al. in New York, United States, our

low HEV seroprevalence in children contrasts to increased levels of

HEV seropositivity in the adult population of Colombia where study

reported a seroprevalence of 1.74% for IgM antibodies and of 7.5%

for IgG in 344 human sera samples from 16 Colombian departments

(28). Another study that included 1,097 sera samples from 32

departments from patients with active viral hepatitis described a

seroprevalence of 31.2% for IgG and of 11.5% for IgM (27). A

further study performed in Medellin, Antioquia found nine (22.5%)

cases of HEV infection in 40 fecal samples of patients with a

clinical diagnosis of viral hepatitis using nested RT-PCR (65). In

contrast to the previous studies, one study performed in 42 blood

donors from the Municipality of Yarumal, Antioquia has identified

19 (45.2%) HEV IgG-reactive sera samples, but none for IgM

(29). It is noteworthy that the majority of studies examining HEV

epidemiology in Colombia not only in humans, but also in swine

or in water samples originate from Antioquia. Interestingly, this

region is the department with the highest pork production activity

of 43.4% in Colombia (66). For environmental samples, one study

in Antioquia detected HEV genome in 23.3% (7/30) of the samples

from drinking water plants and in 16.7% (5/30) from sewage by RT-

PCR (33). Several further studies provide evidence for HEV presence

in pigs or pig products in Antioquia, one study reported that 41.3%

of pig livers from slaughterhouses and 25% of livers from grocery

stores in Medellin tested positive for HEV RNA by RT-PCR (67).

Another study performed in fecal samples from 210 animals from 30

pig farms of Antioquia found that 100% of the samples were reactive

for IgG antibodies, and 57% for IgM antibodies. Evidence of HEV

genome was found in 26% of pig feces (31). A last study that included

blood samples from pigs of Antioquia found 100% seropositivity for

IgG antibodies and 82.06% for IgM antibodies using a commercial

ELISA kit (32).

The most recent systematic reviews and meta-analysis’ have

identified risk factors for a HEV infection as consummation of raw

meat, exposition to soil, having had a blood transfusion, travel to

endemic areas, contact with dogs, living in rural areas and receiving

lower level of education on a global level (8) and focused on the

Americas as increasing age, contact with pigs and meat products,

and low socioeconomic conditions (57). Our discrepant levels of

HEV seropositivity in Colombian children and adults are reflected in

the above identified risk factors where potential occupation and/or

living in (rural) areas with pig farming and meat production are

given. However, other factors such as improved hygiene standards,

access to sanitation, or changes in behavioral conducts such as
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FIGURE 2

Neighborhoods in Bogotá with HEV antibody-reactive samples. The map shows the distribution of the localities and their socioeconomic classification.

Neighborhoods with HEV IgG-reactive samples are highlighted in orange, the neighborhood with a HEV IgG- and IgM-reactive sample is highlighted in

fuchsia.

increased awareness of risks from undercooked meat combined

with avoiding consumption of raw meat in adults/parents might

contribute also to the low seroprevalence in the current children

population. Longitudinal follow-up exams in regular intervals in our

study population until adulthood could contribute to further clarify

those discrepant levels of HEV seroprevalence. As already shown
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in other studies (68), none of HEV-IgG reactive participants of the

current study reported any hepatitis-related symptoms indicating

that HEV infection is mostly asymptomatic in children. Interestingly,

the three participants with detectable HEV IgG in both assays showed

high S/CO values pointing toward a robust immune response.

Unfortunately, we were not able to convert our semi-quantitative

antibody titers for further standardization using the World Health

Organization Reference Reagent for Hepatitis E Virus Antibody due

to its current unavailability (69) to substantiate our observation.

Interestingly, we observed no differences in the number of HEV IgG-

reactive samples between the two immunoassay used which differ

in the peptide antigens for antibody capture. This is in contrast

to an observation of Pezzoni et al. who found that 12% of tested

swine sera were only reactive toward ORF3 protein (70). In addition,

we observed slight discrepancies in adjusted seroprevalences in the

two commercially developed anti-HEV IgG immunoassays. Those

originated from different sensitivity and specificity, which can even

be observed when the same sample sets were used for validation

(19, 46). Those discrepancies in assay performance might have

further implications in particular in a low-prevalence setting as

ours and underline the need for standardization in HEV serology.

Adjusting seroprevalence estimates for an assay’s sensitivity and

specificity, as done by us, does not only reflect better the underlying

population seroprevalence, but it also makes results across studies

directly comparable.

We found one HEV IgM-reactive sample, and no HEV-specific

RNA was detectable in any of the IgM- or IgG-reactive sera samples.

The only IgM-reactive sample was also reactive for IgG, which might

represent an acute infection case, even in the absence of detectable

RNA levels. While IgM antibodies decline more rapidly after an acute

infection and can be detectable only for a few months after onset of

symptoms, IgG antibodies can persists for at least 1 year (71, 72). RNA

on the contrary declines even more rapidly, and it is not detectable

in the serum by day 20 after onset of symptoms (73). Therefore, the

other two HEV IgG-reactive samples might indicate an even earlier

infection as no IgM were identified in them.

Our study has several limitations. Although our sample size is

comparable to the majority of other studies in the region with a

population screened between 99 and 1,848 children (22, 74), our

recruitment and sampling processes were hampered by massive and

long-lasting school closure due to the COVID-19 pandemic. We had

to include more localities and schools than those previously selected

by changing our random to a convenient sampling. Nevertheless, we

were able to gather diverse samples in terms of sociodemographic

characteristics such as different strata, broad age ranges, and localities

of origin. Moreover, our study included self-reported medical and

behavioral information, which may be inaccurate and threatened

by self-reporting bias (75). We could not find any factor associated

with HEV reactivity due to the few observations within groups in

our study. Lastly, we only examine B-cell and not T-cell mediated

immune responses, which also offer protection from reinfection (76).

While the presence of antibodies is regarded as immune correlates of

protection against HEV infection, we equally cannot provide insight

into their persistence due to the lack of a longitudinal follow-up

component in our study design. We were also not able to define the

HEV genotype responsible for the infection to gain further insight

into mode of transmission. Data on viral circulation in non-human

samples were neither gathered nor available to correlate with findings

in human bio-samples.
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In conclusion, the unadjusted HEV IgG seroprevalence in the

study population was 1.1% (95% CI: 0.3–3.6%) using both assays;

the recomWell HEV IgG ELISA which detects antibodies reactive

to ORF2 and ORF3 protein and the Axiom assay which only uses

the ORF2 peptide as antigen. We can highlight that the participants

living in an urban setting of Bogotá, Colombia, have good access

to drinkable water and sanitary systems, have good hand-washing

practices, rare contact with pigs, and moderate consumption of pork.

As serological testing cannot define the viral genotype responsible for

the previous infection, we speculate that those factors might explain

the low HEV infection numbers found in our study.
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