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Stellingen behorende bij het proefschrift getiteld Field-deployable
immunodiagnostics for poverty-associated infectious diseases:
development and use cases in public health

1. Disease elimination is defined not only by reduced incidence but also by sustained
interruption of transmission (modified from WHO leprosy elimination framework).

2. Quantitative anti-PGL-I serology holds promise as a screening test to assess M. leprae
infection and may be applied as a proxy for transmission when measured in young
children (this thesis).

3. The PGL-I QURapid meets the WHO target product profile criteria and is a field-ready
tool applicable for multiple public health use cases, including diagnosis, treatment
monitoring, transmission surveillance, evaluation of interventions, and One Health
applications (this thesis).

4. Serosurveillance in children can reveal hidden M. leprae transmission hotspots that
remain undetected by routine case detection and offers a promising tool for targeted
prophylaxis guidance (this thesis).

5. The impact of leprosy control interventions may become apparent earlier through
serological trends than through clinical incidence data (this thesis).

6. Host biomarker-based diagnostics provide a promising adjunct diagnostic tool for
tuberculosis triage (this thesis).

7. Many infectious diseases, including neglected tropical diseases such as leprosy, are
deeply rooted in structural determinants such as poverty, inadequate sanitation and
overcrowded living conditions.

8. The UCP-LFA platform provides a robust foundation for integrated disease diagnostics
across multiple infectious diseases in resource-limited settings.

9. The pursuit of perfect diagnostics should not delay the implementation of effective field-
ready tools in public health practice.

10. Effective leprosy control requires not only technological innovation and treatment
access, but also attention to stigma, mental wellbeing, implementation, and sustained
commitment from local healthcare workers and governments.

11. The most valuable lessons in global health are often learned outside the laboratory
and the office.

12. In global health, alone we can do so little, together we can do so much (modified from
Helen Keller).
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Chapter 1
Leprosy: a neglected tropical disease of ongoing global concern

Leprosy, also known as Hansen disease, is a chronic, poverty-associated infectious disease
caused primarily by Mycobacterium leprae (M. leprae) [1], and in some cases by
Mycobacterium lepromatosis (M. lepromatosis) [2, 3]. The disease predominantly affects the
skin, peripheral nerves, mucosa of the upper respiratory tract, and eyes, leading to a wide
spectrum of clinical manifestations ranging from localized skin lesions to systemic
deformities and permanent disabilities [1, 4]. In addition to its physical manifestations,
leprosy imposes a considerable psychosocial burden [5, 6]. Affected individuals frequently
face stigma, discrimination, and social exclusion, which can delay diagnosis and treatment,
exacerbate disability, and reduce quality of life [7-9].

Despite being one of the oldest known human diseases [10, 11], leprosy continues to pose
a substantial public health challenge, particularly in low- and middle-income countries
(LMICs) where healthcare infrastructure is often limited [12]. It is the second most prevalent
mycobacterial disease after tuberculosis (TB) [13, 14]. According to the World Health
Organization (WHO), 172,717 new leprosy cases were reported globally in 2024 [15, 16]. A
large proportion of these cases are concentrated in a few endemic countries, with India,
Brazil, and Indonesia consistently bearing the highest burden (Figure 1).

Geographical distribution of new leprosy cases, 2023
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Figure 1. Geographical distribution of new leprosy cases in 2023, with study locations highlighted by
chapter.

The map displays the number of newly reported leprosy cases by country in 2023. Countries are color-coded
by case count, ranging from 1-10 (light yellow) to over 10,000 (dark red). Locations associated with fieldwork
in this thesis are marked with chapter numbers: Bangladesh (Chapter 3), India (Chapter 4), Indonesia (Chapter
8



General introduction

5), Comoros and Madagascar (Chapter 6). Brazil and Bolivia are additionally discussed in Chapter 8 in the
context of broader implementation experiences and public health implications. Data source: WHO (2024).
Figure created using BioRender.

Leprosy is curable with multidrug therapy (MDT) which includes a combination of dapsone,
rifampicin and clofazimine [17]. The introduction of MDT in the mid-1980s led to a marked
reduction in global prevalence, prompting the WHO to declare leprosy "eliminated as a
public health problem" in 2000, defined as a prevalence of fewer than 1 case per 10,000
population [18]. However, mathematical modelling suggests that a significant number of
cases - potentially thousands - continue to go undetected each year. The declaration was
followed by a decline in funding, political commitment, and programmatic focus, which may
have contributed to the observed stagnation in progress [19]. Consequently, diminished
clinical expertise of leprosy in both endemic and non-endemic regions often leads to delayed
or misdiagnosis [20-22].

Early detection and timely initiation of MDT remain fundamental to effective disease control.
However, the continued emergence of new cases among children - who represent
approximately 10% of new diagnoses - prove that transmission is ongoing and underscore
the need for improved surveillance and case-finding strategies [15].

Transmission and risk factors for leprosy

M. leprae cannot be cultured in vitro [23], and its transmission remains incompletely
understood [24]. The bacterium is believed to be transmitted primarily via aerosolized
droplets through prolonged close contact with untreated patients [25] or alternatively, skin-
to-skin contact [26]. The long incubation period of M. leprae - typically 2 to 10 years [1], and
occasionally exceeding several decades [27, 28] - further complicates efforts to identify
sources of infection and interrupt transmission early.

M. leprae DNA has been detected in nasal swabs (NS) of healthy individuals residing in
endemic areas, suggesting that they may serve as unrecognized reservoirs and facilitate
continued transmission [29]. Household contacts of leprosy patients (with high bacterial
loads in particular) are at the highest risk of infection [30-33]. Nonetheless, the majority of
exposed individuals are believed to clear the bacterium naturally without developing clinical
disease [34]. Susceptibility to leprosy is influenced by a range of factors, including genetic
predisposition [35, 36], nutritional status [37, 38], hygiene [39], helminth co-infections [40],
and socioeconomic conditions [41].

The leprosy disease spectrum

Two primary classification systems are used to support diagnosis and guide treatment: the
Ridley-Jopling (RJ) classification and the WHO classification.

The RJ classification defines five forms: tuberculoid (TT), borderline tuberculoid (BT), mid
borderline (BB), borderline lepromatous (BL), and lepromatous (LL) [42]. At one end, TT
leprosy is associated with a strong Th1/Th17-mediated immune response, low bacterial
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load, and localized lesions with granuloma formation [43, 44]. At the other extreme, LL
leprosy features a Th2-skewed immune response, high bacterial burden, disseminated
lesions, and bacilli-laden foamy macrophages [45]. The borderline forms are
immunologically unstable and account for the majority of cases.

Due to the complexity of the RJ classification and the need for histopathological facilities,
the WHO classification is more commonly used in field settings [46]. It divides leprosy into
two categories based on the number of skin lesions and slit skin smear (SSS) results:
paucibacillary (PB) with up to five skin lesions and negative SSS and multibacillary (MB)
with more than five lesions and/or positive SSS [47]. This simplified classification also guides
treatment. PB leprosy is treated with MDT for 6 months, while MB leprosy requires 12
months of treatment.

Challenges and advances in leprosy diagnosis

Leprosy diagnosis remains predominantly clinical, relying on the identification of one or more
of the three cardinal signs defined by the WHO [47]:

1. Definite loss of sensation in a pale (hypopigmented) or reddish skin patch
2. Thickened or enlarged peripheral nerve, with sensory loss and/or muscle weakness
3. Microscopic detection of acid-fast bacilli (AFB) in a slit-skin smear (SSS)

Traditionally, microscopic detection of AFB via Ziehl-Neelsen (ZN) staining has been utilized,
with the bacteriological index (Bl) quantifying bacillary load on a logarithmic scale [48].
However, microscopy lacks the sensitivity required for early detection and PB cases where
bacterial loads are low [49] and cannot differentiate M. leprae from other mycobacteria.
Furthermore, clinical signs can overlap with other dermatological or neurological conditions
such as psoriasis [50] or dermal leishmaniasis [51], increasing the risk of misdiagnosis [52].

Molecular diagnostic tools have improved the detection of M. leprae [53-57]. They enable
detection of M. leprae DNA in a variety of clinical specimens such as SSS [29], biopsies [58],
NS [29], blood [59], and even environmental [23, 60] and archaeological samples [11, 61].
Despite these advances, these methods require specialized equipment and trained
personnel; resources that are often unavailable in regions where the majority of leprosy
cases occur [62].

Given the critical role of the immune response in determining the clinical outcome of M.
leprae infection, immunodiagnostic tests present a promising avenue for improving or aiding
leprosy diagnostics [63]. Detection of antibodies against M. leprae-specific antigens,
particularly phenolic glycolipid-1 (PGL-I), has been extensively investigated. PGL-I, a unique
M. leprae cell wall component, induces strong IgM responses, especially in MB patients.
Moreover, it has been amply shown that anti-PGL-| antibodies strongly correlate with the Bl
of patients and with M. leprae DNA present in SSS of patients and contacts [29, 64, 65],
therefore representing a useful marker for past or present M. leprae infection. Enzyme-linked
immunosorbent assays (ELISAs) targeting anti-PGL-I IgM are available and highly specific
[64, 66], but require well-equipped laboratories, stable electricity, and trained personnel. To
improve accessibility, rapid lateral flow tests have been developed to detect antibodies
10
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against PGL-I [67, 68]. These point-of-care (POC) assays provide qualitative, visual results;
however, their reliance on operator interpretation introduces variability and potential
inconsistency in results.

Leprosy control efforts and the need for novel tools

Passive case detection and treatment with MDT alone have proven insufficient to interrupt
transmission of M. leprae. To enhance control efforts, the WHO recommends contact tracing
- including household, neighborhood, and social contacts - combined with the administration
of a single dose of rifampicin as post-exposure prophylaxis (SDR-PEP) [69]. This strategy
aims to prevent progression from subclinical infection to active disease. Other
chemoprophylactic strategies - such as multi-dose regimens and combination therapies -
are under investigation [70-72].

Alongside chemoprophylaxis, immunoprophylaxis has also played a role in leprosy control.
The Bacillus Calmette—Guérin (BCG) vaccine, originally developed for TB [73], is widely
administered as part of neonatal immunization programs in many leprosy- and TB-endemic
countries [74]. While BCG remains a valuable component of leprosy control, it does not offer
complete or durable protection [75, 76]. In response to these limitations, a promising new
vaccine candidate is currently under investigation [77].

The WHO has set the ambitious goal of moving Towards Zero Leprosy in The Global Leprosy
Strategy 2021-2030 [78, 79]. Recently, the Maldives has achieved elimination of leprosy as
a public health problem through sustained efforts in early case detection, prompt treatment,
and contact tracing [80]. This success underscores the potential of existing strategies when
effectively implemented.

However, to reach complete global elimination, transmission needs to be halted. The current
primary indicator for assessing the success of interventions - the annual number of newly
diagnosed cases — is delayed and does not provide accurate insight into transmission. It is
influenced by leprosy’s long incubation period and fails to account for asymptomatic
infections. Consequently, there is a pressing need for novel tools capable of detecting M.
leprae infection in asymptomatic individuals. Such monitoring tools would provide more
insights into ongoing transmission and enable more targeted deployment of prophylaxis.

In this respect, the introduction of rapid tests that enable large-scale field testing could
provide a practical and effective means. Serosurveys, which have demonstrated significant
value in mapping other infectious disease epidemiology [81-85], similarly hold promise for
leprosy control by identifying infection prevalence and revealing potential transmission
hotspots within populations. Although antibodies in leprosy do not appear to confer
protective immunity [12], their presence can serve as an important marker of current or past
infection, offering valuable insights into infection rates within communities.

1



Chapter 1
Shared challenges in TB and leprosy diagnosis

Leprosy and TB share several diagnostic hurdles. Both diseases are caused by
mycobacteria [14, 86], affect vulnerable populations in low-resource settings [87, 88], and
involve complex host-pathogen interactions [89]. Globally, TB remains the top infectious
disease killer [90], with an estimated 10.8 million new cases and 1.25 million deaths reported
in 2023 [91].

TB diagnosis relies primarily on detecting Mycobacterium tuberculosis (M. tuberculosis) —
the causative agent of TB - in sputum through microscopy, culture, or nucleic acid
amplification tests such as GeneXpert [92, 93]. These methods face important limitations:
they require good quality sputum samples, which are difficult to obtain from children and
immunocompromised individuals and depend on laboratory infrastructure and trained
personnel [94, 95]. The emergence of COVID-19, caused by the respiratory virus SARS-
CoV-2, further disrupted TB control programs globally, leading to reductions in TB diagnosis
and treatment [96-98]. Additionally, COVID-19 partly shares respiratory symptoms with TB,
creating potential for misdiagnosis.

Host immune response-based tests, such as the tuberculin skin test (TST) and the
interferon-gamma release assay (IGRA; or QuantiFERON [99]), offer indirect means to
detect infection [100]. However, these immunodiagnostics cannot reliably differentiate active
from latent infection and cross-reactivity with environmental mycobacteria or prior BCG
vaccination further limits their specificity [101]. Exploratory proteomics previously identified
a promising host protein signature that distinguished active TB patients from other
respiratory diseases with signs and symptoms suggestive of TB in an African setting [102],
but such approaches still require further research and innovation before they can be widely
applied.

The limitations of current diagnostic tools highlight critical gaps in the timely and accurate
diagnosis of TB (and leprosy) and underscore the urgent need for novel diagnostic tests that
are suitable for use in low-resource, high-burden settings.

Guiding diagnostic development: WHO target product profiles for TB and leprosy

Not only technological innovation but also alignment with clear, standardized criteria that
guide the development of new tools are required. The WHO has established target product
profiles (TPPs) that outline the desired characteristics for next-generation diagnostics,
emphasizing accessibility, accuracy, and applicability in resource-limited settings [103].
These TPPs serve as crucial benchmarks to drive the creation of tests for detection assays
for M. leprae infection and triage tests for TB.

In the context of leprosy, the WHO has outlined a TPP for a diagnostic test capable of
detecting M. leprae infection in asymptomatic contacts [104]. The ideal test should be field-
friendly, rapid, affordable, usable by minimally trained personnel and applicable in
combination with a low-invasive sample such as fingerstick blood (FSB). It should detect
biomarkers indicative of infection or immune response with sufficient sensitivity (minimum:
281%; ideal: 294%) and specificity (minimum: 299.5%; ideal: 299.9) to differentiate infected
from uninfected individuals.

12
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For TB, the WHO emphasizes the need for a triage test that can rapidly and accurately
identify individuals who require further confirmatory testing with a minimum sensitivity of
90% and specificity of 70% [105]. Such a test should be affordable, non-sputum based,
simple to use at the POC, and capable of delivering results quickly.

Upconverting reporter particle lateral flow assays (UCP-LFAs)

To address the diagnostic shortcomings of conventional tools, upconverting reporter particle
lateral flow assays (UCP-LFAs) offer a powerful and versatile diagnostic platform tailored to
meet the needs of POC and community-based screening. UCP-LFAs combine the simplicity
and accessibility of traditional low-cost lateral flow tests with the use of UCP particles:
luminescent particles that emit visible green light (~550 nm) when excited by near-infrared
light[106]. Since this upconversion process does not occur naturally in biological specimens,
it avoids issues with autofluorescence and provides high signal-to-noise ratios. The
technology allows for stable, quantitative fluorescence-based readout, which is captured by
a portable, battery-operated reader, eliminating the need for advanced laboratory equipment
or highly trained personnel.

Using this platform, quantitative UCP-LFAs for a wide range of analytes, including cytokines,
acute phase proteins, and antibodies have been developed and field-evaluated [64, 107-
111]. This user-friendly setup is highly suitable for use in remote or underserved
communities, with advantages including ambient storage, rapid turnaround time, and
compatibility with minimally invasive samples such as FSB and urine.

13



Chapter 1
Thesis outline

This thesis explores the development, validation, and implementation of field-deployable
immunodiagnostic tools based on the UCP-LFA format, for the detection and monitoring of
poverty-associated infectious diseases, with a primary focus on leprosy, and additional
applications for TB and COVID-19 (Figure 2). By combining test innovation with large-scale
field evaluations, this work aims to advance public health strategies for disease control and
surveillance in resource-limited settings.

Chapter 2 presents a systematic review of the available literature on serological testing for
anti-M. leprae antibodies in children without clinical leprosy living in endemic areas. Given
that antibody responses in young children per definition reflect recent infection, this chapter
examines the potential of using anti-PGL-| seroprevalence as a proxy to monitor ongoing M.
leprae transmission.

Chapter 3 describes the evaluation of the final version of a quantitative rapid test for
detection of M. leprae infection, the PGL-I QURapid. The test - based on UCP-LFA
technology - measures anti-PGL-I IgM antibodies in FSB and serum samples. The assay’s
diagnostic performance, reproducibility, and field usability are evaluated.

Chapters 4-5 cover the application of the PGL-I QURapid, presented in Chapter 3, for the
use case of assessing M. leprae transmission through two serosurveys performed among
school-aged children in different leprosy endemic areas. In Chapter 4, a field-based
serosurvey was conducted in Bihar, India. Using the UCP-LFA, anti-PGL-l IgM
seroprevalence was measured in over 1,800 children. Chapter 5 presents a second
serosurvey, conducted in rural and urban regions of Indonesia. Anti-PGL-l IgM
seroprevalence was assessed among 637 school-aged children, with additional
investigation of socioeconomic factors and helminth coinfection.

Chapter 6 describes the implementation of large-scale serological monitoring within the
Post-ExpOsure Prophylaxis for LEprosy (PEOPLE) trial in the Comoros and Madagascar
(2019-2023). Anti-PGL-I IgM levels were measured in newly diagnosed leprosy patients and
over 17,000 screened contacts over three consecutive years. FSB samples were tested on-
site by local staff using the field-friendly, quantitative UCP-LFA. This chapter explores the
use of the rapid test as a tool to monitor the population-level impact of public health
interventions aimed at reducing M. leprae transmission.

Chapter 7 expands the scope of the thesis beyond leprosy by examining the application of
host biomarker-based UCP-LFAs for another mycobacterial disease: TB. The chapter
presents data on the diagnostic performance of these assays in distinguishing between
active and latent TB, as well as COVID-19 patients and healthy controls and discusses its
usefulness for triage purposes.

Chapter 8 provides a general discussion and synthesis of the findings. The chapter reflects
on the scientific, technical, and public health implications of deploying quantitative
immunodiagnostics in endemic (and non-endemic) settings. Strengths and limitations are
discussed in relation to test design, field implementation, and health system integration.
Finally, the chapter outlines future directions for research and development, including assay

optimization, expansion to other diseases, and integration within disease control activities.
14
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19.
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anti-M. leprae antibodies, red for cytokines/chemokines. Use cases are shown in grey italics.
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Chapter 2
Abstract

Leprosy elimination primarily targets transmission of Mycobacterium leprae which is not
restricted to patients’ households. As interruption of transmission is imminent in many
countries, a test to detect infected asymptomatic individuals who can perpetuate
transmission is required. Antibodies directed against M. leprae antigens are indicative of M.
leprae infection but cannot discriminate between active and past infection. Seroprevalence
in young children, however, reflects recent M. leprae infection and may thus be used to
monitor transmission in an area. Therefore, this literature review aimed to evaluate what has
been reported on serological tests measuring anti-M. leprae antibodies in children without
leprosy below the age of 15 in leprosy-endemic areas. A literature search was performed in
the databases Pubmed, Infolep, Web of Science and The Virtual Health Library. From the
724 articles identified through the search criteria, 28 full-text articles fulfilled all inclusion
criteria. Two additional papers were identified through snowballing, resulting in a total of 30
articles reporting data from ten countries. All serological tests measured antibodies against
phenolic glycolipid-l or synthetic derivatives thereof, either quantitatively (ELISA or UCP-
LFA) or qualitatively (ML-flow or NDO-LID rapid test). The median seroprevalence in children
in endemic areas was 14.9% and was stable over time if disease incidence remained
unchanged. Importantly, seroprevalence decreased with age, indicating that children are a
suitable group for sensitive assessment of recent M. leprae infection. However, direct
comparison between areas, solely based on the data reported in these studies, was
impeded by the use of different tests and variable cut-off levels. Quantitative anti-PGL-|
serology in young children holds promise as a screening test to assess M. leprae infection
and may be applied as a proxy for transmission and thereby as a means to monitor the effect
of (prophylactic) interventions on the route to leprosy elimination.
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Introduction

Leprosy is a neglected tropical disease caused by Mycobacterium leprae (M. leprae) or M.
lepromatosis with tropism for skin and peripheral nerves often leading to skin lesions, loss
of sensation and nerve damage that cause lifelong physical and social disabilities [1,2]. It
afflicts marginalized populations in low- and middle-income countries (LMICs) in their most
productive stage of life [3—-5] and despite the availability of effective treatment still poses a
public health problem [6]. The main route of M. leprae transmission is generally considered
to be from human to human via aerosol droplets spread by the respiratory route [7].
However, in general, frequent and high dose exposure to M. leprae is thought to be required
for development of disease. Consequently, household members of untreated leprosy
patients are at higher risk of contracting leprosy [8—10].

Despite decades of control efforts using multidrug therapy (MDT), the global number of new
leprosy cases has remained stable for over a decade just above 200,000 annually [11]. More
than 15,000 new cases are found each year among children below 15 years of age,
indicating continuous and recent M. leprae transmission in many endemic communities. On
top of that, expertise of health care professionals to recognize signs and symptoms of
leprosy, particularly at early stages, has declined [12]. This often results in delayed
diagnosis, which increases the risk of permanent disabilities and other consequences [13—
17].

In order to achieve elimination of leprosy, strategies involving early diagnosis through active
case finding and contact tracing combined with postexposure prophylactic (PEP) treatment
[18-23] are essential to interrupt transmission and prevent development of leprosy in high-
risk contacts [24,25].

In response to the current status of leprosy health care and the stable number of new cases,
the Global Leprosy Strategy 2021-2030 has set a target of 90% reduction in rate per million
of new cases with grade 2 disability (G2D) as well as 90% reduction in rate of new child
cases with leprosy [26], thus combining activities promoting early detection of leprosy and
reduction of transmission. Current (programme) indicators used by the WHO to monitor the
progress of elimination of leprosy are based on the proportion of child cases (below 15 years
of age) among total new cases detected [27]. However, as the incubation period of leprosy
is long, on average 5 years, but often much longer, utilizing a time span of 15 years does
not sensitively reflect recent transmission. In addition, only a small percentage (estimated
5%) of individuals infected with M. leprae actually develop disease [1] which renders use of
new leprosy cases, as used in the current indicators for leprosy elimination [27], unsuitable
for determination of M. leprae transmission in an area, stressing the need for an alternative
indicator.

It has been amply described that levels of IgM antibodies against M. leprae phenolic
glycolipid | (PGL-I) correlate strongly with the bacterial load within individuals [28—-30] and
animals [31]. Moreover, these antibodies are reduced upon efficient treatment of patients
[32-34]. These findings have generated the concept of serological tests that detect
antibodies against M. leprae as an indicator of the proportion of the population that has been
infected. This includes asymptomatic infection, which is overlooked if only patients are

considered [35-38]. Although antibody levels shed some light on the infection status [28,33],
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their presence cannot discriminate sufficiently between recent and past infection [39].
However, finding evidence of infection in (young) children would by definition indicate recent
transmission. Therefore, measuring seroprevalence among young children represents a
potential tool to monitor the intensity of recent transmission, thereby informing on the
elimination of transmission. Particularly when antibody levels are assessed quantitatively
[28], monitoring longitudinal changes in seroprevalence measured cross-sectionally among
young children of a certain age group is indicative of the status of transmission as well as
the effect of control measures taken in an area [38,40].

We conducted a systematic literature review to determine what has been investigated with
respect to screening of anti-M. leprae antibodies in children without leprosy and known
contact with patients diagnosed with leprosy.

Methods

A systematic review was conducted according to the recommendations of the Preferred
Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) [41], targeting leprosy
serology in children using PubMed (https://pubmed.ncbi.nim.nih.gov/), Web of Science
(www.webofknowledge.com), Infolep (https://www.leprosy-information.org/) and The Virtual
Health Library (VHL; https://pesquisa.bvsalud.org/portal/) as sources. The search strategy
shown in the PRISMA flowchart (Fig 1) using the search strings listed in Table 1, included
all available peer-reviewed publications until July 1, 2020. If no full-text was available in the
databases described above, full-texts were found in one of the following online libraries:
Europepmc (https://feuropepmec.org/), ILSL http://www.ilsl.br/), J-STAGE
(https://www.jstage.jst.go.jp/), Oxford Academic (https://academic.oup.com/journals),
Researchgate (https://www.researchgate.net/), SAGE journals
(https://journals.sagepub.com), Scielo (https://scielo.org/en/), Sciencedirect
(https://www.sciencedirect.com/), Semantic Scholar (https://www.semanticscholar.org/),
Taylor & Francis online (https://www.tandfonline.com/), the WHO website
(https://www.who.int/), Wiley Online (https://onlinelibrary.wiley.com/), and obtained from the
Royal Library (Koninklijke Bibliotheek) (https://www.kb.nl/) in The Hague, the Netherlands.
Articles identified through the English databases were screened for eligibility based on the
title, abstract, and finally on a full-text assessment by three authors (LP, AT and AG). The
resulting lists were compared and a consensus reached on eligibility of the articles for
selection. Additionally, the reference lists of the included articles were manually scrutinized
for primary studies that could have been lost in the electronic search (“snowballing”). Articles
in Portuguese or Spanish were screened for eligibility by two native speakers (MLN and
RR). The authors were not blinded to the names of the study authors, journals or institutions.
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Figure 1. PRISMA flow chart. Overview of the selection procedure of 30 full-text articles included in the

review.
Database | Hyperlink Search string
Pubmed https://pubmed.ncbi. | (leprosy AND schoolchildren AND detection)
nim.nih.gov/ OR (leprosy AND (children OR adolescent) AND (serum OR serology))
Web of www.webofknowled | ALL=(leprosy AND schoolchildren AND detection)
Science ge.com OR ALL=(leprosy AND (children OR adolescent) AND (serum OR serology))
Infolep https://www.leprosy- | 1. “leprosy” “children” “serology”
information.org/ 2. “leprosy” “children” “serum”
3. “leprosy” “adolescent” “serology”
4. “leprosy” “schoolchildren” “detection”
The Virtual | https://pesquisa.bvs | 1. (leprosy AND schoolchildren AND detection)
Health alud.org/portal/ OR (leprosy AND (children OR adolescent) AND (serum OR serology))
Library 2. (lepra AND escolares AND deteccion) OR (lepra AND (nifios OR

adolescentes)

AND (serologia)

Table 1. Search strings applied per database

This table shows the hyperlinks and search strings used for Pubmed, Web of Science, Infolep and The

Virtual Health Library.
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Inclusion and exclusion criteria

Articles were included if they described original studies on leprosy serology in children below
15 years of age who were not affected by leprosy. Articles were excluded if they primarily
discussed studies on (neglected tropical) diseases other than leprosy, reported studies on
serology related only to leprosy disease or to leprosy reactions, or if they lacked critical
information on the serological methods applied or the number of the children recruited.
Articles were also excluded if the abstract in English fulfilled the inclusion criteria but the rest
of the text was not available in English, Spanish, or Portuguese.

Data extraction and analysis

After inclusion of eligible papers, information about the study design, the type of serological
test used (including the (laboratory) protocol and target antigen), the year, the research
location, the study population, the age or age group, gender, the sample size of children
tested and the seropositivity percentage(s) reported were extracted into Microsoft Excel
2016. Data extraction was done in duplicate (LP and AT for English publications; MLN and
RR for Portuguese and Spanish publications). If reported, the sampling and selection
method for the inclusion of participants was recorded. Graphs and figures were created in
GraphPad Prism 8.4.2 and Microsoft Powerpoint 2016.

Quantitative data was copied from the full texts. In case percentages for seropositivity in
children were not available or could not be derived from the text, they were calculated or
estimated from figures in the articles.

The median of the seroprevalence reported was calculated in Microsoft Excel 2016 by
including all seropositivity percentages reported. In case multiple seropositivity percentages
were reported in one article, those were included in line with how they were presented e.g.,
by district, by age group, or by test and depicted separately. The IQR was determined as
the difference between the third and first quartile when the set of data was divided into four
equal portions.

Pearson correlation method in Graphpad Prism 8 (version 8.4.2) was used for comparison
of anti-PGL-l ELISA data (OD450) of 58 serum samples of children below the age of 15,
which were previously assessed in two different studies [28,42] using ELISAs with distinct
cut-off values. These cut-offs were either based on ODs corrected for background OD values
that were higher than 0.2 [28] or OD values not corrected for background, but higher than
the average plus three times the standard deviation of the test results from 14 healthy
subjects from the same hyperendemic area (0.295) [42].

No formal methods for assessing risk of bias were used due to the variation of study
methods. Study limitations influencing outcomes and conclusions were considered and
described in the Discussion section of this review. For the PRISMA checklist we refer to S1
Table.
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Results

Applying the search strategy described above, a total of 724 articles were identified from the
major electronic databases utilized (Fig 1). After removing 170 duplicates, 554 articles were
screened for the inclusion criteria of this review. Nine articles were excluded as only a title
was available, while the abstract and full-text were lacking. Subsequently, 391 additional
articles were excluded based on the abstracts which indicated the lack of data on leprosy
and/or serology and/or children without leprosy. Six English abstracts (of which one article
in Bahasa, Indonesia) fulfilled the inclusion criteria, but no full-text was available in English,
Spanish or Portuguese. For the remaining 148 articles, a full-text screening was performed,
resulting in the exclusion of another 120 articles according to the selection criteria.
Snowballing yielded an additional two articles. Therefore, the final selection included in this
review consisted of 30 full-text articles; 27 in English and three in Portuguese.

Participant characteristics

The data presented in the selected articles covered more than 18,000 children across ten
countries studied between 1987 and 2020 (Table 2 and Fig 2). Half of the studies were
conducted in Brazil (n = 15). Children included household contacts of persons affected by
leprosy, non-household contacts, schoolchildren and residents from regions considered
high-, medium-, low- and non-endemic for leprosy, who were not known to be affected by
leprosy. For most studies, sampling methods were not reported. The results on the
prevalence of seropositivity for M. leprae in children found in the included articles are
summarized in Table 3 and S2 Table and S1 Fig. For each area, results are shown
separately for children with and without known contact with leprosy patients. The median
seroprevalence in children in the study areas included was 14.9% (IQR = 7.3-27.7).
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Table 2. Publications on leprosy serology in children without leprosy from ten countries

Country Publications # of children Publication date (range)
Brazil 15 10,423 2008 - 2019
Colombia 1 49 2008
Ethiopia 1 40 1987
French Polynesia 1 ~20* 1993
India 2 3,449 1991 - 1994
Indonesia 6 ~3,880* 1994 - 2020
Nepal 1 93 1994
New Caledonia 1 15 1989
Papua New Guinea 1 62 1990
Vietnam 1 342 2018
Total 30 ~18,373 1987 - 2020

This table shows the sum of the number of children that were reported in the included studies listed per
country. *Estimated from figure.
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Figure 2. Leprosy serology in children without leprosy. Schematic representation of the countries where
the selected studies in this review were located. The green numbers indicate the number of studies per country.
The arrow indicates the chronological use of target antigens applied for leprosy serology. The antigens colored
in grey, are those used in studies reporting leprosy serology among children without leprosy, which did not fulfil
all inclusion criteria of this review. Aus ag: Australia antigen; hepB ag: hepatitis B antigen; ag susp hum biop:
antigen suspension prepared from human leprosy biopsy tissue; ag susp arm: suspension of M. leprae purified
from an infected armadillo’s liver; (N)D-O-BSA: (natural) disaccharide-octyl bovine serum albumin; PGL-I:
phenolic glycolipid I; NTO: natural trisaccharide-octyl; L4-PIM: L4-reactive antigen from M. tuberculosis; NT-
P-BSA: natural trisaccharide phenylpropionyl bovine serum albumin; LAM: lipoarabinomannan; 35-kDa: 35-
kilodalton protein of M. tuberculosis; LID-1: leprosy IDRI diagnostic-1; ND-O-LID: semi-synthetic disaccharide
attached to the octyl radical, which mimics PGL-I, conjugated with two fusion proteins, ML0O304 and ML0331,
forming LID; ND-O-HSA: natural disaccharide-octyl human serum albumin. The template for this world map
was retrieved from: https://www.worldofmaps.net/weltkarten/weltkarten-und-weltatlas/weltkarte-blank-
vektorgrafik.htm. Colored numbers and a timeline were added.
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Latin America

Para has a high annual leprosy case detection rate of 50/100,000 persons in comparison to
the lower average of 17/100,000 in Brazil (data from 2012) [43]. From 2011 to 2015, Barreto
and Salgado and colleagues carried out several studies in the Brazilian Amazon region on
leprosy seroprevalence including children [42—44] (Table 3 and S2 and S3 Tables).
Seropositivity in their studies was determined by ELISA and defined as all values above the
mean optical density (OD) plus three standard deviations (from sera from 14 healthy
subjects from the same hyperendemic area). In 2011, they found proportions of 63.3% and
57.4% seropositive for antibodies against PGL-I in a cross-sectional study among random
samples of 49 and 47 schoolchildren from two elementary schools in Castanhal, state of
Pard, Brazil [42]. No correlation was found between age of the children and seroprevalence.
Based on the high seroprevalence rates, the authors assumed that M. leprae is circulating
actively among this population. In 2015 [43], these researchers identified a similar
seroprevalence rate (77.6%) among 134 schoolchildren. Child contacts of leprosy patients
(44.1% of 68 children) did not show higher seroprevalence [42].

In contrast to the high percentages above, only 6% seropositivity was reported by van Hooij
et al., measuring anti-PGL-I IgM levels using the up-converting phosphor lateral flow assay
(UCP-LFA) [28,45] in sera of 207 schoolchildren from Para without known contact with
leprosy patients. As the variety of serological tests used in the selected studies impede direct
comparison of results, we performed a direct comparison of the serology data of children
from the same region in Para, obtained by anti-PGL-I IgM ELISAs of both research groups
(n = 58) which applied a different cut-off, but showed excellent correlation (p<0.0001;
Pearson r = 0.92; S2A Fig). Focusing subsequently into the twenty samples that had values
around the cut-off value (S2B Fig), nine of these scored low positive in the assay performed
by Barreto et al. [42], whereas only one scored positive in the ELISA by van Hooij et al. [28]
(S2C Fig). This emphasizes the importance of not only the type of serological test, but also
the cut-off used in seroscreening for proper assessment of transmission.

In South(east) Brazil [36], 7,073 schoolchildren were assessed in three leprosy-endemic
states Espirito Santo (ES), Minas Gerais (MG) and Santa Catarina (SC), with a leprosy
incidence of 41, 16 and 4 per 100,000, respectively (1998) using both quantitative anti-PGL-
| ELISA and qualitative ML-dipstick (Table 3 and S2 Table). In all areas, seropositivity levels
ranged from 8.5% to 24%, and there was no clear correlation found between leprosy
detection rates and seropositivity rates. In addition, in two other areas in Minas Gerais
seroprevalence rates of 1.4% (2011; n = 355) [46] and 10.1% (2019; n = 358) among
schoolchildren were found [47].

In the same state, seropositivity percentages (ML-flow tests) among child household
contacts ranged from 12.3% to 18.6% [48-50]. In S&do Paulo state, 18% of child household
contacts tested seropositive (ELISA) [51] whereas this was the case in 14.7% in Rio de
Janeiro (ML-dipstick/ML-flow) [52].
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Table 3. Prevalence of seropositivity for M. leprae antibodies in children without leprosy sorted per
country and test group.

= publication s [UCk. (ML [MLflow  NDOLID |GRAT | (endemic) controls | contacts.
LEA  dipstick | test test
Brazil (Pard) 42 Barreto 2011 ranged from 574 t0 | 44.1
63.6
Brazil (Pard) 3 Barreto 2015 776
Brazil (Pard) 45 van Hooij 2018 6.0
Brazil (Southeast)) | 36 Bithrer-Sékula | 2008 Governador Valadares: | 186/ 142
112
Santa Luzia: 10 230/-
Barbacena: 2 150/ 128
Aracruz: 37 240/ 144
Colatina: 35 140/ 10.0
Santa Teresa: 22 1507174
Ttajai: 9 169/ 142
Laguna: 5 120/125
Tubardo: 5 120/85
Brazil (Southfeast)) |46 | daConceigio | 2011 L4
Brazil (Southfeast)) | 47 Ribeiro 2019 10.1
Brazil 48 Ferreira 2008 12.3
Brazil (Southeast)) | 49 Andrade 2008 178
Brazil (South( 50 Carvalho 2015 18.6
Brazil (Southfeast)) | 51 Wambier 016 18.0
Brazil (Southteast)) | 52 Dippre 2008 147
Brazil (Midwest) 53 Limeira 2013 0.0
Brazil (Midwest) 54 Gomes 2019 62
Brazil (Northeast) 55 Lourengo 2017 337
Brazil : 56 Ti 2019 IgM: ranged from
Dias 40.0 1046.7
1gA: ranged from 0.0
todd
yes 1gG: ranged from 0.0
t022
Colombia 57 Cardona-Castro | 2008 510
New Caledonia 58 Desforges 1989 NDO: 26.7
NTO: 133
French Polynesia 59 Chantean 1993 ranged from ~180 to
23.0°
PapuaNew Guinea | 61 Bagshawe 1990 ranged from 21.0 to
30.6
Ethiopia &2 Menzel 1987 357 50.0
Nepal & Soures 1994 Ll
India (South) o4 Krishnamurthy | 1991 ranged from 5.14 to | ranged from 6.98 to
16.74 28.13
Tndia Shah 1994 LER: 0.0
HER: 6.9
214
Vietnam 66 Khang 2018 S8 17.0
Indonesia (South &8 van Beers 1994 ranged from ~35.0 to 370
futuived) IgM: ranged from ~37.0 to 40.0°
) IgG: ~6.0°
Indanesia (Sulawesi) | 35 | van Beers 1999 Kauditan: 43 260
Bantimurung: 41 280
Bontomarannu: 34 2600
Lawa: 6 7.0
Tongkuno: 9 7.0
Indonesia (South 73 Bakker 2005 14.3
Sulawesi)
Indonesia (South 7+ Putri 2010 ranged from 397 to
Sulawesi) 48.3
Indonesia (South 75 Rachmawali 2013 ranged from 40.0 to
Sulawesi) 57.5
Indanesia (Fast Java) | 76 Adriaty 2020 non-endemic: 8.3
endemic: 48.0

Overview of the prevalence of seropositivity for anti-M. leprae antibodies in children without leprosy sorted per
country and test group (endemic controls or contacts of leprosy patients). For each study, the country,
reference number, author, year of publication, laboratory assay and seroprevalence (%) for M. leprae
antibodies are reported for either (endemic) controls or (household) contacts of leprosy patients. For the
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numbers of children included and the method used per study, we refer to the Supplementary. The boxes in
grey indicate that this data was not available. The antibody subtypes measured are indicated by the colors in
the applied methods column; green: immunoglobulin M (IgM), blue: immunoglobulin A (IgA), yellow:
immunoglobulin G (IgG), orange: both IgM and IgG and purple: not reported. *Estimated from graph/figure.
**Reportedly leprosy non-endemic area. CP: contact population from a leprosy colony; ELISA: enzyme-linked
immunosorbent assay; F: females; GPAT: gelatin particle agglutination test; HER: children from reportedly
high-endemic region; LER: children from reportedly low-endemic region; M: males; NCDR: new case detection
rate; NDO: natural disaccharide-octyl; NTO: natural trisaccharide-octyl; ref. no.: reference number; UCP-LFA:
up-converting phosphor lateral flow assay.

Besides test type and cut-off, also the sample size needs to be taken into consideration
when comparing seropositivity data as demonstrated by the differences in seropositivity
identified in a very small study in Midwest Brazil (n = 15; 0% positivity) [53], and 4 to 6.9%
among 210 contacts in another study from the same area (Table 3) [54].

In contrast, in Northeast Brazil, higher seropositivity rates were found among household and
neighborhood contacts under 15 years of age; 33.7% in Ceara [55] and 40% to 46.7% (IgM)
in Alagoas were seropositive [56]. However, seropositivity for IgA (0 to 6.6%) and IgG (0 to
2.2%) was very low (Table 3).

In Colombia, a cross-sectional survey among household child contacts in 13 towns located
in Bolivar, Cérdoba and Sucre, Colombia [57] (Table 3) found that 25 out of 49 (51%)
contacts had positive anti-PGL-I IgM titers. No association was found between IgM positivity
and clinical diagnosis of the patients.

The South-Pacific

In 1989, serological screening was conducted among household contacts of leprosy patients
(n = 15) in New Caledonia using ELISAs for two synthetic forms of PGL-I [58]. For ND-O-
BSA, 26.7% and for NT-O-BSA, 13.3% of the contacts was positive (Table 3). Although the
number of children in the study was limited, a trend was observed that seropositivity was
higher in individuals below the age of 20 (compared to participants over the age of 20) and
inversely decreased with age, which led the authors to conclude that the transmission rate
in younger individuals is higher. Furthermore, ND-O-BSA was considered to be more
sensitive, and NT-O-BSA more specific for screening for M. leprae infection among
household contacts.

A 10-year study in French Polynesia [59] also based on anti-PGL-I ELISAs showed that of
family contacts of patients diagnosed with leprosy (n = 20; note that this sample size is very
small), approximately 18% of the boys and about 23% of the girls were seropositive (Table
3). Of note is that in individuals over the age of 19, seropositivity started to decrease with
age. Although some adult participants were followed up, no longitudinal results were
provided for children. The authors conclude that the predictive value of positivity for anti-
PGL-l is low, as most of the seropositive participants did not progress to disease during the
study period. A finding which was confirmed years later in Bangladesh as well [60].

Atwo-year follow-up study measured serum anti-PGL-I levels in residents from Kalo village,

Papua New Guinea, in 1984 and 1986, among 62 children [61] (Table 3). In 1984, 13 out of
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62 (21%) children were seropositive and in 1986, this was the case for 19 out of 62 (30.6%).
Similar to what was found in New Caledonia, seropositivity among participants below 20
years of age was significantly higher (20.6% among 379 individuals) compared to that
among older participants (7%; p < 0.001).

Africa

In 1987 in Ethiopia, Menzel et al. studied child household contacts of leprosy patients while
also taking into account the index cases’ leprosy type [62]. Six out of 12 (50%) children with
1 or more years of exposure to a lepromatous patient were positive in anti-PGL-I ELISAs
versus 10 out of 28 (35.7%) amongst endemic controls (Table 3).

Asia

In Nepal, the use of anti-PGL-| serology by ELISA for early diagnosis among close child
contacts from a reportedly low-endemic area was evaluated in 1994 [63]. Only one out of 93
children (1.1%) tested positive, and none of the contacts developed clinical disease after 6
months.

Our literature search resulted in two studies from India. The first study in 1991 in an endemic
population from South India [64] included 179 child contacts and 1,564 non-contacts using
cluster sampling. Contacts included children who had stayed for at least half a year with the
index case. Forty-eight contacts aged 0 to 4, 75 contacts aged 5 to 9 and 56 contacts aged
10 to 14 were included. The non-contact population consisted of 467 children aged 0 to 4,
586 children aged 5 to 9 and 511 children aged 10 to 14. Seroprevalence among contacts
was higher in girls (28.1%; boys: 12.5%), whereas in non-contacts boys and girls showed
similar seroprevalence (S2 Table). In 1994 [65], using ELISAs children living in a reportedly
low-endemic region (LER; 71 children), a high-endemic region (HER; 1495 children) —
Mumbai — and a contact population (CP; 140 children) comprising household contacts of
leprosy patients living in a leprosy colony were assessed. Seropositivity among these
children ranged from 0% in the low endemic region, 6.9% in the high endemic area to 21.4%
in the contact population (Table 3).

A divergent leprosy-specific serological test, the gelatin particle agglutination test (GPAT),
has been applied by Khang et al. in Vietnam from 1989 to 2016 to screen 78 healthy child
controls (<15) without known contact with leprosy patients living in reportedly leprosy-
exempt areas and 264 household child contacts [66]. This test, based on semi-synthetic
trisaccharides antigen (NT-P-BSA), was positive in 2.5% of controls and 17% of contacts
(Table 3). Interestingly, there was no significant difference in seroprevalence between
children and adults.

Most of the studies reporting on serum anti-PGL-I antibodies in children from Indonesia took
place in Sulawesi, which in the 90s was an area with one of the highest prevalences of
leprosy in Indonesia [67]. In 1994, van Beers et al. investigated household child contacts of
leprosy cases and non-contacts in the villages Bantimala and Tondongkura for their serum
anti-PGL-I antibody levels as well as the presence of M. leprae DNA in their nasal cavities
[68]. Although serum anti-PGL-I IgM antibodies are studied most frequently and are in
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general more often positive [40,56,69—72], van Beers et al. also evaluated anti-PGL-I IgG in
approximately 370 children. An agglutination test (MLPA; IgM) was used as well as an ELISA
(IgM and IgG) with NT-P-BSA as target antigen. As seropositivity rates did not differ between
household contacts and non-contacts, results were combined. Seropositivity for MLPA and
anti-PGL-I IgM was highest in the younger age groups and reduced with increasing age (test
agreement of 91%). In contrast, anti-PGL-I IgG seropositivity was low in all age groups.
Comparison of PCR-test results (detecting bacterial DNA) with serological test outcome did
not show a good correlation. According to the authors, this is not surprising as nasal carriage
does not necessarily imply infection [30].

Five years later, the same researchers conducted a study in Sulawesi [35] to assess whether
seroprevalence among schoolchildren included by cluster sampling could serve as a valid
marker of leprosy endemicity. In this study, they included 2,835 schoolchildren from South,
North and Southeast Sulawesi, with case detection rates of 39, 18 and 9.9 per 100,000,
respectively. For areas with case detection rates over 30 in 100,000, seroprevalence ranged
from 26 to 28%, whereas for reportedly low-endemic areas, seroprevalence was
approximately 7% using MLPA. In Bantimurung, considered high-endemic in this study, a
second survey was performed three years later among 905 children yielding the same
seroprevalence rate of 28%. Based on their findings the authors concluded that
seropositivity is related to the incidence of leprosy thus representing a rapid, reliable and
relatively inexpensive approach to estimate the leprosy burden in a certain region. Another
study reporting data from South Sulawesi (the island of Kembanglemari, a high-endemic
area) by Bakker et al. [73], measured anti-PGL-I levels of inhabitants by ELISA. In the age
group from 0 to 5, one out of seven individuals (14.3%) was seropositive for anti-PGL-I IgM.
Clinical disease was more prevalent in adults while seropositivity was higher in children.
Longitudinal investigation (2007—2010) in schoolchildren in South Sulawesi [74] detected
39.7% seropositivity (23 out of 58) in 2007, which increased three years later to 48.3% (28
out of 58 children). None of the 23 seropositive children showed clinical signs of leprosy in
2010, and 22 of them remained seropositive. Also, mean titers of anti-PGL-I IgM significantly
increased from 2007 to 2010. Another study on schoolchildren in 2013, compared anti-PGL-
I IgM levels and PCR results from nasal swabs in South Sulawesi [75] for 80 schoolchildren.
Twenty-three out of 40 children (57.5%) from lowland were seropositive compared to 16 out
of 40 (40%) from highland. Only one child in both low- and highland tested positive by PCR
(2.5%). Most of the seropositive children were not known to have any contact history with
leprosy patients and the authors suggested that infection may have originated from
unidentified “back-log cases”, from non-human M. leprae sources in the environment or from
travelling to surrounding areas. A recent paper from 2020 analyzed the presence of M.
leprae in nasal swabs and seropositivity levels among 530 elementary schoolchildren from
the northern and southern coast of East Java [76]. In Pacitan, an area considered non-
endemic for leprosy, 25 out of 301 children (8.3%) were seropositive and in Lamongan, an
area considered endemic for leprosy, seropositivity was 48% (110 out of 229). PCR results
showed 23 out of 229 nasal swabs from children to contain M. leprae DNA in Lamongan
(10%) in contrast to Pacitan, with only six positive nasal swab samples from a total of 301
(2%). It was calculated that children living in endemic areas were approximately five times
more likely to become infected than children living in non-endemic areas.
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Cross-sectional studies in time

As fluctuations in seropositivity in time can provide information on changes in transmission
in a certain area, the changes in seroprevalence among children without leprosy in the ten
longitudinal studies included in the selected articles were considered (S3 Table): nine of
these followed the same children over time to investigate the assessment of anti-PGL-I as
a predictive marker for leprosy [43,53,56,58,59,61,63,66,74]. The remaining study
measured seropositivity cross-sectionally at two time points with a 3-year interval and
validated the use of anti-PGL-I seroprevalence in schoolchildren in Sulawesi (n = 2,835; 10
to 12-year-olds) as an indicator for the level of leprosy endemicity [35]. In the study of van
Beers et al., the percentage of seropositivity (28%), as well as the leprosy case detection
rate (41/100,000) in the area remained similar over three years [35].

Discussion
Relevance of anti-M. leprae antibody detection for monitoring transmission

Accurate knowledge on transmission in an area can provide insight into the effect of
interventions as well as enable monitoring of the transmission level towards interruption of
transmission. Monitoring transmission using disease incidence implies a delay in describing
the status of transmission. This is particularly the case for leprosy due to its incubation time
of typically three to five years, which can, however, also exceed ten years. For this reason,
the incidence of leprosy in children under 15 — the normal definition used in leprosy statistics
to date — is not very sensitive to changes in transmission as older children may have been
infected ten or more years ago. In contrast, monitoring of M. leprae infection in young
children, represents a more up-to-date view on the status of transmission in an area.

This systematic review assessed 30 scientific articles reporting on M. leprae serology in
children under 15 years evaluating to what extent and in what context children have been
assessed for the presence of anti-M. leprae antibodies as a proxy for infection. We aimed
to investigate whether seroprevalence among children could serve as a reliable indicator for
the intensity of recent transmission in a community.

Factors influencing seroprevalence

The 30 included articles showed that seroprevalence in over 18,000 children from over ten
countries varied from 0 to 77.6% with a median value of 14.9% (IQR: 7.3-27.7). Children
often were only a subgroup of a larger study also including other age groups.

Importantly, six independent studies using different serological tests conducted in
(South)eastern Brazil reported similar seropositivity percentages in the range of 10.1 to
18.6% [47-52]. Surprisingly, seroprevalence rates did not differ significantly between
household contacts and noncontacts. This may be related to the fact that most studies were
done in (highly) endemic areas in which other sources than contact cases have been
reported to play a role in transmission [77].
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Interestingly, multiple studies (also including adults) [58,59,61,68,73] observed higher
positivity rates in the younger age groups and a decrease in seropositivity inversely related
with age, a finding which was already described 30 years ago by Ulrich et al. in Venezuela
[78]. According to Menzel et al., this underlines the good sensitizing capacity of the immune
system present at a young age [62]. Thus, children can be considered a suitable group for
sensitive assessment of recent M. leprae infection. Fine et al. studied anti-PGL-I antibody
seroprevalence among children in Northern Malawi [79], in a paper excluded during the
screening process of this review as the numbers of the children included were not reported.
In agreement with what was described above, this study in Malawi described that the
seroprevalence rate peaks between the ages of 20 and 30 and then drops. Regardless of
age, they also found consistently higher seropositivity rates among females compared to
males. In contrast, Andrade et al. found positivity to be significantly higher among male
household contacts (22.4%) than among females (17.9%) (p = 0.003) [49], so the evidence
for an effect of gender on seropositivity levels is not consistent.

The effect of type of test on seroprevalence

In total six types of serological assays were identified, all based on detection of antibodies
against the M. leprae-specific PGL-I or derivatives thereof. All papers reported measurement
of the IgM subtype, probably because anti-PGL-I IgM seroprevalence is higher than IgG/IgA
seroprevalence in endemic areas. Moreover, IgM seropositive individuals have a higher risk
of developing disease [80]. However, IgM seropositivity is not predictive for disease [56,60],
whereas anti-PGL-| IgG has been described to predict leprosy disease [56]. However, to
assess (past) infection with M. leprae as a proxy for transmission, anti-PGL-I IgM is a much
more sensitive biomarker than anti-PGL-I IgG as it can be detected in many individuals
(previously) infected with the mycobacterium despite the absence of disease [40,71,72,80].

Three individual studies each using a single, study-specific test showed that anti-PGL-I
seropositivity in children correlated with the level of leprosy endemicity [35,65,76]: in India
seropositivity rates of 0%, 6.9% and 21.4% were described for a reportedly low-endemic
region, a high-endemic region and a contact population, respectively [65]. In Sulawesi [35]
seropositivity rates ranging from 26 to 28% were measured in three reportedly high-endemic
areas (case detection rates > 30/100,000) compared to 7% in two low-endemic areas (case
detection rates of 10/100,000). Of note was that seroprevalence and incidence rates as well
as their correlation remained stable over a period of three years. In 2020, an Indonesian
study reported seropositivity of 8.3% in Pacitan (considered a non-endemic district)
compared to 48% in Lamongan (considered an endemic district) [76]. Thus, these studies
convincingly show the relation between the overall disease incidence in an area and the
seroprevalence among children. On the other hand, in one study among 7,073
schoolchildren in South(east) Brazil [36], seropositivity levels (ranging from 8.5 to 24%) did
not correlate completely with endemicity (ranging from 2 to 112/100,000 population). The
authors suggest that this may have been caused by differences in immune responsiveness
per population, e.g. different social economic status, which may cause differences in disease
incidence whereas asymptomatic M. leprae infection may be common. Alternatively, case
detection depends on operational factors, such as local health structure, active case finding
and the local ability to diagnose leprosy cases which may lead to underdiagnosis in certain
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areas. This may be an additional advantage of monitoring serology in children. Also, the
authors mentioned that the study sample may not always have been representative for the
total population in certain municipalities as participation was dependent on the presence of
schoolchildren at school at the time of study and consent from their parents. Nevertheless,
the seropositivity percentages reported seem reliable, as most of them lie in the same range
as the six other studies from the same area discussed above [47-52].

Direct comparison of results between studies was difficult due to the variety of tests and/or
different cut-off levels used. For instance, measurements were performed using either
fingerprick blood or serum with variable dilutions, and the target antigens in the tests varied
from native PGL-I to synthetic PGL-I recognized by various IgM, 1gG or IgA isotypes.
Importantly, cut-off values were often chosen arbitrarily. For example, in the state of Para in
Brazil, the PGL-I IgM ELISA data of Barreto et al. [42] and van Hooij et al. [28] for a selection
of 58 schoolchildren from Para correlated excellently (S2 Fig), but there was a large disparity
in seropositivity rates because of differences in determination of the cut-off value for
positivity. This stresses that the test cut-off used is vital and may impede comparison of
seroprevalence data between studies even if quantitative levels correlate well.

The type of serological test and standardization of the cut-off for positivity used in
seroscreening for assessment of transmission is thus crucial. In addition, quantitative results
(being either obtained by ELISA or field-friendly lateral flow tests) can potentially assess
differences in seropositivity with higher accuracy than operator-dependent, visual tests,
which is beneficial for monitoring changes in transmission over time within an area and for
assessing seroprevalence in very low-endemic areas. Since leprosy-endemic areas are
often situated in low resource settings, field-friendly rapid tests are recommended. In this
review three types of field-friendly tests were identified, in two of which data were obtained
visually and scored qualitatively by operators after five to ten minutes [49,50,55], whereas
the anti-PGL-I UCP-LFA [28] offers quantitative determination of antibodies. Of note is that
anti-PGL-I IgM UCP-LFA provided similar sensitivity and specificity as the NDO-LID rapid-
test [28] and can also be used for and/or in combination with different biomarkers
(multiplexing) thereby offering added value [45,81].

Limitations

No formal methods for assessing risk of bias (a component of PRISMA) were used due to
the variation of study methods in the selected studies. The fact that we eventually have
included English, Spanish and Portuguese articles only in our literature search may have
slightly limited the completeness of this overview. However, these are the languages in
which studies of the two most endemic countries are reported. Our strategy resulted in the
exclusion of eight articles in French, three in Japanese, one in Swedish and one in Bahasa,
Indonesia that were identified through Pubmed, Infolep and Web of Science of which only
the latter article [82] seemed eligible for inclusion as the other papers did not describe
leprosy serology in children (based on screening of the English abstracts). Furthermore, the
variety of serological tests used in the selected studies impede direct comparison of the
results.
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Conclusions

On the route to leprosy elimination, an indicator for the intensity of transmission would be
highly valuable. Quantitative anti-PGL-I serology in young children as a measure for M.
leprae infection shows potential as a proxy for recent transmission and also correlates with
disease incidence. Therefore, it can provide a means to monitor progress towards
interruption of transmission, as well as to assess the effect of prophylactic interventions on
transmission. This systematic review also underscores that, to collect definitive evidence on
the utility of PGL-I serology in (young) children as a marker of transmission of M. leprae,
further studies are needed to evaluate a standardized, quantitative test in multiple areas with
different levels of leprosy endemicity. In addition, to assess transmission in an area over
time, cross-sectional studies on individuals of the same age group and not on the same
individuals are needed. In such studies, the target group would be children without leprosy
who are not known contacts of (former) leprosy patients. Based on the findings of this
literature search, primary school-age children would represent a suitable target group for
sensitive detection of recent transmission, which will allow monitoring of its elimination.
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Chapter 3
Abstract

Detection of infection with Mycobacterium leprae allows timely prophylactic treatment,
thereby reducing transmission as well as the risk of permanent, leprosy-associated nerve
damage. However, since there is no worldwide-implemented standard test for M. leprae
infection, detection of infection in asymptomatic individuals remains a major challenge for
control programs in endemic areas. In previous studies, we developed and field-tested a
lateral flow assay (LFA) quantitatively detecting human IgM against M. leprae-specific
phenolic glycolipid | (anti-PGLI), a marker for both active and past infection. This rapid test
utilizes luminescent, background-free, up-converting reporter particles (UCP) and
immunochromatography (i.e. the UCP-LF test platform) for accurate quantitation of anti-
PGL-I IgM without operator bias. The aim of this study was to evaluate the final version of
this quantitative UCP-based rapid test (i.e. PGL-I QURapid), using serum and fingerstick
blood (FSB). The test comprises a lateral flow strip, in a standard plastic or biodegradable
cassette. It can be provided with a humanized, recombinant control to monitor test
performance and calculate accurate anti-PGL-I IgM levels. The performance of this QUR-
test was assessed using serum and FSB from patients with leprosy (n = 214), tuberculosis
(n = 20), buruli ulcer (n = 19), leishmaniasis (n = 14), non-tuberculous mycobacterial (n =
35) infections, as well as healthy Dutch individuals (n = 710) and humanized, recombinant
anti-PGL-l IgM antibodies. Plot receiver operating characteristic curves were created and
sensitivity (Sn), specificity (Sp) and the area under the curve were calculated to evaluate
test performance. Test results classified multibacillary leprosy patients with 95.0% Sn and
100% Sp using serum and 91.5% Sn and 99.8% Sp using FSB. Qualitative test results could
be read after 2 min flow time, with accurate quantitation from 10 min onwards. The new anti-
PGL-I IgM control supports production of batches with predetermined seropositivity
thresholds and monitoring of the PGL-I QUR-test in various settings. The operational version
of the PGL-I QURapid with point-of-care applicability, meets the WHO target product profile
criteria. Thus, this QUR-test is ready for public health implementations.
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Rapid test for M. leprae infection

Introduction

Leprosy is a neglected tropical disease (NTD) caused by Mycobacterium leprae or M.
lepromatosis affecting the skin and the peripheral nerves (1-3). Despite the available
multidrug therapy (MDT) — which can effectively kill M. leprae when treatment is started in
time — leprosy remains a significant health problem in endemic areas where about 200,000
new cases are reported annually from over 120 countries (4, 5). The World Health
Organization (WHQO)'s Global Leprosy Strategy 2021-2030 aims to significantly reduce the
number of new cases with grade 2 disability and new child cases by focusing on early
detection of disease and interruption of transmission (6). To achieve the latter, it is vital to
identify and prophylactically treat M. leprae infected individuals (to prevent progression to
leprosy disease) as well as therapeutically treat leprosy patients (7, 8).

Leprosy diagnosis is still dependent on the identification of clinical symptoms and studies
have shown that health practitioners lacking sufficient experience in clinical leprosy, may not
recognize disease symptoms (5, 9). In addition, detecting M. leprae infection in individuals
without clinical symptoms remains a major challenge for control programs in endemic areas.
In this respect, the use of different tests to detect infection, in particular variable analyses,
assays, or qualitative measurements only, furthermore impedes comparison of M. leprae
infection rates globally (10). The most severe form of leprosy (multibacillary) is characterized
by numerous antibodies (11), in particular immunoglobulin M (IgM), whereas IgG and IgA
are detected mostly in lower levels and in patients only (12). Blood levels of IgM against M.
leprae-specific phenolic glycolipid | (anti-PGL-I), correspond to an individual’'s bacterial load
(11), thereby allowing detection of M. leprae infection as well as treatment monitoring of MB
leprosy patients (11, 13, 14). However, most PB patients are able to kill M. leprae efficiently
and therefore do not mount antibody responses directed against PGL-I (1, 11, 15-17).
Furthermore, besides detecting infection with M. leprae, anti-PGL-l antibodies were also
detected in leprosy patients and red squirrels infected with M. lepromatosis (unpublished
data and (18)).

Since M. leprae infection in young children is recent by definition, anti-PGL-| seroprevalence
in healthy young children could be a proxy of transmission in a population (10, 19).
Therefore, the WHO-Task Force on definitions, criteria and indicators for interruption of
transmission and elimination of leprosy recommends to consider using anti-PGL-I
seroprevalence in children as a criterium for monitoring (interruption of) transmission in
areas aiming at elimination of leprosy (20). Additionally, seroprevalence has potential to
assess the effect of interventions like post-exposure prophylaxis at population as well as
individual level. For all applications (quantitative) assessment of anti-PGL-I-serology is
essential. Thus, availability of a collectively acceptable user-friendly test would facilitate
strategies to uniformly measure infection.

Given the fact that leprosy particularly affects poor communities in low-resource settings, a
rapid, low-complexity, field-friendly diagnostic test is needed to identify infected individuals.
Other tests developed so far, are either qualitative or not rapid (Supplementary table 1) (11,
21-25). Therefore, we have developed a robust, user-friendly test to quantitatively detect
anti-PGL-I IgM using up-converting phosphor (UCP) technology in a low-cost LFA format
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(11, 16, 17, 26, 27). Previously, the anti-M. leprae PGL-I UCP-LFA (PGL-I UCP-LFA) has
been used in a serosurvey among 1857 children in India (19) where it was well-accepted for
field work. Currently, this quantitative UCP-based rapid test (i.e. PGL-I QURapid) is applied
in a clinical trial in Bangladesh (NCT06222372: 03/01/2024;
https://clinicaltrials.gov/study/NCT06222372) and evaluated in ongoing field studies in
Brazil, Bolivia, Indonesia, Nepal, and Madagascar. The basis of the UCP-LFA is formed by
ultrasensitive reporter particles (28), which, upon excitation by IR light, up-convert the
energy to give a visible 550-nm green emission. Since no biological specimen in nature up-
converts low-energy IR light, UCP applications are unaffected by specimen background and
display excellent signal-to-noise ratios (29). This QUR-test does not require sophisticated
analytical laboratory equipment or elaborate staff training and portable battery-operated
readers provide full instrument-assisted analysis. In view of field and point-of-care/point-of-
contact (POC) applications, the assay utilizes a minimally invasive fingerstick blood (FSB)
sample. The PGL-I QURapid allows convenient storage at ambient temperature and
worldwide shipping without the need for a cold chain.

Here, we analyze serum and FSB samples from patients with leprosy. For specificity
purposes, sera from patients with other mycobacterial infections, such as tuberculosis (TB)
or buruli ulcer (BU), as well as non-tuberculous mycobacterial (NTM) infections were
similarly assessed. Also, as leishmaniasis is included in the differential diagnosis of leprosy
(30) and as both diseases overlap geographically, sera of leishmaniasis patients were
included.

For the optimization of the performance of any quantitative test, the determination of the
threshold for positivity is essential. Therefore, the optimally required sensitivity
(Sn)/specificity (Sp) as defined in a target product profiles (TPP) published by the WHO in
2023 were used as initial targets for this study (ideal: 2 94% Sn; =2 99.9% Sp) (31). Since a
robust quality control is vital for monitoring test performance, humanized, recombinant anti-
PGL-I IgM was developed, to allow normalization of threshold values between batches of
the PGL-1 QURapid.

We present an operational QUR-test for the detection of M. leprae infection which can be
made available for research- and largescale population studies and clinical trials. This study
aims to describe the performance of this new QUR-test in detail, regarding its optimal flow
time, reproducibility, robustness, sensitivity and specificity. Importantly, the PGL-I QURapid
can be used for different applications and populations, providing a significant tool for multiple
use cases in the leprosy field worldwide.

Methods

Samples. Biobanked samples were derived from the following study groups (Table 1):

Leprosy patients. Serum/plasma and FSB samples from newly diagnosed leprosy patients
recruited between June 2013 and May 2022 in leprosy endemic areas in the Northwest of
Bangladesh (13, 17, 32, 33), were tested. Patients were diagnosed according to the National
Leprosy Control Program (32). Patients with five or fewer skin lesions were grouped as
paucibacillary (PB), whereas patients with more than five skin lesions were grouped as
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multibacillary (MB) leprosy. In this study, PB patients with a bacterial index (Bl) of 0 (n = 76)
and MB patients with a positive Bl (1-6; n = 133) were included. From leprosy patients
recruited in the Netherlands (n = 5), FSB samples were collected on a voluntary basis
between January 2020 and February 2023 at the Department of Dermatology, Erasmus MC,
University Medical Center (EMC), Rotterdam, the Netherlands (26). Leprosy in the
Netherlands was diagnosed based on clinical examination, histopathology of skin biopsies
and PCR of skin biopsies, using anti-PGL-| serology and microbiological testing as adjunct
diagnostic tools. Additionally, leprosy histology of biopsies was applied for classification
according to Ridley and Jopling (34).

TB patients. Serum samples from TB patients (n = 20) during or after treatment, recruited
between January 2002 and January 2003 at the Leiden University Medical Center (LUMC),
Leiden, the Netherlands (35, 36) were included.

Leishmaniasis patients. Serum samples of leishmaniasis patients were either sent to the
Clinical Microbiological Laboratory of the Department of Medical Microbiology, LUMC,
Leiden, the Netherlands, for routine leishmaniasis diagnostic testing (n = 7) (37) or collected
from PCR- and/or microscope-confirmed leishmaniasis patients at the Department of
Medical Microbiology and Infectious Diseases, EMC, Rotterdam, the Netherlands (n = 7)
(38).

Buruli ulcer (BU) patients. Serum samples from BU patients (n = 19) were obtained from
the Swiss Tropical and Public Health Institute, Allschwil, Switzerland, and collected from
villages within the Obom subdistrict of the Ga-South district of Ghana (39). /IS2404 PCR was
used to confirm infection with Mycobacterium ulcerans. Lesions were classified following the
WHO classification (40).

Patients infected with non-tuberculous mycobacteria (NTM). Sera from individuals with
various NTM infections (n = 35) were collected between March 2000 and March 2003 at the
Department of Infectious Diseases, LUMC, Leiden, the Netherlands (41-44).

Healthy controls. FSB (n = 500) and serum (n = 115) samples of health care workers from
three hospitals in the Netherlands (LUMC, Radboud University Medical Center and
University Medical Center Utrecht) who participated on a voluntary basis in a BCG-
vaccination trial during the COVID-19 pandemic (45), were selected as non-endemic
controls (NEC). This included an even division of samples derived from either BCG- or
placebo-vaccinated health care workers 12 weeks after vaccination. In addition, serum
samples from Dutch healthy blood bank donors (n = 95) were tested.
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Table 1. Characteristics of participants’ samples

Group Country of sampling n Age, years, mean Sex (% female) Refs.
(range)
Leprosy patients Bangladesh 209 38 (8-83) 20 [13,17,32,33]
The Netherlands 5 46 (24-64) 60 [26]
TB patients The Netherlands 20 44 (15-84) 20 [35, 36]
Leish patients The Netherlands ¥ 59 (24-82) 29 [37]
The Netherlands 7 na na [38]
BU patients Ghana 19 13 59 [39]
NTM patients The Netherlands 35 30(1-72) 56 [41-44]
Healthy controls The Netherlands 710 42(18-67) 72 [45]

Overview of the different samples tested including country of sampling, number of individuals, age mean
(range), and sex (% female). BU: buruli ulcer; Leish: leishmaniasis; na: not available; NTM: non-tuberculous
mycobacterial infection; TB: tuberculosis. *median

Quality control samples. As part of the quality control for the PGL-I QURapid, sera of
clinically-diagnosed leprosy patients were selected based on their anti-PGL-I IgM levels in
standard anti-PGL-I IgM ELISAs (11, 21): anti-PGL-I IgM highly seropositive (High; n = 2),
medium (Med; with an OD around the cut-off for seropositivity in ELISAs; n = 1. Seronegative
(Neg; n = 2) samples included were from healthy Dutch blood bank donors without travel
history to leprosy endemic areas. These control samples were also used to assess intra-
and inter-operator variability of the assay. “Inter-operator variation” was here defined as the
amount of variation between the results obtained by three operators testing the same
sample using the PGL-I QURapid (each preparing their own dilutions). “Intra-operator
variation” was referred to as the amount of variation in the test results when one operator
tested the same samples more than once (e.g. replicates in the same experiment and over
multiple days). Anti-PGL-I IgM highly seropositive, medium and seronegative control sera
and FSB samples were analyzed at 2, 5, 10, 20, 60 minutes and 24 hours after sample
addition to determine the effect of time after start of sample flow until measurement for the
PGL-I QURapid. As a control, humanized, recombinant anti-PGL-l IgM produced by
hybridoma technology (Eurogentec, Seraing, Belgium; stock concentration: 1 mg/ml) was
used.

PGL-I QURapid. Individually packaged UCP-LFA cassettes for detection of human anti-
PGL-I IgM antibodies were produced by MaximBio (Rockville, MD, USA) as described
previously (19). The air-tight pouches with test cassettes contained silica dry packs allowing
extended shelf life and protection against humidity. The Test (T) line on the LF strip
(nitrocellulose membrane; Sartorius UniSart CN95) comprised 100 ng of synthetic PGL-I,
phenolic trisaccharide functionalized with a hexanoic acid linker for conjugation to BSA
(NPT1-H-BSA; Leiden, the Netherlands (21)). The flow-control (FC) line comprised 100 ng
rabbit anti-goat IgG (G4018; Sigma-Aldrich, Inc., St. Louis, MO, USA). Goat IgG specific for
anti-human IgM (10759; Sigma-Aldrich, Inc., St. Louis, MO, USA) was conjugated to
polyacrylic acid functionalized UCPs [200 nm, NaYF4:Yb3+, Er 3+; Intelligent Material

Solutions Inc. (IMS); Princeton, NJ, USA MS] according to previously described protocols at
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a concentration of 50 ug antibody per mg UCP (16). Stock solutions were kept at 4 °C until
use. To dry the UCPs onto the glass fiber conjugate-release pad, the material was diluted in
a buffer containing 100 mmol/L Tris pH 8.0, 270 mmol/L NaCl, 10% (w/v) sucrose, 1% (w/v)
BSA, 0.5% Tween-20, and striped at a density of 100 ng/mm. Components were mounted
on plastic backing cards which were cut into LF strips of 4.8 mm width by 6 cm length, added
to an appropriate cassette, and individually sealed in a pouch together with a silica dry pack.

UCP-LFA. 50 pl of the 50-fold diluted FSB or serum/plasma sample or diluted recombinant
anti-PGL-I IgM stock was added to the test to initiate LF. QUR-tests were analyzed using a
battery operated UCP-adapted portable lightweight standalone reader (ESEQuant LFR
adapted for UCP; DIALUNOX, Stockach, Germany). Results were calculated as the ratio
value (R) between test line (T) and flow control line (FC) signal based on relative
fluorescence units (RFUs) measured at the respective lines.

Statistical analysis. The statistical software GraphPad Prism version 9.0.1 for Windows
(GraphPad Software, San Diego, CA, USA) was used to perform statistical analysis. Mann-
Whitney U and Kruskal-Wallis tests were performed to determine the statistical significance
between two and three independent groups, respectively. Plot receiver operating
characteristic (ROC) curves were created and Sn, Sp and the area under the curve (AUC)
were calculated to evaluate test performance. According to analyses described in our
previous research on UCP-LFAs (16, 17, 33, 46), the Youden’s index (47) was used to
assess cut-offs for anti-PGL-I IgM seropositivity in serum/plasma and FSB samples for this
QUR-test batch. However, the WHO TPP published in 2023 (31) was leading in terms of
required minimum Sn/Sp for establishing a cut-off. An indecisive range was determined by
calculating a lower-specificity cut-off (average of a set of negative controls + 2 x SD) and a
high-specificity cut-off (the highest of a set of negative controls + 2 x SD) using R-values
below the 99t percentile (48).

Ethics. Ethical permission for leprosy patient samples was received from the national
Research Ethics Committee (Bangladesh Medical Research Council) in Bangladesh (Ref
no. BMRC/NREC/2010-2013/1534) (15) and local ethical boards in the Netherlands (MEC-
2012-589). Anonymized use of residual serum samples of leishmaniasis patients for
scientific purposes was granted by the Medical Ethics Review Board of the EMC, Rotterdam,
the Netherlands (MEC 2012-047 and MEC-2015-306) and institutional review board (IRB)
of the LUMC, Leiden, the Netherlands (B21.048). The biomaterial and associated clinical
data of donors collected in the LUMC healthy voluntary donor service (LuVDS) are released
for research purposes only, after being approved by the IRB. The LuVDS Biobank is stored
in, and direct use coordinated by, the central biobanking facility at the LUMC, Leiden, the
Netherlands. The LUMC Biobank facility was implemented by the LUMC Executive Board
as part of the university research infrastructure and acts as a separate entity, servicing all
departments of the university medical center. Use of residual serum samples of TB, NTM
and BU patients for scientific purposes was approved by the Medical Ethics Committee and
IRB of the LUMC (METC project nr: P07.048 & P207/99; TB and NTM patients), and the
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institutional review board of the Noguchi Memorial Institute for Medical Research
(Federalwide Assurance number FWAQ00001824; BU patients) in Ghana, respectively. The
BCG-CORONA trial was registered at clinicaltrials.gov (identifier: NCT04328441) and the
Dutch Trial Registry (trialregister.nl, identifier Trial NL8477) and the study protocol was
approved by the IRB of the LUMC (NL73249.041.20). All donors gave broad consent.

Results
Determining the optimal flow time

Since most leprosy cases occur in remote and/or resource-limited areas, a diagnostic tool
for detection of M. leprae infection, should be of low-complexity nature such that it is easily
implementable in field settings. The here described PGL-I QURapid can (in addition to
serum/plasma) be performed with FSB, an easily obtained, low-invasive bio-sample. Since
the WHO TPP for an optimal diagnostic test for M. leprae infection (31) requires a sample-
to-result time of maximum 30 minutes, we determined the effect of time after start of sample
flow until measurement for the PGL-1 QURapid using either serum or FSB. Already after 10-
20 minutes, sufficiently stable R-values were observed for both serum (Figure 1A) and FSB
(Figure 1B) quality control samples that did not vary significantly from values obtained the
next day (for T and FC lines see Supplementary figure 1). Thus, 10-20 minutes would be
the preferred minimum time after sample addition until scanning of the PGL-I QURapid. Of
note is that the strips are stable at ambient temperature and therefore, QUR-tests can be
scanned at any later point in time which is convenient for checking data at a central facility.
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Figure 1. Scanning of PGL-l QURapid by Quant LFR over sample flow time.

Anti-PGL-I IgM highly seropositive (High; black dots), medium (Med; grey dots) and seronegative (Neg; open
dots) control sera (Figure 1A) and FSB samples (Figure 1B) were assessed using the PGL-I QURapid.
Samples were measured at 2, 5, 10, 20, 60 minutes and 24 hours (O/N) after sample addition. Ratio (R-)values
(Y-axis) were calculated by dividing the peak area of the test line (T) by the peak area of the flow control line
(FC).
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Determining test performance

To determine test performance, results in sera from MB leprosy patients from Bangladesh
(n = 133) and healthy adults from the Netherlands (NEC; n = 210) were compared. As
(previous) infection with M. leprae in endemic areas can never completely be excluded, we
selected Dutch individuals as control group, since leprosy is an import disease in the
Netherlands and there have not been any autochthonous cases for centuries. Test sensitivity
was determined based on the requirement to detect clinically diagnosed, Bl-positive leprosy
patients. R-values, the quantitative test outcome of UCP-LFAs, were significantly higher for
MB leprosy patients compared to NEC (Figure 2A; P < 0.0001; AUC: 0.995). Using the
Youden’s index, the cut-off value to discriminate clinically diagnosed MB leprosy patients
from NEC, was R = 0.160 with a corresponding Sn of 95% (95% CI: 89.5-97.4) and Sp of
100% (95% CI: 98.2-100) (Supplementary table 2), meeting the WHO TPP for a test for M.
leprae infection (ideal: 2 94% Sn; 2 99.9% Sp). When using the lower-specificity cut-off (R
= 0.08; Sn: 96%; Sp: 95%) and the high-specificity cut-off (R = 0.19; Sn: 92%; Sp: 100%),
an indecisive range was determined as: R-values between 0.08 < R = 0.19. As the cut-off
determined by the Youden’s index, R = 0.16, fell inside this range and also met the WHO
TPP criteria, this was considered appropriate for use as the cut-off for seropositivity in
serum.

For FSB, test performance for this batch of the PGL-I QURapid was determined by
comparing samples collected from 500 NEC and 47 untreated MB leprosy patients (Figure
2B). Similar to results obtained with sera, R-values were significantly increased for MB
leprosy patients compared to NEC (P < 0.0001; AUC: 0.989). The cut-off best corresponding
to the optimal WHO TPP (= 94% Sn; =2 99.9% Sp), R =2 0.12, resulted in a Sn of 91.5% (95%
CI: 80.1-96.6) and Sp of 99.8% (95% CI: 98.9-100; Supplementary table 3). When using the
lower-specificity cut-off (R = 0.05; Sn: 96%; Sp: 96%) and the high-specificity cut-off (R =
0.12; Sn: 91%; Sp: 100%), an indecisive range was determined for R-values between 0.05
and 0.12. Placing Sp at 100%, R = 0.12 was concluded as appropriate cut-off for
seropositivity in FSB.

Inter- and intra-operator variation

To evaluate assay robustness, two anti-PGL-I IgM highly seropositive, one medium and two
seronegative control serum samples were tested in triplicate by three different operators.
This multi-operator comparison showed that inter-operator differences were not detectable
or very low (Figure 3A; Supplementary table 4). In addition, reproducibility (intra-operator
variation) was evaluated by testing the same five control serum samples on three QUR-tests
by each operator on three different days (Figure 3B; Supplementary table 4). Day-to-day as
well as triplicate differences on the same day were minor (Supplementary table 4),
confirming excellent assay reproducibility.
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Figure 2. Anti-PGL-l IgM in NEC and MB leprosy patients.

Serum samples (A) of NEC (n = 210) and MB leprosy patients (n = 133) and FSB samples (B) of NEC (n =
500) and MB leprosy patients (n = 47) were examined using the PGL-I QURapid. Left panels: R-values for
anti-PGL-I IgM in NEC and MB leprosy patients; right panels: corresponding ROC curves. R-values (Y-axis)
were calculated by dividing the peak area of the test line (T) by the peak area of the flow control line (FC). A
Mann-Whitney U test was performed to determine the statistical significance between the two groups (****P <

0.0001). AUC: Area Under the Curve; NEC: non-endemic controls; MB: multibacillary; ROC: receiver operating
characteristic.
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Figure 3. Inter- and intra-operator differences for the PGL-l QURapid.

Two anti-PGL-I IgM highly seropositive (High 1-2), one medium (Med) and two seronegative (Neg 1-2) serum
samples were examined by the PGL-I QURapid by three different operators (A) on three different days (B).
Each sample was tested in triplicate. Ratio (R-)values (Y-axis) were calculated by dividing the peak area of the
test line (T) by the peak area of the flow control line (FC). Mean and SD are shown. Two example figures are
shown here. See Supplementary information for complete data. A: black dots: Operator A (Op A); open
squares: Operator B (Op B); grey triangles: Operator C (Op C). B: Black dots: Test day 1; grey squares: Test
day 2; open triangles: Test day 3.

Specificity for M. leprae infection in the context of other (mycobacterial) infections

To evaluate assay specificity, serum samples of leishmaniasis (Leish; n = 14), BU (n = 19),
NTM infection (n = 35), and TB (n = 20) patients from a European area non-endemic for
leprosy were tested. Applying a cut-off value of R = 0.16, all leishmaniasis, BU, NTM and
TB patients were seronegative for anti-PGL-I IgM (Figure 4).
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Figure 4. Anti-PGL-l IgM in individuals with leishmaniasis, BU, NTM infections and TB.

Serum samples of leishmaniasis (Leish; n = 14), buruli ulcer (BU; n = 19), non-tuberculous mycobacterial
infection (NTM; n = 35), and tuberculosis (TB; n = 20) patients were examined using the PGL-I QURapid. Ratio
(R-)values (Y-axis) were calculated by dividing the peak area of the test line (T) by the peak area of the flow
control line (FC). The dotted line represents the cut-off for seropositivity (R =2 0.16) in serum.

Bacterial load

PGL-I QURapid sensitivity was then assessed for 209 sera collected from leprosy patients
with varying bacterial loads in Bangladesh. In total, 134 out of 209 individuals (64.1%) tested
seropositive for anti-PGL-I IgM (cut-off R = 0.16); 8 out of 76 PB patients (10.5%) and 126
out of 133 MB patients (94.7%) (Figure 5). Patients with a Bl of 1-3 and Bl 4-6 had
significantly increased anti-PGL-I IgM R-values compared to those with Bl 0, with only 7
testing seronegative (Kruskal-Wallis test; P < 0.001 and P < 0.0001, respectively). Anti-PGL-
I IgM R-values were also significantly higher in MB patients with Bl 4-6 compared to those
with a Bl of 1-3 (Kruskal-Wallis test; P < 0.01).
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Figure 5. Anti-PGL-l IgM in PB and MB leprosy patients.

Sera from PB (n = 76) and MB (n = 133) leprosy patients were examined by PGL-I QURapid. Anti-PGL-l IgM
was measured by the PGL-I QURapid for PB and MB patients. Leprosy patients were stratified for bacterial
index (Bl 0: n = 76; Bl 13: n = 21; Bl 4-6: n = 112). Ratio (R-)values (Y-axis) were calculated by dividing the
peak area of the test line (T) by the peak area of the flow control line (FC). A Kruskal-Wallis test with Dunn’s
correction for multiple testing was performed to determine the statistical significance between three groups (P-
values: **P < 0.01, ***P < 0.001, ****P < 0.0001).

Anti-PGL-l IgM standard

In view of quality assessment for the PGL-I QURapid (e.g. batch-to-batch comparison or
monitor different study sites using the same batch), humanized, recombinant anti-M. leprae
PGL-I-specific IgM antibodies were custom-made. A standard dilution series of this
recombinant anti-PGL-I IgM in buffer was applied to QUR-tests showing good performance
(Figure 6). The above determined cut-offs for seropositivity in serum (R = 0.16) and FSB (R
2 0.12) corresponded to an antibody concentration of approximately 32 ng/ml.
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Figure 6. Recombinant anti-PGL-I IgM dilution series in buffer using PGL-l QURapid.

A dilution series of the custom-made anti-PGL-l IgM was applied to the PGL-I QURapid. Each dilution was
tested in triplicate. Ratio (R-)values (Y-axis) were calculated by dividing the peak area of the test line (T) by
the peak area of the flow control line (FC). Mean values and standard deviations are shown. The orange and
red dotted lines represent the cut-off for seropositivity (R = 0.16) in serum and FSB (R 2 0.12), respectively.

Discussion

Here, we present the PGL-I QURapid, which is an operational, quantitative rapid test for
measurement of anti-PGL-I IgM levels in blood, permitting detection of past or present
infection with M. leprae. This QUR-test shows excellent performance: its outcome is highly
associated with bacillary load providing a 94.7% Sn for MB leprosy, while samples from
patients with leishmaniasis or other mycobacterial diseases were all seronegative, indicating
excellent specificity. Moreover, vaccination of healthy Dutch health care workers with live M.
bovis BCG, did not affect the lack of anti-PGL-| seropositivity in this group.

MB versus PB

These findings are in line with previous studies (11, 13, 14), and support the use of the PGL-
I QURapid next to clinical assessment as an (adjunct) diagnostic test for MB leprosy and
monitoring the effect of treatment (49, 50). Inherent to PB leprosy is the very low number of
bacteria in these patients that are only detectable by invasive biopsies. Thus, since the
quantitative result of the PGL-I QURapid is associated with the number of bacteria, the here
described low-invasive QUR-test could function as a discriminatory tool, applicable to
distinguish MB from PB in settings where biopsies and their analysis are not easily
performed. In this study, the QUR-test showed 10.5% Sn for PB patients. Therefore, for
diagnosis of this patient group, detection of additional host biomarkers should be included.
Of note is that this can also be accommodated on the UCP-LF platform, as was
demonstrated for patients in Bangladesh, Brazil, China and Ethiopia (16, 17, 33). In this
respect, the development of multi-biomarker tests (MBTs) (33) is promising.
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Field-friendly, low-invasive and rapid test

The PGL-I QURapid is very well-suited for field settings as it only requires 20 pl of blood
obtained by a finger prick. Furthermore, test results are visible within minutes after addition
of sample to the QUR-test, and accurate quantitative values are available from 10 minutes
onwards for both serum and FSB. This test-to-result time is well within the required optimal
time window prescribed by the WHO TPP (31). After use, the QUR-test can be stored
indefinitely as a hard copy and rescanned when required. Inter- and intra-operator variability
assessment demonstrated that results were highly reproducible thereby permitting utilization
in field settings after limited training of local staff. In view of environmental considerations,
the QUR-test was also tested successfully using plant-based biodegradable cassettes as a
green solution for LFAs (Okos Diagnostics, the Netherlands,
https://www.okosdiagnostics.com; data not shown).

Test applications

A major benefit of a quantitative compared to a qualitative rapid test, is that one QUR-test
can serve multiple use cases. Besides detection of infection on an individual level, another
use case of the PGL-I QURapid is monitoring of recent M. leprae transmission in a
population by serosurveys in healthy young children (10, 51). This concept was piloted
successfully with this format of the PGL-I QURapid in a serosurvey in a leprosy endemic
area in India and was well accepted by health care staff as well as the targeted population
(19). In this respect, it is of note that assessment of sera of young children (n = 70) from a
non-endemic area (the Netherlands) all resulted in R-values of zero ((19) and unpublished
data), underlining the specificity of this QUR-test. Thus, based on the rationale that infection
in young children reflects recent transmission in a population, this QUR-test can be applied
to compare pediatric seroprevalence between different areas, as well as seroprevalence in
a community before and after introduction of postexposure prophylactic interventions.

A skin disease that is endemic in areas where leprosy occurs, is leishmaniasis caused by L.
donovani (52). All leishmaniasis patients tested here were anti-PGL-lI seronegative,
emphasizing the high specificity of the PGL-I QURapid for M. leprae infection. Since
leishmaniasis is included in the differential diagnosis of leprosy (30), developing a combined
rapid test for the detection of infection with M. leprae and L. donovani could be both cost-
and time-saving (52).

Detecting infection in animals

Besides in humans, this QUR-test can also be used to detect M. leprae infection in different
species as well as infection with M. lepromatosis. Previous research from our group has
shown that the PGL-I QURapid can be applied to nine-banded armadillos and Eurasian red
squirrels (18, 27, 53). Also, we have recently applied the QUR-test to earprick samples of
ten experimentally infected live armadillos showing high correlation with infection (in
collaboration with the National Hansen’'s Disease Program, USA; data not shown).
Moreover, in agreement with what has been reported for ELISAs by Avanzi et al. (54), our
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QUR-test was able to detect anti-PGL-I antibodies in samples from M. lepromatosis infected
squirrels (18) as well as a human case with this infection (data not shown).

Standardization and quality control

The humanized, recombinant anti-PGL-l IgM control introduced in this study as part of the
QUR-test kit, provides an essential tool to indicate thresholds for specific applications
(sample type and use case). It offers high flexibility for manufacturing as test thresholds can
be evaluated with a control sample of known IgM concentration. Production lots can be
provided with predetermined cut-off R-values and UCP-LF strip readers eventually could be
provided with standard curves calculating actual concentrations rather than R-values. This
will allow improved comparison of data obtained with the PGL-I QURapid at different field
sites or at different points in time.

Limitation of the study

A limitation of this study was the low numbers available of serum samples from patients with
TB, BU, leishmaniasis and NTMs form areas that are non-endemic for leprosy and from
patients infected with M. lepromatosis, as well as FSB samples from leprosy patients. Future
studies testing higher sample numbers with this QUR-test should be performed to validate
our findings.

Conclusions

The PGL-I QURapid for detection of M. leprae infection is operational and applicable for
widescale use in leprosy research. The reported findings support production and distribution
of this QUR-test with predetermined thresholds for seropositivity, set according to use case
and sample type. Test results are operator-independent and performance over time can be
monitored using humanized, recombinant anti-PGL-I IgM. The test protocol is
straightforward, requires zero infrastructure, allowing application in POC settings although
a UCP compatible reader is required. As the test provides a quantitative result that can also
be translated into a qualitative result, the PGL-I QURapid can be employed for various use
cases in leprosy research and control programs.

Availability of data and materials

The datasets used and/or analyzed during the current study are available from the
corresponding author on reasonable request.
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Supplementary figure 1. Effect of flow time on T and FC signals obtained with the PGL-I QURapid.

Anti-PGL-l IgM highly seropositive, medium and seronegative control sera (A-B) and FSB samples
(C-D) were examined by the PGL-I QURapid. Samples were measured at 2, 5, 10, 20, 60 minutes and 24
hours (O/N) after sample addition. Black dots: anti-PGL-I IgM highly seropositive serum samples; grey dots:
anti-PGL-I IgM medium serum samples; green dots: anti-PGL-I IgM seronegative serum samples.

A: T line values (Y-axis) in relative fluorescence units (RFU) as a function of serum sample flow time in minutes.
B: FC line values (Y-axis) in RFU as a function of serum sample flow time in minutes. C: T line values (Y-axis)
in RFU as a function of FSB sample flow time in minutes. D: FC line values (Y-axis) in RFU as a function of
FSB sample flow time in minutes.
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Supplementary Table 1. Overview of tests developed for the measurement of anti-PGL-l antibodies.

Method ref. target Ab quantitative/ rapid
no. qualitative (yes/no)
ELISA 11, 21 ND-O- IgM and 1gG quantitative no
HSA/NPT-H-
BSA
OrangelLife NDO- 22 NDO-LID IgM and 1gG qualitative yes
LID RDT®
CTK OnSite 11,23 PGL-l and LID-1 IgM and 1gG qualitative yes
Leprosy Ab Rapid
Test
ML-dipstick 24 ND-O-BSA IgM qualitative yes
ML-flow 25 NT-P-BSA IgM qualitative yes

Test method, reference in which the test is described, test target, and antibody measured are listed. In addition,
it is indicated whether tests are quantitative or qualitative and rapid or not. Ab: antibody; ELISA: enzyme-linked
immunosorbent assay; IgG: immunoglobulin G; IgM: immunoglobulin M; LID-1: leprosy IDRI diagnostic-1; ND-
O-BSA: natural disaccharide-octyl bovine serum albumin; ND-O-HSA: natural disaccharide-octyl human serum
albumin; NDO-LID: natural disaccharide-octyl leprosy IDRI diagnostic; NPT-H-BSA: phenolic trisaccharide
functionalized with a hexanoic acid linker for conjugation to bovine serum albumin; NT-P-BSA: natural

trisaccharide phenyl bovine serum albumin; PGL-I: phenolic glycolipid I; RDT: rapid diagnostic test.
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Supplementary Table 2. Cut-off determination according to Youden’s index and WHO TPP; based on MIB
leprosy vs NEC serum samples.

Cut-off Sensitivity 95% CI Specificity 95% CI Youden’s index
> 0.02500 1 0.9719 to 1.000 0.7 0.6349 to 0.7579 0.70
> 0.03500 0.9925 0.9586 to 0.9996 0.7952 0.7356 to 0.8443 0.79
> 0.04500 0.985 0.9468 to 0.9973 0.8524 0.7981 to 0.8940 0.84
> 0.05500 0.9774 0.9358 to 0.9939 0.9 0.8520 to 0.9337 0.88
> 0.06500 0.9774 0.9358 to 0.9939 0.9238 0.8798 to 0.9526 0.90
> 0.07500 0.9624 0.9150 to 0.9838 0.9429 0.9028 to 0.9670 0.91
> 0.08500 0.9624 0.9150 to 0.9838 0.9476 0.9087 to 0.9705 0.91
> 0.09500 0.9624 0.9150 to 0.9838 0.9524 0.9146 to 0.9739 0.91

>0.1050 0.9624 0.9150 to 0.9838 0.9619 0.9266 to 0.9806 0.92

>0.1150 0.9624 0.9150 to 0.9838 0.9667 0.9328 to 0.9838 0.93

>0.1250 0.9549 0.9051 to 0.9792 0.9762 0.9455 to 0.9898 0.93

>0.1350 0.9474 0.8953 to 0.9743 0.9857 0.9588 to 0.9961 0.93

>0.1450 0.9474 0.8953 to 0.9743 0.9905 0.9659 to 0.9983 0.94

>0.1600 0.9474 0.8953 to 0.9743 1 0.9820 to 1.000 0.95

>0.1750 0.9323 0.8764 to 0.9640 1 0.9820 to 1.000 0.93

>0.1850 0.9173 0.8580 to 0.9532 1 0.9820 to 1.000 0.92

>0.1950 0.9023 0.8399 to 0.9420 1 0.9820 to 1.000 0.90

>0.2200 0.8947 0.8311 to 0.9363 1 0.9820 to 1.000 0.89

>0.2600 0.8872 0.8222 to 0.9305 1 0.9820 to 1.000 0.89

>0.2900 0.8797 0.8135 to 0.9246 1 0.9820 to 1.000 0.88

>0.3150 0.8722 0.8048 to 0.9186 1 0.9820 to 1.000 0.87

>0.3400 0.8647 0.7962 to 0.9126 1 0.9820 to 1.000 0.86

>0.3600 0.8571 0.7876 to 0.9066 1 0.9820 to 1.000 0.86

>0.3850 0.8496 0.7791 to 0.9005 1 0.9820 to 1.000 0.85

> 0.4050 0.8421 0.7707 to 0.8943 1 0.9820 to 1.000 0.84

>0.4350 0.8346 0.7622 to 0.8882 1 0.9820 to 1.000 0.83

> 0.4650 0.8271 0.7539 to 0.8819 1 0.9820 to 1.000 0.83

>0.4900 0.8195 0.7455 to 0.8756 1 0.9820 to 1.000 0.82

>0.5200 0.812 0.7372 to 0.8693 1 0.9820 to 1.000 0.81

> 0.5550 0.8045 0.7290 to 0.8630 1 0.9820 to 1.000 0.80

>0.5900 0.797 0.7207 to 0.8566 1 0.9820 to 1.000 0.80
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>0.6150
>0.6350
> 0.6700
>0.7050
>0.7200
> 0.7350
>0.7750
>0.8200
>0.8350
> 0.8500

0.7895
0.7744
0.7669
0.7594
0.7519
0.7444
0.7293
0.7218
0.7143
0.7068

0.7126 to 0.8501
0.6963 to 0.8372
0.6882 to 0.8307
0.6801 to 0.8241
0.672110 0.8175
0.6641 to 0.8109
0.6482 t0 0.7976
0.6402 to 0.7909
0.6323 t0 0.7842
0.624510 0.7775

Rapid test for M. leprae infection

0.9820 to 1.000
0.9820 to 1.000
0.9820 to 1.000
0.9820 to 1.000
0.9820 to 1.000
0.9820 to 1.000
0.9820 to 1.000
0.9820 to 1.000
0.9820 to 1.000
0.9820 to 1.000

0.79
0.77
0.77
0.76
0.75
0.74
0.73
0.72
0.71
0.71

Overview of the results from calculating a cut-off for anti-PGL-I IgM seropositivity in sera from healthy controls
vs. MB leprosy patients, by using the Youden’s index and WHO TPP, including corresponding sensitivity and
specificity (in italic red font). Note: Sn/Sp values are depicted as fractions. Only Sn/Sp values between 0.7 and

1.0 are shown.
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Supplementary Table 3. Cut-off determination according to Youden’s index and WHO TPP; based on MB
leprosy vs NEC FSB samples.

Cut-off Sensitivity 95% CI Specificity 95% ClI Youden’s index
> 0.02500 0.9787 0.8889 to 0.9989 0.784 0.7458 t0 0.8178 0.7627
> 0.03500 0.9574 0.8575 to 0.9924 0.872 0.8399 to 0.8985 0.8294
> 0.04500 0.9574 0.8575 to 0.9924 0.932 0.9065 to 0.9509 0.8894
> 0.05500 0.9574 0.8575 to 0.9924 0.962 0.9414 to 0.9755 0.9194
> 0.06500 0.9362 0.8284 to 0.9781 0.966 0.9462 to 0.9787 0.9022
> 0.07500 0.9149 0.8007 to 0.9664 0.976 0.9585 to 0.9862 0.8909
> 0.08500 0.9149 0.8007 to 0.9664 0.986 0.9714 to 0.9932 0.9009
> 0.09500 0.9149 0.8007 to 0.9664 0.992 0.9796 to 0.9969 0.9069
>0.1050 0.9149 0.8007 to 0.9664 0.994 0.9825 to 0.9984 0.9089
>0.1200 0.9149 0.8007 to 0.9664 0.998 0.9888 to 0.9999 0.9129

>0.1350 0.8723 0.7483 to 0.9402 0.998 0.9888 to 0.9999 0.8703

>0.1450 0.8511 0.7231 to 0.9259 0.998 0.9888 to 0.9999 0.8491

>0.1650 0.8298 0.6986 to 0.9111 0.998 0.9888 to 0.9999 0.8278

>0.2000 0.8085 0.6746 to 0.8958 0.998 0.9888 to 0.9999 0.8065

>0.2350 0.7872 0.6510 to 0.8801 0.998 0.9888 to 0.9999 0.7852

>0.2750 0.766 0.6278 to 0.8640 0.998 0.9888 to 0.9999 0.764

>0.3300 0.7234 0.5824 to 0.8306 0.998 0.9888 to 0.9999 0.7214

>0.3900 0.7234 0.5824 to 0.8306 1 0.9924 to 1.000 0.7234

>0.4300 0.7021 0.5602 to 0.8135 1 0.9924 to 1.000 0.7021

Overview of the results from calculating a cut-off for anti-PGL-I IgM seropositivity in FSB samples from healthy
controls vs. MB leprosy patients, by using the Youden’s index (in italic red font) and the WHO TPP (in bold),
including corresponding sensitivity and specificity. Note: Sn/Sp values are depicted as fractions. Only Sn/Sp
values between 0.7 and 1.0 are shown.
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Supplementary Table 4. PGL-I QURapid inter- and intra-operator variability.

Control High 1 High 2 Med Neg 1 Neg 2
sample

Ratio

Operator | A B C A B C A B C A B C A B C

Day1|1.76 | 197 | 1.82 | 2.34 | 3.76 | 253 | 0.14 | 0.13 | 0.12 | 0.01 | 0.01 | 0.01 | 0.00 | 0.00 | 0.00

230|168 |239|335|298|202|0.11|0.14|0.10 | 0.01 | 0.01 | 0.00 | 0.01 | 0.01 | 0.00

255 (183|202 |256|269|264|0.12|0.10 | 0.09 | 0.01 | 0.00 | 0.01 | 0.00 | 0.01 | 0.00

Mean of | 2.20 | 1.83 | 2.08 | 2.75 | 3.14 | 240 | 0.12 | 0.12 | 0.10 | 0.01 | 0.01 | 0.01 | 0.00 | 0.01 | 0.00
triplicate

SDof | 040 | 0.15| 0.29 | 0.53 | 0.55 | 0.33 | 0.02 | 0.02 | 0.02 | 0.00 | 0.01 | 0.01 | 0.01 | 0.01 | 0.00
triplicate

SD 0.19 0.37 0.01 0.00 0.00
between
operators

Day?2 | 181|194 | 234|389 |275|238|0.14 | 0.14 | 0.19 | 0.00 | 0.00 | 0.01 | 0.00 | 0.01 | 0.00

208|216 |1.82|285|251|319|0.12 |0.13 | 0.15| 0.01 | 0.00 | 0.01 | 0.00 | 0.01 | 0.00

250 (186|196 |209|333|237|012|0.14|0.13|0.01 | 0.01 | 0.01 | 0.00 | 0.01 | 0.01

Mean of | 2.13 | 1.99 | 2.04 | 2.94 | 2.86 | 2.65 | 0.13 | 0.14 | 0.16 | 0.01 | 0.00 | 0.01 | 0.00 | 0.01 | 0.00
triplicate

SDof | 0.35| 0.16 | 0.27 | 0.90 | 0.42 | 0.47 | 0.01 | 0.01 | 0.03 | 0.01 | 0.01 | 0.00 | 0.00 | 0.00 | 0.01
triplicate

SD 0.07 0.15 0.02 0.00 0.01
between
operators

Day 3 | 2.09 | 2.00 | 2.04 | 2.22 | 3.48 | 2.60 | 0.17 | 0.11 | 0.10 | 0.00 | 0.01 | 0.01 | 0.02 | 0.01 | 0.00

226 |232|210| 253|424 |242|0.12|0.14 | 0.13 | 0.02 | 0.00 | 0.01 | 0.00 | 0.00 | 0.00

215|226|153|270|250 190 |0.15|0.17 | 0.10 | 0.00 | 0.01 | 0.00 | 0.00 | 0.00 | 0.01

Mean of | 217 | 219 | 1.89 | 248 | 341 | 2.31 | 0.15| 0.14 | 0.11 | 0.01 | 0.01 | 0.01 | 0.01 | 0.00 | 0.00
triplicate

SDof | 0.09 | 0.17 | 0.31 | 0.24 | 0.87 | 0.36 | 0.03 | 0.03 | 0.02 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01
triplicate

SD 0.17 0.59 0.02 0.00 0.00
between
operators

Mean of all | 2.17 | 2.00 | 2.00 | 2.73 | 3.14 | 245 | 0.13 | 0.13 | 0.12 | 0.01 | 0.01 | 0.01 | 0.00 | 0.01 | 0.00
days

SDofall | 0.04 | 0.18 | 0.10 | 0.23 | 0.27 | 0.18 | 0.01 | 0.01 | 0.03 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
days

Overview of the results from testing the PGL-I QURapid robustness and reproducibility using anti-PGL-I IgM
highly seropositive (High 1-2), medium (Med) and seronegative (Neg 1-2) control serum samples by three
operators on three different days. Results are shown per operator (A-C), day (1-3) and control sample. Mean
and standard deviation (SD) are shown.
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Chapter 4
Abstract

It has been amply described that levels of IgM antibodies against Mycobacterium leprae (M.
leprae) phenolic glycolipid | (PGL-I) correlate strongly with the bacterial load in an infected
individual. These findings have generated the concept of using seropositivity for antibodies
against M. leprae PGL-I| as an indicator of the proportion of the population that has been
infected. Although anti-PGL-I IgM levels provide information on whether an individual has
ever been infected, their presence cannot discriminate between recent and past infections.
Since infection in (young) children by definition indicates recent transmission, we piloted the
feasibility of assessment of anti-PGL-I IgM seroprevalence among children in a leprosy
endemic area in India as a proxy for recent M. leprae transmission. A serosurvey for anti-
PGL-I IgM antibodies among children in highly leprosy endemic villages in Bihar, India, was
performed, applying the quantitative anti-PGL-I UCP-LFA cassette combined with low-
invasive, small-volume fingerstick blood (FSB). Local staff obtained FSB of 1,857 children
(age 3—11 years) living in 12 leprosy endemic villages in Bihar; of these, 215 children
(11.58%) were seropositive for anti-PGL-I IgM. The anti-PGL-I seroprevalence level of
11.58% among children corresponds with the seroprevalence levels described in studies in
other leprosy endemic areas over the past decades where no prophylactic interventions
have taken place. The anti-PGL-I UCP-LFA was found to be a low-complexity tool that could
be practically combined with serosurveys and was well-accepted by both healthcare staff
and the population. On route to leprosy elimination, quantitative anti-PGL-I serology in young
children holds promise as a strategy to monitor recent M. leprae transmission in an area.
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Introduction

Leprosy, caused by Mycobacterium leprae (M. leprae) or M. lepromatosis, is a debilitating
neglected tropical disease (NTD) still predominantly forming a health threat for poor and
marginalized populations from over 120 countries (1-3). It is a chronic infectious disease
that can cause long-term nerve damage and often results in both physical and social
disabilities (4, 5). M. leprae is believed to be transmitted via aerosol droplets from the
respiratory system, during repeated and close contact with untreated patients (6). Only
approximately 5% of persons infected with M. leprae develop disease symptoms (4).
However, it is assumed that infected, asymptomatic individuals carrying sufficient amounts
of the mycobacterium contribute to its transmission (7,8).

Multidrug therapy (MDT) effectively kills M. leprae and provides an effective cure if treatment
is initiated timely. Following MDT’s introduction in 1981, leprosy prevalence has significantly
dropped. Yet, transmission of M. leprae remains, reflected by over 9,000 new child cases
detected in 2022 worldwide (9). It is also believed that large numbers go undetected as a
result of the drop in leprosy-focused healthcare following the declaration of leprosy
elimination on the global level (10).

The WHO'’s Global Leprosy Strategy 2021-2030 aims to significantly reduce the number of
new cases with grade 2 disability and new child cases by focusing on early detection of
disease and interruption of transmission. To achieve the latter, it is vital to identify and treat
sources of infection, e.g., multibacillary (MB) cases with high bacillary loads that are highly
likely to transmit bacteria (11, 12). Detecting M. leprae infected individuals lacking clinical
symptoms who can transmit the bacterium or develop leprosy themselves remains a major
challenge for dedicated control programs. Monitoring leprosy elimination is currently
conducted by evaluating the proportion of new child cases (below age 15) among the total
number of new cases detected (9, 13, 14). As only a small percentage of M. leprae-infected
individuals progress to disease and it can take many years before symptoms of leprosy
manifest (15), using new cases to monitor elimination does not provide sufficiently accurate
and up-to-date information with respect to (elimination of) transmission.

Household contacts of MB leprosy cases have been reported to be most vulnerable to
contracting disease (16, 17). Levels of IgM antibodies against phenolic glycolipid | (PGL-I),
a specific cell wall component of M. leprae, correlate strongly with the bacterial index (BI) of
M. leprae-infected individuals (8, 18, 19). Moreover, based on a literature review covering
reports on serology for leprosy from 1987 to 2020 worldwide, we showed that quantitative
anti-PGL-I serology in young children as a measure for M. leprae infection provides the
potential for assessing recent transmission rates in a community (20, 21). These findings,
on top of the observation that MB cases are more likely to transmit bacteria, provide a
rationale for identifying seropositive individuals to study transmission. Although the presence
of antibodies cannot discriminate between recent and past infection, infection in young
children by definition indicates recent transmission. Therefore, the assessment of
seropositivity in children is recommended by the WHO “Task Force on definitions, criteria
and indicators for interruption of transmission and elimination of leprosy” as an indicator to
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monitor elimination (9) and offers a tool to study the effects of interventions including post-
exposure prophylaxis (PEP).

Over the past years, we have developed a robust, user-friendly test that detects anti-PGL-I
IgM antibodies using the unique upconverting reporter particle (UCP) technology in a low-
cost lateral flow-based assay (LFA) format [(18, 22—-26) and Pierneef et al. (manuscript in
preparation)]. The anti-PGL-I UCP-LFA offers a sensitive, low-complexity rapid test to
quantitatively determine anti-PGL-I IgM levels in capillary and venous blood (24, 27).

In India, the new leprosy child case detection rate was approximately 10 per 1,000,000 child
population in 2020 (28). Of the new cases of all ages registered in India, 15 to 20% (16,000—
20,000 individuals each year) are located in Bihar (29), a socioeconomically poor state in
the eastern part of the country with an estimated population of over 100 million people (30).
In this study, we report for the first time the application of the fully integrated anti-PGL-1 UCP-
LFA cassette in a larger serosurvey using fingerstick blood (FSB). We aimed to assess the
use of the anti-PGL-I UCP-LFA as a tool for measuring M. leprae infection among children
as a proxy for transmission in Bihar, India.

Methods
Study participants

Study participants were consenting individuals living in a Health and Demographic
Surveillance System (HDSS) site in Muzaffarpur district, Bihar, India.

Children cohort

As part of the Tropical Medicine Research Center (TMRC) study on leishmaniasis in the
already-existing Muzaffarpur HDSS, a door-to-door screening was performed by the staff of
the Banaras Hindu University (BHU; Varanasi, India) (31, 32). The screening started in
August 2020 and was completed in January 2021. FSB from children (n = 1,857; 987
male/870 female) between 3 and 11 years of age living in Bihar was collected (Table 1). The
inclusion criteria were all children without any signs of leprosy or other diseases residing
permanently in one of the following villages in the old HDSS area (32): Singar Phulkahan,
Madhopur
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Table 1. Age and gender of the 1,857 children per village of residence.

Village Village # Children Age Gender (%

name mean female)
(range)

A Singar 114 7(3-9) 43.86
Phulkahan

B Madhopur 126 7 (5-9) 4524
Chhapra

C Godai 216 7(5-9) 50.46
Phulkahan

D Godai Jamal 110 7(5-9) 45.45

E Vishwanathpur 89 7 (5-9) 49.44

F Raksha North 164 7 (5-11) 49.39

G Raksha North 204 7(5-9) 48.04
Chauk

H Raksha South 97 7 (5-9) 50.52
West

1 Raksha South 411 7(5-9) 47.69

] Raksha Deah 250 7 (3-9) 40.80

K Nariyar 70 7 (5-9) 4857
Nawada

L Arizpur Kothi 6 7(5-9) 0
Total 1,857 7(3-9) 46.85

The number (#) of children, mean age (range), and percentage of females per village of residence are
provided.

Chhapra, Godai Phulkahan, Godai Jamal, Vishwanathpur, Raksha North, Raksha North
Chauk, Raksha South West, Raksha South, Raksha Deah, Nariyar Nawada, and Arizpur
Kothi. Excluded were children below 2 years of age. BCG status was not recorded in this
study but has been above 84% and almost uniform across India since the time of the study
(2020) (33).

Leishmaniasis

In addition, the following biobank samples collected during the TMRC study in Bihar on
leishmaniasis were included.

Serum samples from leishmaniasis patients from the same area were collected, including
visceral leishmaniasis (VL; age 12-52; n = 20) and post-kala-azar dermal leishmaniasis
(PKDL; age 12-62; n = 20). VL patients were rK39 antibody/splenic aspirate positive and
displayed clinical symptoms of active VL. PKDL patients were rK39 antibody or skin slit
smear/PCR positive and had a history of VL (34).
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Asymptomatic individuals

Serum samples from asymptomatic individuals (ASY; age 10—-70) were collected. ASY were
individuals without any clinical symptoms of leishmaniasis, who were seropositive for rK39
antibodies in the Direct Agglutination Test (DAT; cutoff titer for positivity 21:1,600) (34).

Endemic controls

Serum samples from endemic controls (ECs; age 8-50; n = 20) were collected as part of
the NIH-TMRC project. ECs were individuals who tested seronegative for rK39
antibodies/DAT (34).

Fingerstick blood collection

FSB was collected using disposable 20 pl Minivette collection tubes (Heparin coated;
Sarstedt) and directly mixed with 980 pl high salt finger stick (HSFS) buffer: 100mM Tris pH
8.0, 270mM NaCl, 1% (v/v) Triton X-100, and 1% (w/v) BSA. FSB was applied to the anti-
PGL-I UCP-LFA cassette on the spot immediately after collection.

Serum collection

For samples that were used as positive and negative controls throughout the study, venous
blood samples were collected, in 4 ml plain BD vacutainer serum tubes (BD, Franklin Lakes,
NJ, USA). Tubes were centrifuged at an RCF of 500 xg for 10 min and sera were
subsequently aliquoted and frozen (-80-C) until use.

Anti-PGL-l UCP-LFA cassette

Fully integrated and individually packaged UCP-LFA cassettes for the detection of human
anti-PGL-l IgM antibodies were produced by MaximBio (Rockville, MD, USA; schematic
overview shown in Figure 1). The air-tight pouches with test cassettes contained silica dry
packs allowing extended shelf life and protection against humidity. The Test (T) line on the
LF strip comprised 100 ng of synthetic PGL-I, phenolic trisaccharide functionalized with a
hexanoic acid linker for conjugation to BSA [NPT1-H-BSA; Leiden, the Netherlands (35)].
The Flow- Control (FC) line comprised 100 ng rabbit anti-goat IgG [G4018; Sigma-Aldrich,
Inc., St. Louis, MO, USA). Goat IgG specific for anti-human IgM (10759; Sigma-Aldrich, Inc.,
St. Louis, MO, USA] was conjugated to polyacrylic acid functionalized UCPs [200 nm,
NaYF4:Yb3+, Er 3+; Intelligent Material Solutions Inc. (IMS); Princeton, NJ, USA MS]
according to previously described protocols at a concentration of 50 pug antibody per mg
UCP (23). Stock solutions were kept at 4°C until use. To dry the UCPs onto the glass fiber
conjugate-release pad, the material was diluted in a buffer containing 100mM Tris pH 8.0,
270mM NaCl, 10% (w/v) sucrose, 1% (w/v) BSA, 0.5% Tween-20, and striped at a density
of 100 ng/mm. Components were mounted on plastic backing cards which were cut into LF
strips of 4.8mm width by 6 cm length, added to an appropriate cassette, and individually
sealed in a pouch together with a silica dry pack.
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UCP-LFA

To initiate LF, 50 pl of the 50-fold diluted FSB or serum sample was added to the test
cassette. Cassettes were analyzed using a UCP adapted portable reader (LFR; Qiagen,
Hilden, Germany; Figure 1). The results were calculated as the ratio value (R) between T
and FC signals based on relative fluorescence units (RFUs) measured at the respective
lines. The cutoff for positivity (R = 0.12) for the UCP-LFA batch used in this study was based
on the median of a sextuple test of a standard control serum sample (+) performed in India
plus the standard deviation (SD). Measurements in India yielded an identical cutoff level as
in Leiden using aliquots of the same control serum sample (+). In addition, one highly anti-
PGL-I IgM-positive serum sample (++) and one negative serum sample (-) were tested as
control samples in sextuple to monitor the reproducibility of the test.

UCP-LFA Analysis

UCP detection

sample pad ; ;
: T EC
conjugate absorbent pad
release pad pos

neg

J\o J/

Figure 1. Fully integrated anti-PGL-l UCP-LFA cassette and analysis. Left: FSB is collected with a minivette
(20 pl). To initiate LF, a diluted FSB sample is added to the cassette onto the sample pad. Hydration of the
anti-lgM UCP-conjugate will allow the binding of anti-PGL-I IgM antibodies from the sample to the conjugate
and sequential binding to the T line with synthetic PGL-I. The FC line can bind UCP conjugate not bound to
the T line. Color-coded T and FC lines visible by the eye disappear upon flow. Right: UCP signals are detected
with a reader upon excitation with 980 IR light generating 540 nm emission. Results for positive and negative
samples are shown. Results are calculated as R-value, with the T signal divided by the FC signal. This figure
was created with BioRender.com. FC, flow control line; FSB, fingerstick blood; IgM, immunoglobulin M; IR,
infrared excitation; PGL-I, phenolic glycolipid |; R, ratio value, result of the UCP-LFA; T, test line; UCP-LFA,
upconverting reporter particle lateral flow assay.

Ethics

This study was performed in accordance with the Helsinki Declaration (7th revision, 64th
Meeting, 2013, Fortaleza). This study was a component of Muzaffarpur NIH-TMRC HDSS
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for which ethics approval was received from the institutional review boards of the Institute of
Medical Sciences, Banaras Hindu University (BHU; reference number Dean/2017/EC/185;
Dated 24/10/2017), Varanasi, India, and the review committee of the U.S. National Institutes
of Health (NIH). The institutional review board of BHU has received accreditation from the
National Institutes of Health in the United States. Ethics approval was also obtained by the
institutional review board of the Institute of Tropical Medicine, Antwerp (reference number
1305/19), and the Ethics Committee of the University Hospital of Antwerp (reference number
19/28/342), Belgium. All data were anonymized. Participants were informed about the study
objectives, sampling protocol, and their right to refuse to take part or withdraw from the study
without consequences for their treatment at any point in time. The refusal rate was lower
than 5%. Written informed consent was obtained from a parent, guardian, or village head
before enroliment. Consent forms were kept in a secure file cabinet at Kala-azar Medical
Research Center (KAMRC), Muzaffarpur, Bihar, India.

Statistical analysis

GraphPad Prism version 9.0.1 for Windows (GraphPad Software, San Diego, CA, USA) and
RStudio version 4.2.1 (Boston, MA, USA) were used to perform statistical analysis. The
distribution of anti-PGL-I data was checked for normality by plotting a histogram. Data were
then log-transformed based on the natural logarithm of the anti-PGL-I R-value plus 1. Mann—
Whitney U-tests and Kruskal-Wallis tests were performed to determine the statistical
significance between two and three independent groups, respectively. A logistic regression
analysis was performed to assess the association between age and anti-PGL-I positivity.

Results

This was the first time applying the anti-PGL-1 UCP-LFA cassette format at a larger scale in
a field setting. A quality control protocol (as described in the Methods) was performed to
monitor reproducibility (data not shown). The anti-PGL-I UCP-LFA was considered feasible
and accepted by both healthcare staff and the population.

Serosurvey for anti-PGL-l IgM among children in India

To assess seroprevalence for anti-PGL-I IgM in a leprosy endemic area, FSB samples of
1,857 children living in the state of Bihar, India, were obtained during a field serosurvey and
screened using the anti-PGL-I UCP-LFA cassette. Among these children, 215 (11.58%)
tested positive for anti-PGL-I IgM (Figure 2A; Supplementary Table 1). Anti-PGL-I R values
ranged from O to 0.84 with a median of 0.04 (IQR 0.02-0.07). The distribution appeared
unimodal with a mode of 0.01 and strongly skewed to the right. Upon log transformation
(based on the natural logarithm of the anti-PGL-I R-value plus 1), the distribution was still
very skewed with a small dip around 0.11, followed by a much lower second mode. The log-
transformed value of 0.11 corresponds with 0.12 on the original scale, and this confirms the
cutoff value of R = 0.12 used, as shown by the second peak in the histogram (Figure 2B).
From the seropositive children with R-values >0.2 (median of seropositive children plus SD
of seronegative children; n = 61), 51 could be followed up in October 2021 and examined
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for signs and symptoms of leprosy. One child (male, 9 years old) was diagnosed at follow-
up at the primary healthcare center as a new paucibacillary (PB) leprosy case 1 year after
the serosurvey (test performed in October 2020; R-value 0.21), showing a lesion on his left
upper arm.
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Figure 2. Presence of anti-PGL-l IgM antibodies in FSB of 1,857 children 3-11 years old in Bihar, India.
UCP-LFA cassettes were used to obtain a quantitative R-value (T/FC) indicating the presence of anti-PGL-I
IgM antibodies using a UCP reader. (A) Histogram with a mode of 0.01 for R: the highest R-value detected
was 0.84 (n = 1). The cutoff for positivity (R = 0.12) for the UCP-LFA batch used in this study is indicated by
the dotted line and was based on the median of a sextuple test performed in India of a standard control serum
sample (+) plus its standard deviation (SD). (B) Histogram of log-transformed R-values. FC, flow control line;
IgM, immunoglobulin M; PGL-I, phenolic glycolipid I; R, ratio value, result of the UCP-LFA; T, test line.

For all participants, information on age, gender, and place of origin was recorded at the time
of sampling FSB. The ages of the children in this cohort ranged from 3 to 11, with the majority
of the children being 5 (n = 410), 6 (n = 353), 7 (n = 392), 8 (n = 430), or 9 (n=268) years of
age. For children aged 5-9 years, the percentage of seropositive children showed an
increasing trend with age: from 7.32% at age 5 to 14.55% in age group 9 (Figures 3A, B;
Supplementary Table 2). The odds of testing positive for anti-PGL-I IgM in this age range
(5-9) increased by 18% per year (logistic regression; p = 0.002).
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Figure 3. Presence of anti-PGL-l IgM antibodies in FSB of children in relation to age, gender, and place
of residence. UCP-LFA cassettes were used to obtain a quantitative ratio (R) value (T/FC) indicating the
presence of anti-PGL-I IgM using a UCP reader. Median values for each group are indicated by horizontal
bars. The cutoff for positivity (R = 0.12) for the UCP-LFA batch used in this study was based on the median of
a sextuple test performed in India of a standard control serum sample (+) plus its standard deviation (SD). The
numbers of individuals per group are given in parentheses. (A) Anti-PGL-I IgM R values per age group. Two
children aged 3 years and one child aged 4 years were included in the 5-year-old age group and one child
aged 11 years was included in the 9-year-old age group. (B) Venn diagrams displaying the proportion of
children per age category for anti-PGL-I IgM-positive (+) and -negative (=) children. Colors indicate the age
groups. (C) Anti-PGL-I IgM R values per gender. (D) Anti-PGL-I IgM R values per village. A: Singar Phulkahan,
B: Madhopur Chhapra, C: Godai Phulkahan, D: Godai Jamal, E: Vishwanathpur, F: Raksha North, G: Raksha
North Chauk, H: Raksha South West, I: Raksha South, J: Raksha Deah, K: Nariyar Nawada, L: Arizpur Kothi.
FC, flow control line; IgM, immunoglobulin M; PGL-I, phenolic glycolipid I; R, ratio value, result of the UCP-
LFA; T, test line.

Ages were represented equally among the 987 male and 870 female participants (Table 2).
No correlation was found between gender and the presence of anti-PGL-I IgM antibodies
(Mann-Whitney U-test; p = 0.2314; Figure 3C). For female and male participants, almost
identical seropositivity percentages of 11.61 and 11.55% were found, respectively.
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Table 2. Age distribution among female and male children aged 3-11 in Bihar, India.

Gender Age # Children Cumulative # Percentage (%) Cumulative percentage (%)
children

Female 3 2 2 0.23 0.23
4 0 2 0 0.23
5 192 194 22.07 2230
6 148 342 17.01 3931
7 206 548 23.68 62.99
8 203 751 23.33 86.32
9 119 870 13.68 100
11 0 870 0 100

Male 3 0 0 0 0
4 1 1 0.10 0.10
5 218 219 22.09 2219
6 205 24 20.77 4296
7 186 610 18.84 61.80
8 227 837 23.00 84.80
9 149 986 15.10 99.90
11 1 987 0.10 100

The number (#) of children per age and gender are provided with the corresponding percentage of that group
in relation to total male/female participants.

Children from 12 different villages were included (Supplementary Figure 1). The majority of
the children were resident in Raksha South (n =411). In general, seropositivity rates among
the villages were similar (Figure 3D; Supplementary Table 3). However, a slight increase in
levels of antibodies (R-values) among Raksha South with villages Madhopur Chhapra,
Godai Phulkahan, Godai Jamal, Raksha North, and Raksha Deah was observed (Kruskal—
Wallis; p = 0.0003 to p = 0.0154).

Screening sera of leishmaniasis patients and controls

In addition to being endemic for leprosy, the area of Bihar is also endemic for leishmaniasis
(32, 36). As leishmaniasis is a differential diagnosis of leprosy (37), although not the main
purpose of this study, biobanked serum samples from individuals from exactly the same area
with VL (n = 20), PKDL (n = 20), asymptomatic Leishmania donovani (L. donovani) infection
(n = 20), and endemic controls (n = 20) were tested with the anti-PGL-I UCP-LFA cassette
as well. Two of the 60 individuals with confirmed L. donovani infection tested positive
(3.33%) for anti-PGL-I IgM (Table 3): one (R = 0.12) PKDL case and one person with an
asymptomatic L. donovani infection (R = 0.26). None of the endemic controls (age 8-50)
from the same area tested positive for anti-PGL-I IgM (Table 4). Moreover, plasma samples
of young children (age 1-6; n = 37) from a non-endemic area (the Netherlands) all tested
negative using the anti-PGL-I UCP-LFA cassette (Pierneef et al., unpublished data).
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Table 3. Ratio values for anti-PGL-l IgM measured in individuals infected with L. donovani in Bihar,
India.

# Individuals Cumulative # Percentage (%) Cumulative percentage (%)
individuals
0.00 15 15 25.00 25.00
0.01 16 31 26.67 5167
0.02 12 43 20.00 7167
0.03 7 50 11.67 83.33
0.04 2 52 | 333 86.67
0.05 3 54 333 90.00
0.06 2 56 ‘ 3.33 93.33
0.07 1 57 ‘ 167 95.00
0.09 1 58 167 96.67
0.12 1 59 167 98.33
0.26 1 60 167 100

The number (#) of individuals per ratio (R) value is provided with the corresponding percentage of that group
in relation to the whole cohort. The cutoff for positivity (R > 0.12) for the UCP-LFA batch used in this study was
based on the median of a sextuple test performed in India of a standard control serum sample (+) plus its
standard deviation (SD).

Table 4. Ratio values for anti-PGL-l IgM measured in endemic controls in Bihar, India.

# Individuals Cumulative # Percentage (%) Cumulative percentage (%)
individuals
0.00 2 2 10.00 10.00
0.01 3 5 15.00 25.00
0.02 8 13 40.00 65.00
0.03 2 15 10.00 75.00
0.04 1 16 5.00 80.00
0.05 2 18 10.00 90.00
0.09 1 19 5.00 95.00
0.10 1 20 5.00 100

The number (#) of individuals per ratio (R) value is provided with the corresponding percentage of that group
in relation to the whole cohort. The cutoff for positivity (R = 0.12) for the UCP-LFA batch used in this study was
based on the median of a sextuple test performed in India of a standard control serum sample (+) plus its
standard deviation (SD).

Discussion

Measuring seroprevalence among young children represents a potential tool to monitor the
intensity of recent transmission, particularly when antibody levels are assessed
quantitatively. Changes in seroprevalence measured in repeated cross-sectional surveys
among young children of a certain age group in an area can indicate the rate of transmission
as well as the effect of control measures or interventions in an area. On route to leprosy
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elimination, an indicator for the intensity of transmission would be highly valuable, as the
proportion of child cases, which is currently applied by the WHO, does not provide
information swiftly as it can take years for an infected individual to develop leprosy.
Moreover, it is not an accurate representation of infection as only a minority of the infected
individuals develop the disease (9).

In this study, using the anti-PGL-I UCP-LFA, we found seropositivity of 11.58% among
children in Bihar, a leprosy endemic state in India, with a prevalence rate of 17.1 per 10,000
population in 2019 (31), which is above the elimination threshold of 1 per 10,000 population
defined by the WHO (38). In agreement with previous research, this percentage falls in line
with the seroprevalence (median 14.9%) found in studies from endemic areas — mostly
Brazil, India, and Indonesia (20). Seropositivity slightly increased with age (between 5 and
9 years of age). Previous reports describe a similar increase with age, followed by a
decrease in antibodies after the age of 20 years (20, 39). Children of school-going age would
thus be a suitable target group for sensitive assessment of recent M. leprae infection.

The slightly higher R-values (individual anti-PGL-I IgM levels) found in Raksha South
compared to five other villages could not be explained by differences in the age and/or
gender of the children as compared to the other villages. However, group sizes were not
equal and Raksha South had a notably higher number of participants (n = 411), possibly
affecting the analysis.

Previous studies reported that seroprevalence was stable over time if leprosy incidence in
an area remained unchanged (20). A significant limitation hindering direct comparison of
previous seroprevalence results from endemic areas (mostly from India, Brazil, and
Indonesia) was the use of different assays measuring anti-M. leprae-specific antibodies.
Measurements were performed using either FSB or serum with variable dilutions, and target
antigens varied from native to synthetic PGL-l recognized by various IgM, IgG, or IgA
isotypes. In addition, cutoff values were often chosen arbitrarily. However, analysis of data
available from China showed that if the same method was used, a decrease in disease
prevalence or new case detection rate corresponded to a decrease in anti-M. leprae
antibody seroprevalence in children (21), adding the potential of measuring antibodies in
children as a tool for recent transmission.

Timely diagnosis and treatment can prevent disabilities from developing and the
mycobacterium from spreading (40). Active case-finding approaches by healthcare workers
are a proven method to identify cases at early stages (41). In addition to the use of serology
to monitor transmission, large-scale screenings have the potential to early identify new
cases. Although the presence of anti-PGL-l IgM does not predict disease, seropositive
individuals are at an increased risk of developing leprosy (42). In this study, 51 children were
followed up and screened for clinical symptoms. One boy aged nine (anti-PGL-I IgM R-value
0.21) was diagnosed at follow-up with PB leprosy indicating the additional benefit of
community seroscreening in children even for PB leprosy. As we took a cost-efficient
approach, it was outside the scope of this project to follow-up all seropositive children for
clinical examination which limits the additional impact of the study. In future studies, follow-
up of all seropositive children as well as a subgroup of randomly selected seronegative
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children should be included besides additional screening of contacts of seropositive children
to identify the source of transmission.

Single-dose rifampicin (SDR) PEP is a preventive treatment for leprosy which can decrease
the risk of developing disease among (household) contacts of leprosy cases (43). Large-
scale, international research proves that SDR-PEP is safe and the WHO recommends its
use in the combat against leprosy (44). As many activities including PEP administration are
ongoing worldwide and over 175,000 individuals have already received this regimen (44), it
is of interest to study the effect over time on M. leprae transmission (measured by
seroprevalence rates in children) of such prophylactic interventions and to compare the
effect of PEP on transmission between countries. Crucial would be the use of one
standardized, quantitative assay, which is preferentially field-friendly and easy to use at a
large scale. Therefore, the low-complexity UCP-LFA cassette — which is more robust and
easier to perform than the ELISA — quantitatively detecting anti-PGL-I IgM in FSB that was
field-tested in this study offers a particularly suitable format for this purpose.

Since PKDL is a differential diagnosis of leprosy (37), although not the main aim of this study,
we assessed the potential of the anti-PGL-I| UCP-LFA to discriminate between the two
infections. We found two out of 60 (3.33%) individuals infected with L. donovani to test
positive for anti-PGL-I IgM. However, while those individuals are living in an area where both
diseases are endemic, previous exposure to M. leprae cannot be excluded. Furthermore, in
an area not endemic for leprosy, young children all tested negative in the anti-PGL-I1 UCP-
LFA cassette, arguing for the specificity of the test. The HDSS team is experienced in
conducting studies for leishmaniasis in the field, and this provides opportunities for
combining leishmaniasis with leprosy research (32). Performing serosurveillance to monitor
the transmission of multiple NTDs simultaneously by pooling expertise into one joint
operation could save cost as well as time. To this end, the design of a (combined) rapid test
for the detection of antibodies against L. donovani (and M. leprae) could also be valuable
and is considered for future research (45).

Conclusion

Screening for quantitative assessment of anti-PGL-I IgM levels in children identified 11.58%
seropositivity in 12 villages in Bihar, India. These data are in line with seroprevalence data
reported (20, 21) for other endemic areas without PEP in the past decades. There was a
slight, significant increase with age, but no difference in seropositivity between genders was
observed. Anti-PGL-I IgM antibodies in young children are a useful indicator for M. leprae
infection, thereby serving as a proxy for recent transmission in an area and thus can be used
as a tool for monitoring the reduction of transmission when new cases are scarce. A follow-
up study 5 to 10 years later, again assessing the anti-PGL-I IgM antibodies in these villages
in Bihar in the same age groups, would provide insight into the changes in transmission in
this area. In addition, similar studies should be conducted in areas where leprosy is less
endemic or not endemic anymore to further validate this tool for monitoring the elimination
of transmission.
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Supplementary table 1. Ratio values for anti-PGL-I IgM measured in children aged 3 — 11 in Bihar,
India

R # children Cumulative # Percentage (%) Cumulative percentage (%)
children

0.00 105 105 5.65 5.65
0.01 305 410 16.42 22.08
0.02 284 694 15.29 37.37
0.03 207 901 11.15 48.52
0.04 165 1,066 8.89 57.40
0.05 117 1,183 6.30 63.70
0.06 120 1,303 6.46 70.17
0.07 110 1,413 5.92 76.09
0.08 69 1,482 3.72 79.81
0.09 60 1,542 3.23 83.04
0.10 52 1,594 2.80 85.84
0.11 48 1,642 2.58 88.42
0.12 22 1,664 1.18 89.61
0.13 31 1,695 1.67 91.28
0.14 27 1,722 1.45 92.73
0.15 16 1,738 0.86 93.59
0.16 12 1,750 0.65 94.24
0.17 14 1,764 0.75 94.99
0.18 13 1,777 0.70 95.69
0.19 12 1,789 0.65 96.34
0.20 7 1,796 0.38 96.72
>0.20 |61 1,857 3.28 100

The number (#) of children per ratio (R) value is provided with the corresponding percentage of that group in
relation to the whole cohort. The cut-off for positivity (R20.12) for the UCP-LFA batch used in this study was
based on the median of a sextuple test performed in India of a standard control serum sample (+) plus its
standard deviation (SD). Anti-PGL-I: anti-phenolic glycolipid I; IgM: immunoglobulin M; R: ratio value, result of
the UCP-LFA.
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Supplementary table 2. Anti-PGL-I IgM positivity in children aged 5 -9 in Bihar

Age # children # with R 20.12 (%)
5 410 30 (7.32)

6 353 39 (11.05)

7 392 52 (13.27)

8 430 55 (12.79)

9 268 39 (14.55)

For each age group the total number (#) of children, the number (percentage) testing positive for anti-PGL-I
IgM are indicated. The cut-off for positivity (R=0.12) for the UCP-LFA batch used in this study was based on
the median of a sextuple test performed in India of a standard control serum sample (+) plus its standard
deviation (SD). Anti-PGL-I: anti-phenolic glycolipid I; IgM: immunoglobulin M; R: ratio value, result of the UCP-

LFA.
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Supplementary table 3. Place of residence of the children aged 3 — 11 in Bihar and corresponding
percentage of anti-PGL-I IgM positive children

Village | Village name # children | # with R Percentage positive per | p-value*
20.12 village (%)
A Singar Phulkahan 114 18 15.79 >0.9999
B Madhopur Chhapra | 126 14 11.11 0.0003
C Godai Phulkahan 216 16 7.41 0.0154
D Godai Jamal 110 11 10.00 0.0368
E Vishwanathpur 89 13 14.61 0.6589
F Raksha North 164 10 6.10 0.0011
G Raksha North 204 25 12.25 >0.9999
Chauk

H Raksha South West | 97 11 11.34 >0.9999
| Raksha South 411 64 15.57 -

J Raksha Deah 250 23 9.20 0.0022
K Nariyar Nawada 70 7 10.00 >0.9999
L Arizpur Kothi 6 3 50.00 >0.9999

For each village the total number (#) of children, the number (percentage) testing positive for anti-PGL-I IgM
are indicated. The cut-off for positivity (R=0.12) for the UCP-LFA batch used in this study was based on the
median of a sextuple test performed in India of a standard control serum sample (+) plus its standard deviation
(SD). A Kruskal-Wallis test was performed to determine the statistical significance in anti-PGL-I IgM ratio (R)
values between villages. The p-value* indicates the difference between the corresponding village in
comparison to village Raksha South (). Anti-PGL-I: anti-phenolic glycolipid I; IgM: immunoglobulin M; R: ratio
value, result of the UCP-LFA.
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Chapter 5
Abstract

Leprosy remains a significant public health issue in endemic regions, including areas in
Indonesia. Transmission of Mycobacterium leprae (M. leprae) continues as clear from the
almost stable annual number of new leprosy cases amongst which around 5% are children.
To interrupt transmission of M. leprae, it is essential to identify and treat infection sources.
This study aimed to assess anti-M. leprae phenolic glycolipid-I (PGL-I) IgM seroprevalence
among school-aged children in rural and urban Indonesia, as a proxy for recent
transmission. Additionally, associations between seropositivity and gender, socioeconomic
status (SES), and helminth infection were investigated. We conducted a cross-sectional
serosurvey among 637 children (ages 6-15) from schools in urban and rural areas of
Sulawesi, Java, and Sumba, Indonesia. The PGL-I QURapid, a field-friendly and quantitative
lateral flow assay, was used to detect anti-PGL-l IgM in fingerstick blood and plasma
samples. Socioeconomic and health data, including helminth infection status and body-
mass index z-scores (z-BMI), were also collected. The overall seroprevalence of anti-PGL-
I IgM in children was 12.2% with significantly higher seroprevalence in rural (Southwest
Sumba: 31.0%, Pangkajene: 11.2%) compared to urban areas (North Jakarta: 3.8%,
Makassar city: 3.1%). Moreover, seroprevalence amongst children from low-SES schools
was significantly higher (13.7%) than among those from high-SES schools (4.1%, P =
0.007). The presence of helminth infections were associated with significantly higher anti-
PGL-I IgM levels (P < 0.0001), with 22.4% of helminth-infected children testing seropositive
compared to 8.8% of non-infected children (P < 0.001). Our findings demonstrate a high
anti-PGL-l IgM seroprevalence among rural, low-SES, and helminth-infected children in
Indonesia, indicating elevated levels of M. leprae infection within these groups which again
represents increased transmission rates in the population. These results underscore the
need for integrated disease control strategies addressing both leprosy and helminthiasis,
particularly in rural and economically disadvantaged areas. The PGL-I QURapid
demonstrated to be an effective tool in serosurveys, able to aid the identification of areas
with high M. leprae transmission rates (such as Sumba) and thereby support the
implementation of targeted interventions in endemic regions.
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Introduction

Leprosy, caused by Mycobacterium leprae (M. leprae) or Mycobacterium lepromatosis (M.
lepromatosis), is a neglected tropical disease that primarily affects the skin, peripheral
nerves, upper respiratory tract, and eyes [1]. Although curable with multidrug therapy (MDT),
leprosy remains a significant public health concern, particularly in low-income countries
where healthcare access is limited, such as Indonesia [2]. Despite ongoing control efforts,
many individuals continue to suffer from the long-term consequences of leprosy, including
physical disability and social stigma [3].

The maijority of exposed individuals does not develop clinical disease as they are adequately
protected by their immune system [4], but asymptomatic carriers can still harbor the bacteria
in the nasopharyngeal cavity and could contribute to transmission [5], complicating control
strategies. Notably, the incubation period can generally span 2-10 years, but even over 50
years has been reported [6, 7]. Close and prolonged contact with untreated leprosy patients
remains a primary risk factor, placing household contacts at the highest risk of developing
the disease [8-11]. Other factors reported to be associated with increased risk of leprosy are
low socioeconomic status (SES), malnutrition, and substandard living conditions [12, 13].
Moreover, in leprosy endemic areas, coinfection with soil-transmitted helminths (STH) is
common [14]. Pre-existing helminth infections may enhance susceptibility to M. leprae
infection or exacerbate disease severity through modulation of host immune responses [14,
15]. Given the high burden of helminths in leprosy endemic regions, integrated disease
control strategies are vital [16].

To successfully interrupt transmission of M. leprae, it is essential to identify and treat
infection sources early [17]. Currently, leprosy elimination efforts are monitored by assessing
the proportion of new cases in children under 15 years of age among the total number of
newly detected cases. However, since only a small fraction of individuals infected with M.
leprae develop clinical disease - and because symptoms may take years to appear - this
indicator does not provide timely or sufficiently accurate insight into ongoing transmission.
Instead, monitoring infection rates could offer a more informative and responsive measure
to guide intervention strategies, assess transmission trends, and track progress toward
elimination [18-21]. Due to its usefulness in detecting infection among asymptomatic
individuals [19, 22, 23], the WHO recommends using M. leprae-specific anti-phenolic
glycolipid-l (PGL-l) serology in children as a tool for assessing ongoing M. leprae
transmission . PGL-I is a glycolipid found exclusively in the cell wall of M. leprae and M.
lepromatosis, highlighting its specificity for the leprosy causing pathogens. IgM levels
against this antigen correlate strongly with the bacterial load in infected individuals [24],
making it a useful marker for the identification of those most likely to contribute to
transmission. Anti-PGL-I IgM can be present in individuals with either past or present M.
leprae infection. As infection in (young) children typically indicates recent transmission
(since it cannot exceed their age), the detection of antibodies in this group likely indicates
recent or ongoing infection, making them a preferred group to monitor seroprevalence and
thus transmission.

The type of serological test and standardisation of the cut-off for positivity used in
seroscreening for assessment of transmission is crucial [19]. To facilitate field-based
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surveillance, we have developed the PGL-I QURapid; a low-cost, user-friendly lateral flow
assay employing upconverting reporter particle (UCP) technology for the quantitative
detection of anti-PGL-I IgM in capillary or venous blood [25]. This test provides a practical
and scalable tool for resource-limited settings, offering application in multiple use cases
globally.

In 2000, the WHO announced that Indonesia had effectively eliminated leprosy [26],
meaning that prevalence had fallen below the WHO-defined epidemiological threshold,
which is distinct from complete elimination of the disease from the population. This led to
significant downscaling of the national leprosy control program, especially affecting areas
with limited medical services [27, 28]. Still, Indonesia ranks as the third-highest contributor
to the global leprosy burden, with approximately 12,000-17,000 new cases reported annually

[3].

In this study, we assessed the seroprevalence of anti-PGL-lI IgM among school-aged
children from rural and urban areas across Indonesia using the PGL-I QURapid. By
exploring associations between seropositivity and factors such as gender, SES, and
helminth infection, we sought to identify environmental and host-related determinants of M.
leprae infection. The resulting insights may inform public health strategies for leprosy control
and support the implementation of targeted interventions by identifying hotspots for M.
leprae transmission.

Methods

Ethics. This study used samples collected during two population studies conducted
previously [29][Ali S., et al., manuscript under review]. The use of these samples in the
current serosurvey was approved by the Ethical Committee of the School of Medicine and
Health Sciences (SMHS), AJCUI (Ref. No.: 0004F/IlI/PPPR.PM.10.05/04/2024). The study
in Sulawesi was approved by the Hasanuddin University Ethical Committee (Ref. No.:
UH23080619.01/11/2023). Parents were informed about the study and written parental
consent was obtained for each child to participate in the study prior to sample collection.

Study participants and locations. Study participants were schoolchildren (n = 637; age 6-
15 years) from different socio-economic backgrounds living in rural and urban parts of three
areas in Indonesia (Supplementary figure 1):

Sulawesi: 321 children from two elementary schools located in the urban centre of Makassar
(Makassar city District), as well as two elementary schools situated on the rural island of
Karanrang (Pangkajene dan Kepulauan District). Sample and data collection took place
between September and November 2023. Schools differed in socio-economic status (SES);
three schools were designated “low-SES” and one school “high-SES” [30]. The high-SES
school was located in the city center and is considered of high-SES status, with a majority
of the parents working as high-skilled workers or professionals with higher education.
Meanwhile, the low-SES schools were located near landfill and port areas, where most of
the parents are low-educated and work in low-skilled labor jobs.
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Java: 158 children from (low-SES) public schools in the Kamal Muara (KM) sub-district,
located within the Penjaringan District of North Jakarta, an urban-slum area in Java.

Sumba: 158 children from the rural (low-SES) Hameli-Ate sub-district within the North Kodi
District of Southwest Sumba, located in eastern Indonesia.

Within each district, schools were purposively selected based on existing collaborations,
prior contact with the research team and approval by the headmasters, as part of a bigger
study. Schools were chosen to represent both urban and rural settings and, where possible,
different socio-economic backgrounds. Children from all classes in the selected schools who
were willing to participate and for whom parental informed consent was obtained were
invited to take part. The study sites on Sumba and Java aimed for approximately similar
numbers of participants at each site (around 160 children). For the other sites (South
Sulawesi), numbers were dependent on the number of schoolchildren available at the
schools focused on in this sub-study, and set to allow for meaningful comparisons across all
study sites.

New case detection rates (NCDR) by district for 2023 are presented in Supplementary table
1[31].

Demographic data collection. Information regarding demographics and indicators of SES
was obtained using a questionnaire. Body weight and height were measured and used to
calculate the age-standardised z-scores of body mass index (z-BMI), according to WHO
guidelines [32]. For the purpose of this study, the categorisation of BMI-for-age was
simplified by classifying all children with a z-score lower than -2 as “underweight”, all children
with a z-score between -2 and 1 as “normal weight” and all children with z-scores above 1
as “overweight”. BCG vaccination was assessed by examining the presence of a BCG scar
on the upper arm, measured as the mean of two diameters using a ruler.

Parasitological examination. Same day stool specimens were obtained from each child
and subjected to microscopic examination upon arrival at the laboratory. Stool specimens
were examined using Kato-Katz technique in accordance with WHO recommendations for
the detection of STH, such as Ascaris lumbricoides, Trichuris trichiura and hookworm [33].
For stool specimens collected from the KM area (Java), additional microscopy techniques
were employed: a direct smear and Haradamori (a culture-based microscopy technique)
targeting the larvae of hookworms or Strogyloides stercoralis [29].

Fingerstick blood collection. FSB was collected using disposable 20 uyl Minivette ®
collection tubes (Heparin coated; Sarstedt) and directly mixed with 980 pl high salt finger
stick (HSFS) buffer: 100 mM Tris pH 8.0, 270 mM NaCl, 1% (v/v) Triton X-100, and 1% (w/v)
BSA providing a 50-fold dilution [22, 25].

Plasma specimen collection. The whole blood samples were collected from KM and HA
areas, in 0.5 ml EDTA vacutainer tubes (BD, Franklin Lakes, NJ, USA). Tubes were
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centrifuged at 2,500 rpm for 10 min and plasma was subsequently aliquoted and frozen (-
80°C) until further use.

PGL-I QURapid. Individually packaged UCP-LFA cassettes for the detection of human anti-
PGL-I IgM antibodies were produced by Maxim Biomedical Inc. (Rockville, MD, USA) as
described previously [22]. The air-tight pouches with test cassettes contained silica dry
packs for extended shelf life and protection against humidity. The Test (T) line on the LF strip
(nitrocellulose membrane; Sartorius UniSart CN95) comprised 100 ng of synthetic PGL-I,
phenolic trisaccharide functionalized with a hexanoic acid linker for conjugation to BSA
(NPT1-H-BSA; Leiden, the Netherlands) [34]. The flow-control (FC) line comprised 100 ng
rabbit anti-goat IgG (G4018; Sigma-Aldrich, Inc., St. Louis, MO, USA). Goat IgG against
human IgM (10759; Sigma-Aldrich, Inc., St. Louis, MO, USA) was conjugated to polyacrylic
acid functionalized UCPs [200 nm, NaYF4:Yb3+, Er3+; Intelligent Material Solutions Inc.
(IMS); Princeton, NJ, USA] according to previously described protocols at a concentration
of 50 ug antibody per mg UCP [35]. To dry the UCPs onto the glass fiber conjugate-release
pad, the material was diluted in a buffer containing 100 mM Tris pH 8.0, 270 mM NaCl, 10%
(w/v) sucrose, 1% (w/v) BSA, 0.5% Tween-20, and striped at a density of 100 ng/mm.

UCP-LFA. 50 pl of a 50-fold diluted FSB- or plasma sample was added to the LF strip to
initiate LF. PGL-I QURapid-tests were analyzed using a battery-operated UCP-adapted
portable lightweight standalone reader (ESEQuant LFR adapted for UCP; DIALUNOX,
Stockach, Germany) [36]. Results were calculated as the Ratio (R-)value between the test
line (T) and the flow control line (FC) signal based on relative fluorescence units (RFUs)
measured at the respective lines. A quality control (QC) protocol was designed to monitor
test reproducibility using sera of clinically diagnosed leprosy patients selected based on their
anti-PGL-I IgM levels in standard anti-PGL-I IgM ELISAs [24, 34]: a highly seropositive, a
seropositive with an OD indicative for the cut-off for seropositivity with the corresponding
anti-PGL-l IgM ELISAs (QC reference) and a seronegative serum sample (from a healthy
Dutch blood bank donor without travel history to leprosy endemic areas). For direct
comparison of FSB and plasma test data, results were normalized and presented as anti-
PGL-I ‘units’. A seropositivity cut-off of = 0.16 was applied for serum/plasma, and = 0.12 for
FSB. The determination of these cut-offs was described previously [25]. In the reported
study, the WHO TPP published in 2023 [37] was leading in terms of required minimum Sn/Sp
for establishing a cut-off. Assuming a linear relation between R-value and concentration
above the cut-off value, units were calculated by dividing individual R-values by the
respective cut-off value, in analogy to methods used in anti-PGL-I ELISAs [38-41]. Units = 1
were considered seropositive.

Statistical analysis. This study was conducted in four purposively selected districts and a
limited number of schools within each district. Data clustering by school was not accounted
for in the analyses. Consequently, all analyses should be considered exploratory, aimed at
describing patterns rather than generating nationally representative estimates. The
statistical software GraphPad Prism version 9.0.1 for Windows (GraphPad Software, San
Diego, CA, USA) and IBM SPSS Statistics for Windows version 29 (IBM Corp, Armonk, NY,
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USA) were used to perform statistical analysis. Mann—Whitney U and Kruskal-Wallis tests
were used to assess differences between two and three independent groups, respectively.
Differences in seroprevalence between groups in cross-sectional analyses were evaluated
using Chi-squared tests. When information regarding age, gender, helminth infection status,
or z-BMI was missing, those individuals were excluded only from the analyses requiring that
specific variable, but they remained included in all other analyses for which their data were
complete.

Results

Study participants. To assess M. leprae transmission in rural and urban areas with varying
SES in Indonesia, we measured anti-PGL-I IgM seroprevalence using the PGL-I QURapid
among 637 school-aged children from elementary schools located in North Jakarta,
Makassar city, Pangkajene and Southwest Sumba. Of the participants, 51.2% were female,
with a median age of 9 years (range: 6-15; Table 1). The majority (84.6%) attended low-SES
schools, while 15.4% attended high-SES schools. Half of the children (50.1%) were from
rural areas. Helminth infections were present in 28.3% of the participants, 20.1% were
classified as underweight and 18.1% as overweight.

Seroprevalence, gender differences and BCG. Among the 637 children tested, 78
(12.2%) were seropositive for anti-PGL-I IgM (Table 2). Female children had significantly
higher levels of anti-PGL-I IgM compared to male children (Supplementary figure 2A; Mann-
Whitney: P < 0.0001). Additionally, seropositivity rates were significantly higher in females
(n =50, 15.4%) than in males (n = 28, 9.0%; Chi-squared: P = 0.016; Supplementary figure
2B). When analyzing the sites separately by gender, we found a similarly significant result
for the urban sites, while only a trend was observed for the rural sites. No significant age-
related differences in anti-PGL-l levels were observed (Supplementary figure 2C).
Furthermore, BCG-scar size did not appear to influence seropositivity quantitatively as there
was no correlation between size of the scar and levels of anti-PGL-I IgM (data not shown).
The distribution of anti-PGL-l R-values is shown in Supplementary figure 3.

Rural vs. urban areas. Seroprevalence was lowest in urban areas, with Makassar city
(3.1%) and North Jakarta (3.8%) showing the smallest proportions, while notably higher
rates were observed in rural areas: Southwest Sumba (31.0%) and Pangkajene (11.2%;
Table 2). Consistent with these findings, median anti-PGL-I IgM levels were significantly
higher in children from rural areas (0.44; Southwest Sumba and Pangkajene) compared to
those from urban settings (0.19; Makassar city and North Jakarta; Figure 1; Mann-Whitney;
P < 0.0001). Moreover, when focusing on the children with anti-PGL-I units = 2 (n = 20), the
vast majority (n = 19) 95.0% were derived from rural areas.
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Figure 1. Anti-PGL-l IgM in children in urban and rural areas across Indonesia.

A: Anti-PGL-I IgM (in units; y-axis) of children from urban and rural areas (x-axis). Dots (open circles) represent
anti-PGL-| units for individual samples. A Mann-Whitney U test was performed to determine differences
between the two groups (**** P < 0.0001). Anti-PGL-I units = 1 (dotted line) were considered seropositive.

B: Percentages (%) of children testing seropositive (y-axis) for anti-PGL-I IgM stratified by urban and rural area
(x-axis). Chi-squared tests were performed to test for differences in percentages between the two groups (***
P <0.001). IgM: immunoglobulin M; PGL-I: phenolic glycolipid-I.

When comparing seroprevalence in healthy young children with the leprosy patients’ NCDR
in the same area, we observed that the relatively lower NCDR in North Jakarta (3.5/100,000)
and Makassar city (7.1/100,000) corresponded with lower seroprevalence (3.1-3.8%) of anti-
PGL-l IgM in healthy young children, whereas the higher NCDR in Pangkajene
(19.3/100,000) corresponded with higher seroprevalence (11.2%; Figure 2). In Southwest
Sumba, on the other hand, this pattern did not hold true, as high seroprevalence (31.0%)
was observed despite a relatively low NCDR (7.6/100,000). However, in this area in Sumba,
the number of underreported cases is probably high, since dedicated leprosy control efforts
are lacking. An active case finding study has identified 48 (80%) MB and 12 (20%) PB cases
among newly diagnosed patients, of whom 20 (33%) already had visible grade 2 disabilities
at diagnosis [25], indicating late diagnosis.
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Figure 2. Anti-PGL-l IgM seropositivity in children, stratified by study district and compared with the
corresponding leprosy new case detection rate (NCDR).

Seropositivity percentages are shown in orange (left y-axis) for North Jakarta, Makassar City, Pangkajene dan
Kepulauan, and Southwest Sumba (x-axis). NCDR per district is shown in blue (right y-axis).

High-SES vs. low-SES. Given that leprosy is often associated with poverty [13, 42] as well
as malnutrition [43], we examined M. leprae infection rates between children differing in z-
BMI scores attending high-SES and low-SES schools. The data showed that children from
low-SES schools had significantly higher anti-PGL-I levels than those from high-SES
schools (Mann-Whitney: P < 0.0001; Figure 3A). A significantly higher percentage (13.7%)
of children from low-SES schools tested seropositive for anti-PGL-I IgM (high-SES: 4.1%;
Figure 3B; Chi-squared: P = 0.007). When investigating weight of the children as a
parameter of well- or malnutrition, we observed that among high-SES students (n = 91),
6.6% (n = 6) were underweight, whereas among the 485 children from low-SES schools,
22.7% (n = 110) were underweight.. Anti-PGL-I IgM levels were significantly higher in
children who were underweight or of normal weight compared to those who were overweight
(Figure 3C; Kruskal-Wallis: both P < 0.0001). After stratifying by SES, the association
persisted only in the low-SES group (Figure 3D).

101



units

Chapter 5

%k

* kKK 100+

40—
seronegative
20—

seropositive

<. B o - T T
high-SES low-SES high-SES low-SES
n=98 n=539 n=98 n=539

d high-SES low-SES

units
units

Figure 3. Anti-PGL-I IgM in children attending high-SES and low-SES schools in Indonesia.

A: Anti-PGL-I IgM (in units; y-axis) of children attending high-SES and low-SES schools (x-axis). Dots (open
circles) represent anti-PGL-I units for individual samples. A Mann-Whitney U test was performed to determine
differences between the two groups (**** P < 0.0001).

B: Percentages (%) of children seropositive (y-axis) for anti-PGL-I IgM stratified for SES; high and low (x-axis).
Anti-PGL-I units = 1 (dotted line) were considered seropositive. Chi-squared tests were performed to test for
differences in percentages between the two groups (** P < 0.01). IgM: immunoglobulin M; PGL-I: phenolic
glycolipid-I.

C: Anti-PGL-I IgM (in units; y-axis) of children classified as being underweight, having normal weight or being
overweight (x-axis). PGL-l units = 1 (dotted line) were considered seropositive. A Kruskal-Wallis test with
Dunn’s correction for multiple testing was performed to determine differences between the three groups (****
P < 0.0001). z-BMI scores were used to classify weight groups. z-BMI < -2: underweight; z-BMI =2 -2 and < 1:
normal weight; z-BMI > 1: overweight. z-BMI scores were not recorded for 61 participants.

D: Anti-PGL-I IgM levels (y-axis) stratified by SES (left panel: high-SES; right panel: low-SES) for children
classified as underweight, normal weight, or overweight (x-axis).

Helminth infection. Helminth infections such as Ascaris lumbricoides, Trichuris trichiura
and hookworm, are common in areas where leprosy is endemic [14, 44, 45]. Therefore, we
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assessed anti-PGL-I levels in relation to helminth infection status. Helminth positivity was
substantially higher in rural areas (Pangkajene: 42.6%; Southwest Sumba: 57.0%) in
comparison to urban areas (Makassar city: 14.8%; North Jakarta: 0%; Table 3).

In helminth-infected children, median anti-PGL-I IgM levels were significantly higher (Figure
4A; Mann-Whitney: P < 0.0001). Among these children (n = 170), 22.4% (n = 38) tested
seropositive for anti-PGL-I IgM compared to only 8.8% (n = 38 of 431) in those who were
not helminth-infected (Figure 4B; Chi-squared: P < 0.001).

a b *kok
1
100
80
60
£ %
3 40
20 seronegative
seropositive
0 I I
helminth - helminth + helminth - helminth +
n=431 n=170 n=431 n=170

Figure 4. Anti-PGL-l IgM in children with and without helminth infection in Indonesia.

A: Anti-PGL-I IgM (in units; y-axis) of children with and without helminth infection (x-axis). Dots (open circles)
represent anti-PGL-l units for individual samples. A Mann-Whitney U test was performed to determine
differences between the two groups (**** P < 0.0001).

B: Percentages (%) of children testing seropositive (y-axis) for anti-PGL-I IgM stratified by helminth infection
status (x-axis). Anti-PGL-l units = 1 (dotted line) were considered seropositive. Chi-squared tests were
performed to test for differences in percentages between the two groups (*** P < 0.001). IgM: immunoglobulin
M; PGL-I: phenolic glycolipid-I.

Discussion

This serosurvey contributes to the growing body of research assessing anti-PGL-I
seroprevalence among children [8, 10, 46-49] as an indicator of M. leprae transmission,
building on previous studies from other endemic regions while providing new data from
Indonesia using a field-friendly, rapid test. The study also explores associations with SES
and helminth infection. Our study reveals a significant burden of (past or present) M. leprae
infection among school-aged children in Indonesia, particularly in rural and low-SES
settings. The overall seroprevalence of 12.2% in children is in line with previously reported
seroprevalence in leprosy endemic areas using our test [19, 22] and underscores that
transmission is ongoing despite elimination efforts. Markedly higher seroprevalence was
found in rural areas such as Southwest Sumba (31.0%) and Pangkajene (11.2%) compared
to urban areas like Makassar city (3.1%) and North Jakarta (3.8%). The mechanisms
underlying higher M. leprae infection rates in rural settings remain incompletely understood.
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Transmission is thought to occur primarily from MB cases to susceptible individuals.
However, several factors may contribute to higher seroprevalence in rural areas, including
delayed diagnosis of index cases [28], limited access to healthcare and poor sanitation [50].
The markedly higher prevalence of helminth infections in these areas may further increase
susceptibility through immunomodulation [45]. Recent studies have also suggested the
potential role of soil [51] and water [52] as reservoirs of M. leprae, although more research
is needed. While these hypotheses do not provide definitive explanations, they highlight the
complex interplay of environmental, socioeconomic, and host factors that likely drive
ongoing transmission in rural Indonesia.

Children attending low-SES schools exhibited seropositivity more frequently with
significantly higher anti-PGL-I IgM levels than their high-SES counterparts, indicating higher
transmission rates in the population where these groups originate from. Moreover, our
findings further support the association between low-SES and increased exposure to M.
leprae, highlighting that poverty-related factors indeed may contribute to heightened
vulnerability to leprosy [13, 42]. This trend correlates with higher rates of undernutrition
among low-SES children, supporting earlier findings that malnutrition impairs immune
function and increases susceptibility to infection [43, 53, 54]. In relation to this, Feenstra et
al. reported a rise in leprosy cases following a period of famine in Bangladesh, further
underscoring the role of nutritional stress in amplifying disease vulnerability [43]. These data
emphasize the need for holistic public health strategies that address both infectious
diseases and nutritional deficiencies.

Our observation that female children exhibited significantly higher anti-PGL-I IgM levels than
males is notable, given that males are generally reported to be more often affected by
leprosy [55, 56]. However, leprosy in women is probably underreported due to sociocultural
factors as well as stigma [56, 57] and elevated anti-PGL-I IgM levels among females have
been documented previously [47, 48, 58, 59]. Nonetheless, the underlying reasons for this
finding remain unclear and warrant further investigation.

Our findings indicate a clear association between helminth infection and elevated anti-PGL-
I IgM levels. Seropositivity was 2.5 times higher among helminth-infected children (22.4%)
compared to uninfected peers (8.8%). This reinforces the hypothesis that helminth-induced
immunomodulation may increase susceptibility to M. leprae or delayed clearance of the
pathogen [14, 15, 44]. Given this correlation, there is a strong rationale for incorporating
helminth prophylaxis as part of integrated public health strategies in regions with concurrent
burdens of leprosy and STH [16]. Improvements in sanitation may also contribute by
lowering helminth prevalence, providing an additional mechanism for reductions in leprosy
incidence. However, the introduction of helminth prophylaxis in leprosy-endemic settings
must be approached with caution. Helminths are known to modulate host immune responses
toward a Th2-biased profile [60], which may partially suppress Th1-type responses that are
critical in leprosy control [14]. Sudden removal of helminth-induced immunoregulation may
theoretically unmask subclinical leprosy or precipitate immunological reactions, such as
reversal reactions (Type 1) [14] or erythema nodosum leprosum (Type 2) [61]. Therefore,
any integration of deworming programs into leprosy control efforts warrants careful
monitoring, along with clinical training to recognize and manage reactions effectively.
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Southwest Sumba emerged in our study as the site with a striking seroprevalence of 31.0%
among school-aged children, indicating high transmission. Although for the three other sites
there seemed to be an association between the measured seroprevalence and NCDR, for
Sumba seroprevalence in children did not align with the reported NCDR for the area [62].
However, this could be due to the lack of proper leprosy health care programs in that area
as a recent study reported that between 2020 and 2024, 60 individuals were diagnosed with
leprosy in Southwest Sumba and suggested significant underreporting of cases [28].
According to the same publication, the median interval between symptom onset and
diagnosis was 36 months, and 33% of patients already had visible disabilities at diagnosis.
These delays in diagnosis and treatment resulted from limited access to specialized
dermatological care, with the nearest dermatologist located more than 24 hours away by
boat. Given the intensity of transmission in Southwest Sumba, targeted public health
interventions, such as active case finding, and contact tracing including the provision of
single-dose rifampicin as post-exposure prophylaxis (PEP) are urgently needed [63-65].
Given the baseline data provided in this study, using serosurveillance, Sumba could serve
as a sentinel site for evaluating the effects of integrated control strategies. Moreover, the
findings of this study underscore the utility of serosurveys among children in detecting
otherwise hidden transmission.

While this study was primarily descriptive, future studies incorporating multivariate
regression analyses are needed to disentangle the independent effects of SES, helminth
infection, and nutrition on M. leprae infection. Moreover, our study is exploratory and not
intended to be nationally representative. Districts and schools were purposively selected
and generalizations beyond the sampled districts are limited. Nonetheless, this study clearly
demonstrated the operational feasibility and utility of the PGL-1 QURapid in large-scale, field-
based serosurveillance efforts. Preparations for a larger-scale investigation are currently
underway in other regions of Indonesia. The performance of the PGL-I QURapid with FSB
allows for efficient deployment in the field, providing reliable data that can inform risk
mapping and help targeting of interventions. The test enabled the identification of
seropositive children without clinical symptoms, suggesting a potential role in identifying
hidden transmission hotspots.

Conclusions

This study confirms ongoing M. leprae transmission in Indonesia, with particularly high
seroprevalence among children in rural areas like Sumba. By detecting past or present
infection, the PGL-I QURapid reveals transmission and offers a promising tool for both
targeted prophylaxis guidance and post-intervention surveillance. Our findings support
integrating serological surveillance into national leprosy programs, especially in low-SES
and high endemic settings as well as areas thought to near or having reached elimination.
Addressing factors like helminth infection and undernutrition alongside leprosy control may
improve control effort outcomes. Monitoring child seroprevalence as a measure for recent
transmission, as recommended by WHO, is key to tracking elimination progress and refining
strategies.

105



Chapter 5
Data sharing statement

The datasets used and/or analyzed during the current study are available from the
corresponding author upon reasonable request.

Acknowledgements

We are endepted to all children for taking part in this study and all parents/guardians/school
staff for their support. We thank Andi Muh. Aunul Khaliq Gunawan, Helena Thanos, and
Victor Groet for their contribution in FSB sample collection of the Sulawesi cohort and Helen
Kristin, Felicia Anggraini and Anastasia Hengestu for their excellent assistance in the
fieldwork and laboratory work for urban-slum Jakarta and Sumba studies.

Funding

This study was funded by a grant from the Q. M. Gastmann-Wichers foundation (AG) and
an internal grant from Atma Jaya Catholic University of Indonesia (MMMK).

Declaration of interests

The authors declare that they have no conflict of interest.

References

1. WHO. Leprosy. Fact sheets 2025; Available from: https://www.who.int/news-room/fact-
sheets/detail/leprosy.

2. Grijsen, M.L.,, et al, Leprosy. Nat Rev Dis Primers, 2024. 10(1): p. 90.
3. WHO, Global leprosy (Hansen disease) update, 2023: Elimination of leprosy disease is possible —
Time to act!, in Weekly epidemiological record. 2024, WHO,.
4. Alter, A., et al., Leprosy as a genetic disease. Mamm Genome, 2011. 22(1-2): p. 19-31.
5. Araujo, S et al., Molecular Evidence for the Aerial Route of Infection of Mycobacterium leprae and
the Role of Asymptomatlc Carriers in the Persistence of Leprosy. Clin Infect Dis, 2016. 63(11): p. 1412-1420.
6. Schuenemann, V.J., et al., Ancient genomes reveal a high diversity of Mycobacterium leprae in
medieval Europe. PLoS Pathog, 2018. 14(5): p. e1006997.
7. Taggart, M., et al., Multibacillary leprosy with an incubation period exceeding 50 years. BMJ Case Rep,
2022. 15(7).
8. Barreto, J.G., et al., Spatial epidemiology and serologic cohorts increase the early detection of leprosy.
BMC Infect Dis, 2015. 15: p. 527.
9. Goulart, .M., et al., Risk and protective factors for leprosy development determined by epidemiological
surveillance  of household contacts. Clin  Vaccine Immunol, 2008. 15(1): p. 101-5.
10. Bakker, M.1., et al., Risk factors for developing leprosy--a population-based cohort study in Indonesia.
Lepr Reyv, 2006. 77(1): p. 48-61.
11. Fine, P.E., et al., Household and dwelling contact as risk factors for leprosy in northern Malawi. Am J
Epidemiol, 1997. 146(1): p. 91-102.
12. Velmurugan, H. and P. Thangaraju, Nutritional Status in Leprosy Patients: A Systematic Review and
Meta-analysis. Infect Disord Drug Targets, 2024. 24(3): p. e211123223670.
13. Nery, J.S., et al., Socioeconomic determinants of leprosy new case detection in the 100 Million

Brazilian Cohort: a population-based linkage study. Lancet Glob Health, 2019. 7(9): p. e1226-e1236.
14. Hagge, D.A., et al., Opening a Can of Worms: Leprosy Reactions and Complicit Soil-Transmitted
Helminths. EBloMedlcme 2017. 23: p. 119-124.
15. Diniz, L.M., et al., Presence of intestinal helminths decreases T helper type 1 responses in tuberculoid
leprosy patients and may increase the risk for multi-bacillary leprosy. Clin Exp Immunol, 2010. 161(1): p. 142—

106



Anti-PGL-| seroprevalence among Indonesian school children

50.

16. Geluk, A., Correlates of immune exacerbations in leprosy. Semin Immunol, 2018. 39: p. 111-118.
17. Smith, W.C. and A. Aerts, Role of contact tracing and prevention strategies in the interruption of leprosy
transmission. Lepr Rey, 2014. 85(1): p. 2-17.
18. WHO, R.O.f.S.-E.A,, Interruption of Transmission and Elimination of Leprosy Disease - Technical
Guidance. 2023, WHO Regional Office for South-East Asia.
19. Pierneef, L., et al., Detection of anti-M. leprae antibodies in children in leprosy-endemic areas: A
systematic review. PLoS Negl Trop Dis, 2021. 15(8): p. e0009667.
20. van Brakel, W., et al., Operational approaches and recommendations to interrupt transmission of
Mycobacterium leprae. Leprosy Review, 2025. 96(2).
21. Hasker, E., et al., Interrupting transmission of synthesis of new evidence and research
recommendations. Leprosy Review, 2025. 96(2).

22. Pierneef, L., et al., Field-friendly anti-PGL-| serosurvey in children to monitor Mycobacterium leprae
transmission in Bihar, India. Front  Med (Lausanne), 2023. 10: p. 1260375.
23. Pierneef, L., et al., Large-scale field application of a fingerstick blood test for Mycobacterium leprae

infection: Monitoring population-wide effects of case finding and post-exposure prophylaxis on transmission in
the Comoros and Madagascar. PLOS Glob Public Health, 2025. 5(12): p. e0005270.

24, van Hooij, A., et al., Field-friendly serological tests for determination of M. leprae-specific antibodies.
Sci Rep 2017. 7(1): p. 8868.
25. Pierneef, L., et al., Rapid test for Mycobacterium leprae infection: a practical tool for leprosy. Infect Dis
Poverty, 2024. 13(1): p. 88.
26. WHO, Progress in leprosy control: Indonesia, 1991-2008, in Weekly Epidemiological Record. 2010,
WHO. p. 249-262.
27. Pieter, Y. and M.L. Grijsen, Picturing health: the burden of leprosy in eastern Indonesia. Lancet, 2022.
399(10335): p. 1588-1599.
28. Siregar, G.O., et al., Leprosy identified in Sumba Island, eastern Indonesia: elimination targets under
threat. Lancet Reg Health Southeast Asia, 2024. 26: p. 100409.
29. Narayani, D.A., et al., Common intestinal parasitic infections in an improved water access, sanitation,

and hygiene profile setting in North Jakarta, Indonesia. Narra J, 2024. 4(3): p. e1264.
30. Amaruddin, A.l., et al., The Bacterial Gut Microbiota of Schoolchildren from High and Low
Socioeconomic Status: A Study in an Urban Area of Makassar, Indonesia. Microorganisms, 2020. 8(6).
31. Ministry of Health Republic of Indonesia, Leprosy National Annual Report 2023. 2024.
32. de Onis, M., et al., Development of a WHO growth reference for school-aged children and adolescents.
Bull World Health Organ, 2007. 85(9): p. 660-7.
33. WHO, Bench aids for the diagnosis of intestinal parasites: Second edition 2019. 2019, WHO,.
34. van Dijk, J.H.M., et al., Synthetic Phenolic Glycolipids for Application in Diagnostic Tests for Leprosy.

Chembiochem, 2021. 22(8): p. 1487-1493.
35. van Hooij, A., et al., Evaluation of Immunodiagnostic Tests for Leprosy in Brazil, China and Ethiopia.
Sci Rep, 2018. 8(1): p. 17920.
36. Corstjens, P.L., et al., Feasibility of a lateral flow test for neurocysticercosis using novel up-converting
nanomaterials and a Iightwelght strip analyzer. PLoS Negl Trop Dis, 2014. 8(7): p. €2944.

37. WHO, Target product profile for a diagnostic test to detect Mycobacterium leprae infection among
asymptomatic household and familial contacts of leprosy patients. 2023, WHO,.

38. Lima, F.R., et al., Serological testing for Hansen's disease diagnosis: Clinical significance and

performance of IgA, IgM, and IgG antibodies against Mce1A protein. Front Med (Lausanne), 2023. 10: p.
1048759.

39. Frade, M.A., et al., Unexpectedly high leprosy seroprevalence detected using a random surveillance
strategy in midwestern Brazil: A comparison of ELISA and a rapid diagnostic test. PLoS Negl Trop Dis, 2017.
11(2): p. e0005375.

40. Longoni, S.S., et al., ELISA Test Based on the Phenolic Glycolipid-I (PGL-I) of Mycobacterium leprae:
A Reality of a Laboratory from a Non-Endemic Country. Pathogens, 2022. 11(8).

41. Lima, M.I.S., et al., Biotechnological and Immunological Platforms Based on PGL-I Carbohydrate-Like
Peptide of Mycobacterium leprae for Antibodies Detection Among Leprosy Clinical Forms. Front Microbiol,
2020. 11: p. 429.

42. Oktaria, S., et al., Dietary diversity and poverty as risk factors for leprosy in Indonesia: A case-control
study. PLoS Negl Trop Dis, 2018. 12(3): p. e0006317.

43. Feenstra, S.G., et al., Recent food shortage is associated with leprosy disease in Bangladesh: a case-
control study. PLoS Negl Trop Dis, 2011. 5(5): p. e1029.

44, Weldegebreal, F., et al., Prevalence and associated factors of soil-transmitted helminth infections
among children in previous leprosarium and non-leprosarium areas in Eastern Ethiopia: A community-based
comparative study. IJID Reg, 2025. 15: p. 100633.

107



Chapter 5

45. Oktaria, S., et al., Soil-transmitted helminth infections and leprosy: a cross-sectional study of the
association between two major neglected tropical diseases in Indonesia. BMC Infect Dis, 2016. 16: p. 258.
46. Bakker, M.1., et al., Genetic, household and spatial clustering of leprosy on an island in Indonesia: a
population-based study. BMC Med Genet, 2005. 6: p. 40.

47. Fine, P.E., et al., Seroepidemiological studies of leprosy in northern Malawi based on an enzyme-
linked immunosorbent assay using synthetic glycoconjugate antigen. Int J Lepr Other Mycobact Dis, 1988.
56(2): p. 243-54.

48. Barreto, J.G., et al., High rates of undiagnosed leprosy and subclinical infection amongst school
children in the Amazon Region. Mem Inst Oswaldo Cruz, 2012. 107 Suppl 1: p. 60-7.
49. Barreto, J.G., et al., Anti-PGL-l seroepidemiology in leprosy cases: household contacts and school

children from a hyperendemic municipality of the Brazilian Amazon. Lepr Rev, 2011. 82(4): p. 358—70.
50. Emerson, L.E., et al., Poor WASH (Water, Sanitation, and Hygiene) Conditions Are Associated with
Leprosy in North Gondar, Ethiopia. Int J Environ Res Public Health, 2020. 17(17).

51. Tio-Coma, M., et al., Detection of Mycobacterium leprae DNA in soil: multiple needles in the haystack.
Sci Rep, 2019. 9(1): p. 3165.

52. Ploemacher, T., et al., Reservoirs and transmission routes of leprosy; A systematic review. PLoS Negl
Trop Dis, 2020. 14(4): p. e0008276.

53. Wagenaar, |., et al., Diet-related risk factors for leprosy: a case-control study. PLoS Negl Trop Dis,
2015. 9(5): p. e0003766.

54. Morales, F., et al., Effects of Malnutrition on the Immune System and Infection and the Role of
Nutritional Strategies Regarding Improvements in Children's Health Status: A Literature Review. Nutrients,
2023. 16(1).

55. Quilter, E.E.V., D.N.J. Lockwood, and C.R. Butlin, Rising percentage of new female leprosy cases
since 2004. Leprosy Review, 2022. 93(4): p. 364—-369.

56. Price, V.G., Factors preventing early case detection for women affected by leprosy: a review of the

literature. Glob Health Action, 2017. 10(sup2): p. 1360550.
57. Dijkstra, J.I.R., W.H. Van Brakel, and M. Van Elteren, Gender and leprosy-related stigma in endemic
areas: A systematic review. Leprosy Review, 2017. 88(3): p. 419-440.

58. Schuring, R.P., et al., Association between anti-pGL-I IgM and clinical and demographic parameters in
leprosy. Lepr Rev, 2006. 77(4): p. 343-55.
59. Frota, C.C., et al., Seropositivity to anti-phenolic glycolipid-l in leprosy cases, contacts and no known

contacts of leprosy in an endemic and a non-endemic area in northeast Brazil. Trans R Soc Trop Med Hyg,
2010. 104(7): p. 490-5.

60. Bass, A., et al., Mycobacterium leprae infection, Hansen's disease, and helminth infections: A cross-
sectional study in southeastern Brazil. medRxiv, 2025.

61. Menaldi, S.L., et al., Unusual presentations of a severe type 2 leprosy reaction mimicking sepsis
induced by helminth infection. PLoS Negl Trop Dis, 2021. 15(7): p. €0009453.

62. Ministry of Health Republic Indonesia, Evaluation of Leprosy Prevention and Control Program in 2023.
2024.

63. WHO, Guidelines for the diagnosis, treatment and prevention of

leprosy. 2018. 2017, World Health Organization, Regional Office for South-East Asia: New Delhi.

64. Moraes, M.O. and N.C. Duppre, Leprosy post-exposure prophylaxis: innovation and precision public
health. Lancet Glob Health, 2021. 9(1): p. e8—e9.

65. Moet, F.J., et al., Effectiveness of single dose rifampicin in preventing leprosy in close contacts of

patients with newly diagnosed leprosy: cluster randomised controlled trial. BMJ, 2008. 336(7647): p. 761—4.

108



Anti-PGL-| seroprevalence among Indonesian school children

Supplemental information

North Jakarta

Makassar city
Southwest Sumba

Supplementary figure 1. Map of Indonesia showing the geographic distribution of study sites.
Map of Indonesia showing the four study locations where samples were collected from 637 children aged 6-
15 years. Sites included schools in urban and rural areas in Sulawesi (Pangkajene: dark yellow; Makassar
city: red), Java (North Jakarta: purple), and Sumba (Southwest Sumba: green). This figure was created using
Biorender.
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Supplementary figure 2. Anti-PGL-l IgM in children stratified by gender and age.
A: Anti-PGL-I IgM (in units; y-axis) of female and male children (x-axis). A Mann-Whitney U test was performed
to determine differences between the two groups (**** P < 0.0001). Anti-PGL-I units = 1 (dotted line) were
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considered seropositive. Two individuals were excluded from the analysis due to missing information on
gender.

B: Percentages (%) of children testing seropositive (y-axis) for anti-PGL-I IgM stratified by gender (x-axis).
Chi-squared tests were performed to test for differences in percentages between the two groups (* P < 0.05).
C: Anti-PGL-I IgM (in units; y-axis) per age group (x-axis). A Kruskal-Wallis test with correction for multiple
testing was performed to determine differences between the groups. Twelve participants were excluded from
the analysis due to missing age information. Ages 13 to 15 were grouped together because of the low number
of participants in these age categories. Dots (open circles) represent anti-PGL-I units for individual samples.
IgM: immunoglobulin M; PGL-I: phenolic glycolipid-I.
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Supplementary figure 3. Presence of anti-PGL-l IgM antibodies in plasma (A) and FSB (B) of
schoolchildren in Indonesia.

A: Histogram with a mode of 0.01 for R. The cut-off for positivity in plasma (R = 0.16) for the UCP-LFA used in
this study is indicated by the dotted line.

B: Histogram with a mode of 0.01 for R. The cut-off for positivity in FSB (R = 0.12) for the UCP-LFA used in
this study is indicated by the dotted line.

FC: flow control line; IgM: immunoglobulin M; PGL-I: phenolic glycolipid I; R: ratio value; T: test line.
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Chapter 6
Abstract

Since 2018, the WHO recommends provision of single-dose rifampicin post-exposure
prophylaxis (SDR-PEP) to contacts of leprosy patients. In the Post-ExpOsure Prophylaxis
for LEprosy (PEOPLE) trial that took place in the Comoros (Anjouan and Mohéli) and
Madagascar (2019-2023), single double-dose rifampicin (SDDR)-PEP administration
modalities were compared. Additionally, in 16/64 villages, anti-M. leprae phenolic glycolipid-
I (anti-PGL-I) IgM levels were measured for three consecutive years, in newly diagnosed
leprosy patients and more than 17,000 household- and neighbourhood contacts who had
been screened for signs of leprosy. To study the impact of active case finding and SDDR-
PEP on M. leprae infection rates in the population, fingerstick blood of contacts was sampled
before, during and after the administration of SDDR-PEP. In this serosurvey, anti-PGL-I IgM
levels were measured for the first time at such large scale by local staff using a field-friendly,
quantitative lateral flow assay based on the UCP-platform (UCP-LFA). Out of 53
multibacillary patients with a bacterial index of 1 or higher, 92.5% (n = 49) tested seropositive
for anti-M. leprae PGL-I IgM, confirming excellent performance of the test when executed
by local staff. Before SDDR-PEP administration, seroprevalence among contacts in the
different villages ranged from 21.9% to 27.4% across the three study sites. After two years
of active case finding and SDDR-PEP, seroprevalence was significantly lower in the
population in all three study sites (11.6% to 22.8%). Longitudinal serological monitoring in
initially seropositive contacts showed significant reductions in anti-PGL-I IgM levels at an
individual level. This reduction in seropositivity was observed irrespective of administration
of SDDR-PEP. These serological data suggest that the implemented combination of active
case finding with SDDR-PEP, led to a reduction in infection levels in the population in these
study sites. This large-scale field serosurvey demonstrates the usefulness of the anti-PGL-
| UCP-LFA to evaluate and monitor at a population level the effects of leprosy control
interventions on M. leprae transmission.
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Introduction

Leprosy, caused by Mycobacterium leprae or M. lepromatosis, is a neglected tropical
disease primarily affecting the skin and peripheral nerves [1, 2]. The disease remains a
significant public health issue in many parts of the world, particularly in parts of Asia and
South-America [3], but also Africa [4]. Although in the WHO African Region, almost all
Member States have achieved leprosy elimination (prevalence rate less than 1 per 10,000
population), pockets of hotspots within this region persist with more than 20,000 new cases
reported every year [4].

Household contacts of leprosy patients - especially those with a high bacterial load - are
most at risk of contracting the disease [5-7]. Early diagnosis and treatment are crucial for
preventing the onset of disabilities and controlling transmission [3]. However, leprosy
diagnosis remains clinical and therefore prone to miss asymptomatic individuals [8],
underscoring the need for improved diagnostic tools.

Since 2018, the WHO has recommended provision of post-exposure prophylaxis (PEP)
using single-dose rifampicin (SDR) to contacts of leprosy patients [9]. SDR-PEP should halt
infection with M. leprae from progressing into clinical leprosy disease [10]. However, in
previous studies using rifampicin as prophylaxis, contradictory results have been found: in
Bangladesh, the COLEP trial (2002-2007) found a significant reduction in the risk of leprosy
after SDR was given to contacts [11]. In contrast, a study conducted on five islands in the
Flores Sea of Indonesia (2000-2003) showed no protective effect from two doses of
rifampicin, three months apart, to household- and social contacts of leprosy patients [12].
However, this same study in Indonesia showed a four-fold decrease in leprosy incidence
when PEP was offered as a blanket intervention across the entire island population.

The combination of active case finding and provision of single double-dose rifampicin
(SDDR)-PEP to contacts of leprosy patients is aimed at reducing disease as well as breaking
the chain of transmission [10, 13]. The effectiveness of these interventions, however,
requires monitoring through reliable tools that can detect changes in transmission and not
only in the number of new cases. The PEOPLE trial, conducted on the Comoros and in
Madagascar located in the Indian Ocean, was designed to explore SDDR-PEP
administration modalities [14, 15]. In the trial, 64 villages were randomly assigned to four
arms and inhabitants were screened once a year for leprosy [14, 15].

The current study describes the serological data collected using a quantitative, field-friendly
test designed to detect present or past infection through measurement of M. leprae-specific
anti-PGL-I IgM, which was included in one arm of the PEOPLE trial. The here assessed test
utilizes luminescent, background-free, up-converting reporter particles (UCP) [16] and
immunochromatography (i.e. the UCP-LF test platform) for accurate quantitation of anti-
PGL-I IgM without operator bias [17]. Previously, it was demonstrated that the presence of
anti-PGL-I IgM is highly specific for M. leprae infection, and that the level of anti-PGL-I IgM
correlates strongly with the bacterial load present in an individual [18, 19]. In this study, we
applied the anti-PGL-1 UCP-LFA for the first time at such large scale to assess the feasibility
of measuring seroprevalence among leprosy patients and their contacts. Moreover, we
aimed to evaluate the possibility of monitoring the impact of the implementation of active
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case finding and SDDR-PEP on M. leprae-specific antibody levels over time using our field-
friendly test, providing insights into the effects of these interventions on M. leprae
transmission.

Materials and methods

Study design and setting. The set-up of the PEOPLE trial in the Comoros and Madagascar
has been described in extensive detail (https://clinicaltrials.gov/ct2/show/NCT03662022)
[14, 15]. The current study is focused on data gathered with the anti-PGL-I UCP-LFA and
took place from January 11, 2019 to November 1, 2022. During this period, fingerstick blood
(FSB) samples were collected from all consenting newly diagnosed leprosy cases on the
Comoros (Anjouan and Mohéli; starting in 2019) and in Madagascar (Miandrivazo; starting
in 2020) all newly diagnosed leprosy cases detected in the villages participating in the
PEOPLE trial. Furthermore, FSB samples of leprosy contacts were collected in 16 villages
that were assigned to arm 4 during the PEOPLE trial (Comoros: 9 on Anjouan; 3 on Mohéli;
Madagascar: 4 on Miandrivazo). All samples were analysed using the anti-PGL-I UCP-LFA
in local laboratories (Comoros: laboratory of the reference hospital Hombo in Mutsamudu
on Anjouan; laboratory of the reference hospital in Fomboni on Mohéli; Madagascar:
laboratory of the Centre d'Infectiologie Charles Mérieux in Antananarivo). From 2014-2019,
the Comoros reported an annual incidence rate of 4.2 per 10,000 whereas on Madagascar
0.6 per 10,000 was reported [15, 20]. Transmission in the areas remains high, as reflected
by 36% of new cases being children (2018; Comoros), while nearly 20% of newly diagnosed
cases in Madagascar have grade-2 disabilities (G2D) [14, 20].

Door-to-door screening. Annual screening rounds were conducted over a four-year period
in each village where participants were recruited. Permanent residents of the study villages
were invited for leprosy screening by national tuberculosis and leprosy programme (NTLP)
teams in the Comoros, and national leprosy programme teams in Madagascar accompanied
by community health workers during household visits. During household visits, all
consenting household members present were screened for leprosy, and their history of
previous leprosy diagnosis or treatment, tuberculosis (TB), and presence of a Bacillus
Calmette—Guérin vaccine (BCG) scar were assessed. Individual eligibility criteria were
based on WHO recommendations for SDR-PEP - ie, healthy contacts aged 2 years and
older, excluding possible patients with leprosy or tuberculosis, or both, in the absence of
other contraindications.

Leprosy patients. Newly identified patients during door-to-door screening or routine
activities were treated according to NTLP guidelines [15]. Diagnosis of leprosy was clinical,
based on the presence at least one of three cardinal signs: patch with loss of sensation,
enlarged peripheral nerves and/or slit-skin smear (SSS) positive for acid fast bacilli. Patients
were classified as PB (one to five lesions) or MB (more than five lesions) per WHO criteria
[3]. For most MB patients, the bacterial index (Bl) was determined using slit skin smears.
Patients with disease detected after being screened during at least one prior round were
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classified as “incident cases” as they were already under contact-follow-up of the PEOPLE
trial at time of their diagnosis.

Contacts and SDDR-PEP. In the study villages, all eligible contacts were offered double (20
mg/kg) the regular dose (10 mg/kg) of SDR-PEP, based on an increased early bactericidal
effect observed for Mycobacterium tuberculosis with this dose [21, 22]. Paediatric dosages
were adjusted according to body weight. Eligibility for SDDR-PEP was determined both on
geospatial and individual criteria. All household contacts of newly diagnosed leprosy cases,
as well as individuals living within 100m of a newly diagnosed case and testing seropositive
for anti-PGL-I antibodies using the UCP-LFA were revisited. Those present and meeting
individual eligibility criteria were offered SDDR-PEP. Individual eligibility criteria for SDDR-
PEP included: healthy contacts aged two years and above, able and willing to provide
informed consent. Exclusion criteria for SDDR-PEP included: signs of active leprosy, signs
of active pulmonary TB (cough = two weeks), and rifampicin intake within the last 24 months
(to avoid any theoretical risk of inducing rifampicin resistance). SDDR-PEP was aimed to be
distributed within one month following the completion of the annual screening round in each
village, based on the cases detected during these screening rounds and anti-PGL-I test
results.

Informed consent procedures. Written informed consent was obtained for each individual
participating in door-to-door screening. A separate written informed consent was collected
for all leprosy patients prior to sampling. For those under 18 years old, written informed
consent or parent/guardian approval was obtained, along with assent from minors aged 12
years or older.

Fingerstick blood (FSB) collection. Prior to field activities, tubes with 980 pl high salt
fingerstick (HSFS) buffer: 100mM Tris pH 8.0, 270mM NaCl, 1% (v/v) Triton X-100, and 1%
(w/v) BSA were prepared. FSB was collected by local field staff using disposable 20 ul
Minivette collection tubes (Heparin coated; Sarstedt) and added to the prepared buffer tubes
on which the participants unique pseudonymized identification number was written. After
sampling, FSB was transported at ambient temperature (in black plastic bags) to local
laboratories where FSB samples were tested using UCP-LF strips. On the Comoros, during
door-to-door screening entire village populations were sampled, whereas in Madagascar,
only household contacts and individuals residing within 100m of a new case were sampled.

Lateral flow strips. UCP-LF strips specific for anti-PGL-l IgM were produced in-house in
four batches by Leiden University Medical Center as described previously [18, 23]; total
production size was 47,000. Synthesized disaccharide epitope (3,6-di-O-methyl-3-D-
glucopyranosyl(1 — 4)2,3-di-O-methylrhamnopyranoside), similar to M. leprae specific
PGL-I glycolipid, coupled to human serum albumin (synthetic PGL-I; designated ND-O-HSA)
was obtained through the Biodefense and Emerging Infections Research Resources
Repository
(http://www.beiresources.org/TBVTRMResearchMaterials/tabid/1431/Default.aspx).

117



Chapter 6

The Test (T) line on the LF strip (nitrocellulose membrane; Sartorius UniSart CN95)
comprised 100 ng of synthetic PGL-I. The flow-control (FC) line comprised 100 ng rabbit
anti-goat IgG (G4018; Sigma-Aldrich, Inc., St. Louis, MO, USA). Goat IgG specific for anti-
human IgM (10759; Sigma-Aldrich, Inc., St. Louis, MO, USA) was conjugated to polyacrylic
acid functionalized UCPs [200 nm, NaYF4:Yb3+, Er 3+; Intelligent Material Solutions Inc.
(IMS); Princeton, NJ, USA MS] according to previously described protocols at a
concentration of 50 ug antibody per mg UCP [24]. UCP stock solutions were kept at 4°C
until use. To dry the UCPs on the glass fiber conjugate-release pad, the material was diluted
in a buffer containing 100 mmol/L Tris pH 8.0, 270 mmol/L NaCl, 10% (w/v) sucrose, 1%
(w/v) BSA, 0.5% Tween-20, and striped at a density of 100 ng/mm. Components were
mounted on plastic backing cards which were cut into LF strips of 4 mm width by 5 cm
length.

UCP-LFA. In the local laboratories, each UCP-LF strip was labeled with the same written
unique barcode (as on the tube) specific to a participant. 50 ul of the in the field stabilized,
diluted, and lysed (with HSFS buffer) FSB sample was added to a 96-wells plate and LF
was initiated by placing the UCP-LF strip into the well. Inmunochromatography was allowed
to continue until strips were dry (overnight). UCP-LF strips were scanned with a UCP
dedicated benchtop reader (Madagascar; UPCON; Labrox Oy Turku, Finland) and a
standard portable ESEQuant LFR adapted for UCP (Comoros; DIALUNOX, Stockach,
Germany). Results were calculated as the ratio (R) value between Test (T) and Flow Control
(FC) signal based on relative fluorescence units (RFUs) measured at the respective lines. A
quality control (QC) protocol was designed to monitor test reproducibility over time using
sera of clinically diagnosed leprosy patients selected based on their anti-PGL-I IgM levels in
standard anti-PGL-I IgM ELISAs [18, 25]: a highly seropositive, a seropositive with an OD
around the cut-off for seropositivity in anti-PGL-l IgM ELISAs (QC reference) and a
seronegative serum sample (from a healthy Dutch blood bank donor without travel history
to leprosy endemic areas). As described above, each site used their own UCP-reader which
were from different suppliers. Sites were provided with UCP-LF strips, comprising different
production lots, with regular shipments. To allow direct comparison of all test results from
different batches and readers, results were normalized and presented as anti-PGL-I ‘units’
using the QC reference serum sample. First, cut-offs for different strip batches were
determined as the median R-value of 20 measurements of the QC reference serum sample
minus the standard deviation for that respective UCP-LF batch. Units were then determined
by dividing individual R-values by the R-value of the cut-off for that respective UCP-LF strip
batch, like normalization methods used in anti-PGL-I ELISAs [26-29]. Units = 1 are
considered seropositive.

Ethics. This study was performed according to the Helsinki Declaration (7" revision, 64
Meeting, 2013, Fortaleza). Ethical approval of the trial protocol was obtained through the
‘Comité d’Ethique de la Recherche Biomédicale’ (CERBM) in Madagascar and the ‘Comité
National d’Ethique pour les Sciences de la Vie et de la Santé’ (CNESS) in the Comoros.
Approval was also obtained from the Institutional Review Board (IRB) of ITM and the Ethics
Committee (EC) of the University of Antwerp Hospital. Prior to the start, this trial was
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included in the Clinicaltrials.gov public registry (NCT03662022, on September 7t 2018,
https://clinicaltrials.gov/ct2/show/NCT03662022).

Statistical analysis. GraphPad Prism version 9.0.1 for Windows (GraphPad Software, San
Diego, CA, USA) and IBM SPSS Statistics for Windows version 29 (IBM Corp, Armonk, NY,
USA) were used to perform statistical analysis. Analyses of quantitative anti-PGL-I units
were performed using the Mann-Whitney U test for comparisons between two groups and
the Kruskal-Wallis test with Dunn's correction for multiple testing for comparisons between
three groups. Paired analyses of anti-PGL-l units were conducted using the Wilcoxon
signed-rank test for two groups and the Friedman test with Dunn’s correction for multiple
testing for three groups. To evaluate statistical significance in seroprevalence between study
years in cross-sectional analyses, the Chi-squared test was applied. For paired comparisons
of seroprevalence between study years, the McNemar's test was used. The analysis on
contact data included data from incident cases gathered prior to their leprosy diagnosis, but
excluded data collected after their diagnosis.

Results

To determine seroprevalence and quantitatively monitor anti-PGL-I IgM levels over time in
the leprosy endemic areas where active case finding and SDDR-PEP administration were
implemented during the PEOPLE trial, FSB samples from index cases (n = 702) as well as
their household and neighbourhood contacts (n > 17,000) were obtained during field
screenings.

Patients

To first assess the field performance of the anti-PGL-1 UCP-LFA in leprosy patients by local
staff on the Comoros, leprosy patients detected during door-to-door screening or routine
leprosy case detection were tested for anti-PGL-I IgM at field sites using the anti-PGL-1 UCP-
LFA. Out of the 1,369 patients diagnosed between 2019 and 2022 (Comoros: 1,241 on
Anjouan, 128 on Mohéli), 702 (51%) anti-PGL-I values were available. Of these 702 anti-
PGL-I values, 114 were excluded because they were missing key information such as date
of diagnosis or sampling. Additionally, 65 anti-PGL-I values were removed from the analysis
as the patients had already started multi-drug therapy (MDT) at the time of first sampling
(Fig 1). Anti-PGL-I values of individuals who were initially included as contacts but developed
leprosy during the study (incident cases; n = 24) were also excluded from this evaluation as
they were analysed separately. Of the 499 leprosy patients remaining, 162 (32.5%) were
clinically diagnosed with MB and 337 (67.5%) with PB leprosy (Table 1).
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Anti-PGL-I sample analysis in
patients

702 anti-PGL-I
values

114 anti-PGL-I values with
[enerney » insufficient database records:
removed

65 anti-PGL-I values of cases
on treatment during sample
collection: removed

4

24 anti-PGL-I values of
contacts who developed
leprosy during trial: analyzed
separately

499 anti-PGL-I
values included
in analysis

Fig 1. Schematic representation of data preprocessing of FSB samples included in the analysis of anti-
PGL-l values of leprosy patients. Insufficient database records included missing date of diagnosis or
sampling. PGL-I: phenolic glycolipid-I.

Leprosy patients

n %
MB 162 32.5
Bl
0 91 18.2
1 17 34
2 13 2.6
3 8 1.6
4 7 1.4
5 4 0.8
6 4 0.8
nd 18 3.6 Table 1. Overview of leprosy patients from the
PB 337 67.5 Comoros tested for anti-PGL-I IgM at diagnosis
BI between 2019 and 2022. Leprosy type and bacterial index
nd 337 67.5 are indicated if available. Bl: bacterial index; MB:
Total 499 100 multibacillary; PB: paucibacillary; nd: not determined.
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Anti-PGL-I units among patients ranged from 0 to 86.29. 174 out of 499 patients (34.9%)
tested seropositive for anti-PGL-I IgM; 80 out of 337 PB patients (23.7%) and 94 out of 162
MB patients (58.0%) (Fig 2). Patients with a Bl of 1 and higher had significantly increased
anti-PGL-| units compared to those with Bl 0 (Mann-Whitney: P < 0.0001). Importantly,
among MB patients testing anti-PGL-| seronegative for which their Bl was available (n = 61),
93.4% (n =57) had a Bl of 0. When only MB patients with a Bl of 1 or higher were considered,
49 out of 53 (92.5%) tested seropositive for anti-PGL-I IgM, showing a strong association
between anti-PGL-I antibodies and bacterial load. These results confirm the previously
reported high sensitivity of the anti-PGL-1 UCP-LFA in detecting MB leprosy cases [17].

units

oo

Fig 2. Anti-PGL-l values (shown in units) in FSB of PB and MB leprosy patients. A: Anti-PGL-I IgM (y-
axis) units among PB (n = 337) and MB (n = 162) leprosy patients (x-axis). B: Anti-PGL-I IgM (y-axis) units
among leprosy patients stratified per bacterial index (BI) group (0 and 1-6; x-axis). Open circles represent anti-
PGL-I units for individual samples. Units above the dotted line (units = 1) are considered seropositive. The
Mann-Whitney U test was performed to test for statistical significance (****P < 0.0001). BI: bacterial index;
FSB: fingerstick blood; IgM: immunoglobulin M; MB: multibacillary; PB: paucibacillary; PGL-I: phenolic
glycolipid-I.

Contacts

To evaluate the feasibility of a large-scale field serosurvey among contacts of leprosy
patients in the Comoros and Madagascar using the anti-PGL-I UCP-LFA, a total of 32,426
tests were conducted between 2019 and 2022 (Fig 3). A total of 1,674 anti-PGL-I values
were excluded due to incomplete/errors in barcodes or missing date of sampling.
Additionally, 188 anti-PGL-I values derived from individuals who were identified as (former)
patients after their initial inclusion (as contacts), of which no data from prior to - or at
timepoint of diagnosis were available, were removed from the dataset. Furthermore, 14 anti-
PGL-I values (from after diagnosis) corresponding to contacts who were diagnosed with
leprosy during the study period were moved to a separate analysis, as illustrated in S3 Fig.

Consequently, 30,550 anti-PGL-I values remained for the analysis.
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Anti-PGL-I sample analysis in
contacts

32,426 anti-
PGL-I values

1

i 1,674 anti-PGL-I values with
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188 anti-PGL-I values of
ey » cases diagnosed before trial:
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14 anti-PGL-I values of cases
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30,550 anti-
PGL-I values
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Fig 3. Schematic representation of data preprocessing of FSB samples included for analyses of anti-
PGL-I values of contacts. Insufficient database records included incomplete/errors in barcodes or missing

date of sampling. PGL-I: phenolic glycolipid-I.

Table 2. Overview of contacts included and tested for anti-PGL-l IgM per study site and year on the
Comoros and in Madagascar between 2019 and 2022.

Contacts Year 1 Year 2 Year 3

Anjouan Total 9642 5547 7191
Sex

Male 4,201 (43.6%) 2,192 (39.5%) 2,893 (40.2%)

Female 5,441 (56.4%) 3,355 (60.5%) 4,298 (59.8%)

Median age (range in years) 17 (2-100) 15 (2-100) 15 (2-100)

Mohéli Total 2300 1984 2071
Sex

Male 926 (40.3%) 779 (39.3%) 787 (38.0%)

Female 1,374 (59.7%) 1,205 (60.7%) 1,284 (62.0%)

Median age (range in years) 20 (2-93) 19 (2-92) 18 (2-91)

Madagascar Total 554 571 690
Sex

Male 252 (45.5%) 278 (48.7%) 330 (47.8%)

Female 302 (54.5%) 293 (51.3%) 360 (52.2%)

Median age (range) 18 (2-92) 16 (2-90) 17 (2-90)

All sites Total 12,496 8,102 9,952
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Atotal of 12,496 individuals were included as contacts and tested for anti-PGL-I IgM in year
1: 9,642 from Anjouan, 2,300 from Mohéli and 554 from Madagascar (Table 2). In year 2 of
the study, 8,102 contacts were tested for anti-PGL-I IgM, of whom 5,691 (70.2%) already
had been tested in year 1 (Fig 4). In year 3 of the study, 9,952 contacts were tested and
7,710 (77.5%) of those had already been tested in year 1 and/or year 2.

Y1 ‘ 12,496 contacts baseline ‘

i : ’| 17 incident cases ‘

5,691 contacts under follow-up

v 2,411 contacts added to follow-up

i *’| 16 incident cases ‘

7,710 contacts under follow-up

Y3 2,242 contacts added to follow-up

>| 4 incident cases ‘

Fig 4. Flow diagram showing follow-up of contacts per study year. Patients with leprosy diagnosed after
the first screening round were classified as “incident cases” if already under contact-follow-up of the PEOPLE
trial at time of their diagnosis. A total of 37 incident cases were diagnosed among individuals included for anti-
PGL-I testing (PB n = 25; MB n = 12; S1 Table).

37 contacts of whom anti-PGL-| data were available were diagnosed with leprosy during the
study period; 35 from Anjouan and 2 from Mohéli (Fig 4). These individuals were first
included as contacts (showing no signs of leprosy) and at some point during the study period
— after baseline inclusion — diagnosed with leprosy (incident cases; S1 Table). Seventeen
contacts were diagnosed with leprosy between sample collections in year 1 and 2, whereas
between sample collections in year 2 and 3, 16 contacts were diagnosed with leprosy. Four
more contacts developed leprosy after the 3" year of sample collection (up to November
2022). In total, 12 of these 37 (32.4%) incident cases were classified as MB leprosy and 25
(67.6%) as PB leprosy.

Anti-PGL-I units among contacts ranged from 0 to 40.86. Median anti-PGL-I units were 0.38
(IQR 0-0.90) and 0.30 (IQR 0.10-0.70) for Anjouan and Mohéli respectively, where the whole
village was tested, and 0.47 (IQR 0.23-0.86) for Madagascar where only contacts within a
100m radius of new cases were tested. All three distributions were strongly skewed to the
right. In addition, the majority of individuals tested seronegative (Fig 5A). Median anti-PGL-
| units were highest among individuals aged 11-40 (S1 Fig), in line with previous studies [30,
31].

123



Chapter 6

100 Anjouan

6000 %
4000 20
=il ~
... 2 2
#* £
5
20

200 1.0 K
150 0.8 $
0ed 2
100 -
04 —e——
50: 0.2 +*
0 to———— o

Y1 Y2 Y3 Y1 Y2 Y3
n=9642 n=5547 n=7191 n=9642 n=5547 n=7191

..}..... -
..‘.... —-

100 Mohéli

J,

80

6000 40
4000 201 2
2000 4

il ... 2

20

d-N

8888

soooon

28888s

SRy

I+II-F

|h"nn —
=

e ]

0 1 2 3 4 5 6 7 8 9 >10 Y1 Y2 Y3 Y1 Y2 Y3
i n=2300 n=1984 n=2071 n=2300 n=1984 n=2071
units
Hokok
— Madagasc
8000 100
- Y1
4000 - Y2 20
2000 - Y3
— 60
* 200 "
40 "
150 seropositive
00: | I 20 seronegative
50 I
0= L. T —T T —— - o
0 1 2 3 4 6 ! 8 9 >10 Y1 Y2 Y3 Y1 Y2 Y3
oot n=554 n=571 n=690 n=554  n=571  n=690

Fig 5. Anti-PGL-l values (shown in units) in FSB among contacts on Anjouan, Mohéli and Madagascar.
A: Distribution of anti-PGL-I IgM units among contacts on Anjouan (upper panel), Mohéli (middle panel) and
Madagascar (lower panel). The number (#) of tests (y-axis) per unit range (0-0.99; 1-1.99; etc.) are indicated
on the x-axis. B: Anti-PGL-I IgM (y-axis) units of contacts on Anjouan, Mohéli and Madagascar per study year
(x-axis). Open circles represent anti-PGL-I units for individual samples. Units above dotted line (units = 1) are
considered seropositive. Kruskal-Wallis tests were performed to test for statistical significance between anti-
PGL-I units at the beginning and end of the study (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). C:
Percentages (%) of contacts testing seropositive (y-axis) for anti-PGL-I IgM depicted per study year (x-axis).
Chi-squared tests were performed to test for statistical significance between percentages at the beginning and
end of the study (*P < 0.05, **P < 0.01, ***P < 0.001). FSB: fingerstick blood; IgM: immunoglobulin M; PGL-I:
phenolic glycolipid-I; Y1: year 1; Y2: year 2; Y3: year 3.

To study the effect of the activities in the PEOPLE trial on M. leprae infection in the study
population over time, analysis between anti-PGL-I IgM levels at the beginning (year 1) and
the end (year 3) of the study was performed. On Anjouan, no significant difference in median
antibody levels between year 1 and 3 was observed (Fig 5B; Kruskal-Wallis: P > 0.999),
whereas seroprevalence for anti-PGL-| IgM significantly decreased from 24.7% in year 1 to
22.8% in year 3 (Fig 5C; Chi-squared: P < 0.01). On Mohéli, seroprevalence declined from
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21.9% in year 1 to 12.0% in year 3 (Chi-squared: P < 0.001) and median antibody levels
also showed a significantly decreasing trend over the years (Kruskal-Wallis: P < 0.05). In
Madagascar, anti-PGL-I seroprevalence decreased from 27.4% (year 1) to 11.6% (year 3;
Chi-squared: P < 0.001), and median antibodies were significantly lower (Kruskal-Wallis: P
< 0.0001). Overall, the implemented interventions (including treatment of index cases)
appeared to have a reducing impact on the population's infection levels.

Children

To assess recent M. leprae transmission in the community, a sub-analysis on anti-PGL-I
data from children (age 2-10 years) was conducted. Seroprevalence in young children
reflects recent M. leprae infection and may thus be used to monitor transmission in an area
[32-34]. Although median antibody levels significantly increased (Kruskal-Wallis: P < 0.01;
S2A Fig) over the years in children up to ten years old on Anjouan (the island reporting the
highest leprosy incidence in the preceding years), seroprevalence in children remained
around 20.0% (Chi-squared: P = 0.492; S2B Fig). In contrast, median anti-PGL-I units in
children on Mohéli and Madagascar were significantly decreased in year 3 compared to year
1 and/or 2 (Kruskal-Wallis: P < 0.0001) and seroprevalence decreased from 25.5% to 13.7%
and 22.7% to 9.4% (Chi-squared: both P < 0.001), respectively.

Incident leprosy cases

Anti-PGL-I levels before and at diagnosis of leprosy were compared in more detail: six out
of 12 (50.0%) incident MB cases tested seropositive for anti-PGL-I IgM at some point during
the study (S3 Fig); three incident cases who initially tested seronegative, were seropositive
for anti-PGL-l IgM at the time of diagnosis. Another three individuals already tested
seropositive before diagnosis. Out of the six MB patients testing seronegative, four (66.7%)
had a Bl of 0 and for the other two (33.3%) the Bl was not available.

For incident PB cases, 20 out of 25 (80.0%) tested seronegative for anti-PGL-l IgM
throughout the study, whereas five (20.0%) tested seropositive at least once. Although not
significant (Mann-Whitney U: P = 0.08), higher units of anti-PGL-I were found for incident
MB patients (n = 7) compared to incident PB patients (n = 14; S4 Fig). These results again
confirm good performance of the test among Bl-positive individuals.

Five out of 37 (13.5%) incident cases had received SDDR-PEP prior to leprosy diagnosis,
of whom four tested seropositive (S3 Fig). Among them, three (60.0%) were diagnosed with
MB and two (40.0%) with PB leprosy.

Longitudinal anti-PGL-I IgM and SDDR-PEP among contacts

When analysing anti-PGL-l data longitudinally to study the effects of the implemented
interventions on an individual level (irrespective of SDDR-PEP intake), contacts testing
seropositive for anti-PGL-I IgM in year 1, showed significantly decreased antibody levels in
year 3 (Friedman: P<0.0001) and seroprevalence (McNemar: P < 0.001) (Fig 6 and S5 Fig)
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in all three study sites. While on Mohéli and Madagascar median anti-PGL-| units dropped
below 1 (anti-PGL-I seronegative) in year 3, the median unit on Anjouan remained above 1.
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Fig 6. Longitudinal anti-PGL-l values (shown in units) in FSB of contacts on Anjouan, Mohéli and
Madagascar testing seropositive in year 1. A: Paired median anti-PGL-I IgM units of seropositive contacts
(Y1; y-axis) on Anjouan (left panel), Mohéli (middle panel) and Madagascar (right panel) are depicted per study
year (x-axis). Anti-PGL-I units above dotted line (units = 1) are considered seropositive. Friedman tests were
performed to assess statistical significance between anti-PGL-I units at the beginning and end of the study
(****P<0.0001). B: Paired percentages (%) of contacts testing seropositive (y-axis) for anti-PGL-I IgM depicted
per study year (x-axis). McNemar tests were performed to assess statistical significance between percentages
at the beginning and end of the study (***P < 0.001). FSB: fingerstick blood; IgM: immunoglobulin M; PGL-I:
phenolic glycolipid-I; Y1: year 1; Y2: year 2; Y3: year 3.

As the prior analysis did not include individual SDDR-PEP intake, we next performed a
paired analysis stratified by SDDR-PEP recipients and non-recipients. This analysis showed
significant reductions in paired anti-PGL-I units in year 3 when compared to year 1 among
seropositive contacts who received SDDR-PEP (S6A Fig; Wilcoxon: Anjouan and
Madagascar P < 0.0001, Mohéli P < 0.01). However, similar results were found among
contacts who did not receive SDDR/PEP (Wilcoxon: Anjouan and Mohéli P < 0.0001,
Madagascar P < 0.01). Amongst contacts seropositive in year 1, seroprevalence declined
(from 100%) to 25.4% on Madagascar, 61.1% on Mohéli, and 61.5% on Anjouan in year 3
among PEP-recipients (McNemar: Anjouan and Madagascar P < 0.001, Mohéli P < 0.05).
Among non-SDDR-PEP recipients, seroprevalence declined to 35.0%, 32.6%, and 62.6%
on Madagascar, Mohéli, and Anjouan, respectively (McNemar: P < 0.001; S6B Fig).
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Discussion

Despite the availability of MDT, around 200,000 new persons are affected by leprosy each
year [35], highlighting the need for innovations in leprosy control efforts [36]. Given that
household contacts of untreated leprosy patients are at the greatest risk of infection [37],
and that previous studies have demonstrated the effectiveness and feasibility of SDR-PEP,
the WHO recommends the screening of close contacts of new leprosy patients combined
with administration of SDR-PEP to prevent disease progression in potentially infected
individuals [9].

This study describes the largest field application of the anti-PGL-1 UCP-LFA to date (n =
33,128 tests), using humoral immunity in the population (anti-M. leprae-specific
seroprevalence), to assess the impact of PEP implementation including repeated door-to-
door screening on population infection levels, rather than merely evaluating the number of
newly detected cases many years after PEP. While the primary objective of the PEOPLE
trial was to explore the effects of various SDDR-PEP administration methods among
contacts of leprosy patients across the Comoros and Madagascar, the focus of the present
study was on the utility of the anti-PGL-I UCP-LFA in two use cases within this context. Our
findings underscore the significant value of this quantitative field-friendly test in (1)
diagnosing (MB) leprosy and (2) monitoring infection trends in populations undergoing
leprosy control interventions.

The anti-PGL-I UCP-LFA exhibited excellent performance in detecting leprosy patients with
a positive BI, with 92.5% (49/53) testing seropositive. As was also shown previously [17,
18], a higher bacterial load was associated with higher anti-PGL-I units. Additionally, for 37
contacts who developed leprosy during the PEOPLE trial (incident cases), all four incident
MB cases with a positive Bl, tested seropositive at the time of diagnosis. These findings are
consistent with previous studies and support the use of anti-PGL-I UCP-LFA, alongside
clinical evaluation, as an adjunctive diagnostic tool for MB, offering a less invasive alternative
to slit-skin smears or biopsies through FSB sampling [17-19, 38]. Also in line with previous
reports, the anti-PGL-1 UCP-LFA demonstrated lower sensitivity in PB patients, of whom
23.7% (80/337) tested seropositive. This result reflects the challenge of detecting M. leprae
infection in individuals with a negative or low Bl using antibody-based tests, as these
patients primarily mount a cellular immune response, and antibody levels - while sometimes
detectable - are generally lower due to limited bacterial load and more efficient immune
control [39]. Therefore, there is a need for complementary biomarkers for improved detection
in this patient group [24, 40, 41].

Despite the fact that six out of 37 contacts (16.2%; n = 3 MB; n = 3 PB) who developed
leprosy during the trial already tested seropositive (anti-PGL-I units 1 — 5) approximately
one year (or more) before diagnosis, previous reports have shown that anti-PGL-I
seropositivity is not predictive for leprosy disease [42-44]. In line with this, we found that
83.8% (n = 31) of incident cases tested anti-PGL-| seronegative one or two years prior to
their diagnosis. However, as a result of a serosurvey conducted in India, a nine-year-old
child who tested seropositive for anti-PGL-I IgM during a door-to-door serosurvey in Bihar,
was subsequently diagnosed with PB leprosy during follow-up one year after the serosurvey.
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The opportunity for early detection of leprosy, including PB, through follow-up of seropositive
individuals, underscores the additional benefit of serosurveys [45].

At the start of the study (year 1, before SDDR-PEP implementation), seroprevalence among
contacts ranged from 21.9% to 27.4% across the three study sites. By year 3,
seroprevalence on Anjouan was not very different from year 1 (8% reduction), while in
Madagascar and Mohéli substantial reductions were observed (45% and 58%, respectively),
suggesting a beneficial impact of active case finding and SDDR-PEP on infection rates.
Despite decreased seroprevalence on Anjouan, no significant drop in anti-PGL-I levels was
observed, possibly reflecting differences in transmission dynamics or intervention efficacy,
potentially influenced by population density and leprosy incidence, both notably lower in
Madagascar and Mohéli in comparison to Anjouan [19, 46].

Still, in all study sites, paired analysis of seropositive individuals showed reduced anti-PGL-
| levels over time, regardless of SDDR-PEP intake. Similarly, a study in South Sumatra,
Indonesia, reported reduced anti-PGL-l IgM among seropositive contacts of leprosy patients
two years after SDR-PEP [47]. However, our data regarding individual anti-PGL-I levels
before and after PEP, suggest that the combination of active case finding followed by
treatment of new cases and PEP - rather than PEP alone - play a crucial role in reducing M.
leprae transmission and that this could successfully be measured using our anti-PGL-I UCP-
LFA. In the PEOPLE trial, household contacts and anyone living within 100m of an index
case and who tested seropositive for anti-PGL-I received PEP. Including community controls
not receiving PEP in future studies could be informative to assess only the effects of PEP
on anti-PGL-I IgM levels among contacts.

Notably, five individuals who received SDDR-PEP before diagnosis still progressed to
clinical disease. Incorporating additional immunological markers beyond anti-PGL-I may
enhance evaluation of prophylactic interventions, as is currently being investigated in the
INDIGO#2 trial in Bangladesh (NCT06222372) [48].

With numerous initiatives being implemented to combat leprosy, including the administration
of SDR-PEP [49-51], it is important to investigate the (long-term) effects of such prophylactic
measures on the transmission of M. leprae and globally compare the impact of PEP across
areas with different levels of endemicity. As infection in young children per definition reflects
recent transmission in a population [32-34], testing should be focused on young children to
assess seroprevalence within a community prior to and following the implementation of
interventions. An analysis of the data for children alone showed that seroprevalence
remained stable on Anjouan, whereas it significantly decreased in the other two study sites
after intervention implementation, again indicating varied effects on recent transmission as
discussed earlier. While some countries are progressing towards or have already
successfully achieved the elimination of leprosy as determined by the number of new child
cases [52, 53], it remains essential to maintain robust surveillance systems [54]. In this
context, the introduction of a serological rapid test that allows large-scale field-testing could
represent a straightforward, yet effective approach to monitor transmission of M. leprae.

Akey requirement for serosurveillance in leprosy endemic populations is the implementation
of a standardized, quantitative assay that is user-friendly, allowing large-scale application in
low resource field settings. When the PEOPLE trial began in 2019, a pre-final version of the
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current anti-PGL-l1 UCP-LFA format was available, which consisted of LF strips and vertical
flow. In 2024, the LUMC immunodiagnostic research group introduced the PGL-1 QURapid,
which, besides having the advances of the UCP-LFA format also includes a biodegradable
cassette [17]. Unlike the methodology used in this study (2019-2023), this new version
including the biodegradable cassette, will eliminate the need for a 96-well plate, allowing the
diluted FSB sample to be directly applied to the test cassette, making it significantly easier
for field staff to use in future studies. Moreover, pre-printed barcode stickers can be applied
to the cassette, reducing the risks occurring during writing of participant IDs.

Conclusions

Our findings confirm the high sensitivity of the anti-PGL-I UCP-LFA in detecting Bl-positive
individuals. Moreover, the data of the serological analysis of the effect of SDDR-PEP in the
Comoros and Madagascar show that concurrent with active case finding and PEP
implementation, anti-PGL-I seroprevalence in the population, representing the number of
individuals with past or present infection, significantly decreased in all three study sites. The
seroprevalence decreased in both contacts who did and did not receive SDDR-PEP, albeit
not randomized, suggesting that active case finding, with treatment initiation rapidly
decreasing infectiousness, is probably at least as important in reducing transmission, as is
PEP. Simultaneously, M. leprae-specific antibody levels, representing the extent of infection,
significantly decreased over the years in the populations of Mohéli and Madagascar. Thus,
this study highlights the suitability of the low-invasive, field-friendly anti-PGL-I UCP-LFA, for
large-scale implementation in leprosy control programs [17]. By enabling the detection of
past or present infection with M. leprae in a quantitative fashion this test can play a vital role
in monitoring the effectiveness on transmission of control interventions, thus providing an
essential tool for the global effort to reduce the burden of leprosy.

Data availability
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Supplemental information

S1 Table. Overview of contacts tested for anti-PGL-I prior to leprosy diagnosis.

Anjouan total 35
sex
male 20 (57.1%)
female 15 (42.9%)
median age (range in years) 16 (3-78)
type of leprosy
MB
PB 10 (28.6%)
25 (71.4%)
Mohéli total 2
sex
male 2 (100%)
female 0 (0%)
median age (range in years) 22 (11-33)
type of leprosy
MB
PB 2 (100%)
0 (0%)
all total 37*

*No incident cases in Madagascar were tested for anti-PGL-I IgM.
MB: multibacillary; PB: paucibacillary.
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Dunn's multiple comparisons test Significance P Value
0-10vs. 11-20 R <0,0001
0-10vs. 21-30 K <0,0001
0-10vs. 31-40 R <0,0001
0-10 vs. 41-50 o 0,0057
0-10 vs. 81-90 ok 0,0022
11-20 vs. 31-40 * 0,0304
11-20 vs. 41-50 K <0,0001
11-20 vs. 51-60 R <0,0001
11-20 vs. 61-70 R <0,0001
11-20 vs. 71-80 FEEE <0,0001
11-20 vs. 81-90 o <0,0001
11-20 vs. 91-100 * 0,0151
21-30 vs. 41-50 ok 0,0033
21-30 vs. 51-60 K <0,0001
21-30 vs. 61-70 FEEE <0,0001
21-30 vs. 71-80 o <0,0001
21-30 vs. 81-90 K <0,0001
21-30 vs. 91-100 * 0,0305
31-40 vs. 51-60 o <0,0001
31-40 vs. 61-70 K <0,0001
31-40 vs. 71-80 R <0,0001
31-40 vs. 81-90 K <0,0001
41-50 vs. 51-60 ok 0,0066
41-50 vs. 61-70 * 0,0153
41-50 vs. 71-80 o 0,0053
41-50 vs. 81-90 R <0,0001
51-60 vs. 81-90 * 0,0343

S1 Fig. Anti-PGL-I values (shown in units) in FSB samples of contacts stratified by age. Open circles
represent anti-PGL-| IgM units of individual samples. Units above dotted line (units = 1) are considered
seropositive. Kruskal-Wallis tests with Dunn’s correction for multiple testing were performed to assess
statistical significance between anti-PGL-I units per age group.
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S2 Fig. Anti-PGL-I values (shown in units) in FSB samples of child contacts on Anjouan, Mohéli and
Madagascar. A: Anti-PGL-l IgM (y-axis) units of children (2-10 years of age) who are contacts of leprosy
patients on Anjouan (left panel), Mohéli (middle panel) and Madagascar (right panel) per study year (x-axis).
Open circles represent anti-PGL-| units of individual samples. Units above dotted line (units = 1) are considered
seropositive. Kruskal-Wallis tests were performed to assess statistical significance between anti-PGL-I units
at the beginning and end of the study (**P < 0.01, ****P < 0.0001). B: Percentages (%) of child contacts (2-10
years of age) testing seropositive for anti-PGL-l IgM (y-axis) depicted per study site and year (x-axis). Chi-
squared tests were performed to assess statistical significance between percentages at the beginning and end
of the study (***P < 0.001).

FSB: fingerstick blood; IgM: immunoglobulin M; PGL-I: phenolic glycolipid-I; Y1: year 1; Y2: year 2; Y3: year
3.
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83 Fig. Longitudinal monitoring of anti-PGL-I values (shown in units) in FSB of incident leprosy cases.
Heat maps showing anti-PGL-I IgM units of MB (left panel; n = 12) and PB (right panel; n = 25) leprosy cases.
Anti-PGL-I units = 1 are considered seropositive. ‘P’ indicates timepoint of receiving SDDR-PEP. Triangles

indicate timepoint of diagnosis. * - indicates that no FSB sample was taken in that year. Four contacts
were diagnosed with leprosy after the third year of the study. Anti-PGL-I units 0-0.99: light orange; units 1-4.99:
orange; units 5-9.99: dark orange; units = 10: red. BI: bacterial index; FSB: fingerstick blood; MB: multibacillary;
na: not available; PB: paucibacillary; PGL-I: phenolic glycolipid-I; SDDR-PEP: single double-dose rifampicin
post exposure prophylaxis; Y1: year 1; Y2: year 2; Y3: year 3.
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patients at diagnosis. Open circles represent anti-PGL-I IgM units of individual samples. Units above dotted
line (units = 1) are considered seropositive. Solid black circles indicate Bl-positive individuals. The Mann-
Whitney U test was applied to assess statistical significance between the two groups. Bl: bacterial index; MB:
multibacillary; PB: paucibacillary.
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S5 Fig. Anti-PGL-l values (shown in units) of contacts on Anjouan, Mohéli and Madagascar testing
seropositive in year 1 longitudinally. Anti-PGL-I IgM (y-axis) units of contacts on Anjouan (left panel), Mohéli
(middle panel) and Madagascar (right panel) testing seropositive in year 1 per study year (x-axis). Open circles
represent anti-PGL-l units of individual samples. Units above dotted line (units = 1) are considered
seropositive. Friedman tests were performed to assess statistical significance between anti-PGL-I levels at the
beginning and end of the study (****P < 0.0001). PGL-I: phenolic glycolipid-1; Y1: year 1; Y2: year 2; Y3: year
3.
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S6 Fig. Longitudinal anti-PGL-l values (shown in units) among contacts on Anjouan, Mohéli and
Madagascar testing seropositive in year 1 separated by SDDR-PEP intake. In both groups (SDDR-PEP
and no PEP), active case finding took place. A: Paired median anti-PGL-I IgM (y-axis) units of seropositive
contacts (Y1) that received SDDR-PEP or not (x-axis) on Anjouan (left panel), Mohéli (middle panel) and
Madagascar (right panel) longitudinally. Units above dotted line (units = 1) are considered seropositive.
Wilcoxon tests were performed to test for statistical significance between two groups (**P < 0.01, ****P <
0.0001). B: Paired percentages (%) of individuals testing seropositive for anti-PGL-I IgM (y-axis) per study
year (x-axis) divided per study site and SDDR-PEP intake (upper panel: active case finding + SDDR-PEP;
lower panel: active case finding). McNemar tests were performed to test for statistical significance between
percentages (*P < 0.05, ***P < 0.001). IgM: immunoglobulin M; PGL-I: phenolic glycolipid-l; SDDR-PEP: single
double-dose rifampicin post-exposure prophylaxis; Y1: year 1; Y3: year 3.

139






Host biomarker-based quantitative rapid
tests for detection and treatment
monitoring of tuberculosis and
COVID-19

Louise Pierneef," Anouk van Hooij,' Danielle de Jong,? Elisa M. Tjon
Kon Fat,? Krista E. van Meijgaarden," Elisa Petruccioli,® Valentina
Vanini,® Anna H.E. Roukens, Delia Goletti,®> Paul L.A.M. Corstjens,?
Simone A. Joosten,' Annemieke Geluk,"*" and in collaboration with
the BEAT-COVID study group

'Department of Infectious Diseases, Leiden University Medical Center, Leiden, the
Netherlands

2Department of Cell and Chemical Biology, Leiden University Medical Center, Leiden,
the Netherlands

National Institute for Infectious Diseases “L. Spallanzani”, IRCCS, Rome, Italy

iScience. 2023; 26(1): 105873



Chapter 7
Abstract

Diagnostic services for tuberculosis (TB) are not sufficiently accessible in low-resource
settings, where most cases occur, which was aggravated by the COVID-19 pandemic. Early
diagnosis of pulmonary TB can reduce transmission. Current TB-diagnostics rely on
detection of Mycobacterium tuberculosis (Mtb) in sputum requiring costly, time-consuming
methods, and trained staff. In this study, quantitative lateral flow (LF) assays were used to
measure levels of seven host proteins in sera from pre-COVID-19 TB patients diagnosed in
Europe and latently Mtb-infected individuals (LTBI), and from COVID-19 patients and
healthy controls. Analysis of host proteins showed significantly lower levels in LTBI versus
TB (AUC: 0.94) and discriminated healthy individuals from COVID-19 patients (0.99) and
severe COVID-19 from TB. Importantly, these host proteins allowed treatment monitoring of
both respiratory diseases. This study demonstrates the potential of non-sputum LF assays
as adjunct diagnostics and treatment monitoring for COVID-19 and TB based on quantitative
detection of multiple host biomarkers.
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Introduction

Since the end of 2019, COVID-19, the devastating respiratory disease caused by severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has plagued humans, swiftly
resulting in a global pandemic. This has led to over 500 million cases and 6.3 million deaths
(July 2022) [1]. Currently, reverse transcription polymerase chain reaction (RT-PCR) specific
for SARS-CoV-2 based on nasopharyngeal swabs are used for diagnosis [2]. SARS-CoV-2
is transmitted via the respiratory route with an average incubation time of days [3]. Whereas
most individuals infected with this virus are asymptomatic or experience mild to moderate
disease, [3,4] still a substantial number of patients is hospitalized because of severe
respiratory problems [5-7]. Moreover, in individuals with severe COVID-19, a
proinflammatory cytokine storm can be observed inducing respiratory distress [4, 8].

Despite the COVID-19 pandemic, tuberculosis (TB) remains one of the most lethal infectious
diseases, mainly in low-income countries, but also presenting an unignorable threat in
Europe [1,9]. In 2020, around 10 million individuals developed TB and 1.5 million deaths
were attributed to this disease [9]. It is estimated that one-quarter of the global population is
latently infected with Mycobacterium tuberculosis (Mtb) and approximately 3—10% of those
individuals are at risk of developing active TB during their lifetime [10]. As a poverty-
associated disease, TB places a huge burden on health care services of low- and middle-
income countries. Of the estimated 10 million patients, 3.6 million active TB cases are not
diagnosed or reported [11]. Early diagnosis, followed by prompt and successful treatment
will reduce Mtb transmission [11] and prevent disease-associated mortality [10]. Active TB
is diagnosed by detection of the pathogen in sputum using microbiological, microscopic or
genetic methods, which are often expensive, time-consuming, resource intense, require
specially trained staff, and are less sensitive in HIV co-infected individuals [12]. Besides,
sputum has relatively large sampling error resulting in false negative outcomes as it is
difficult to obtain, especially from children [13-16]. Also, sputum cultures carry the risk of
infection resulting in unusable data. Another hurdle of the use of sputum-based diagnostics
is its lack of point-of-care (POC) application, therefore requiring additional clinic visits before
treatment initiation. This is associated with a considerable risk of loss to follow-up as this
may be a lengthy process, thereby sustaining transmission. TB diagnostic services are not
sufficiently accessible, as exemplified by the fact that the WHO endorsed Xpert MTB/RIF
(GeneXpert; Cepheid Inc., Sunnyvale, CA, USA) test for TB [17,18] is not sufficiently
available to people living in remote, TB endemic areas.

Furthermore, it is important to note that COVID-19 contributed to disrupt TB services and
therefore local disease control by reducing diagnosis and treatment of active TB and latently
Mitb infected individuals (LTBI) [19]. Therefore, in the near future, an increase of active TB
cases including multidrug-resistant cases, is likely to be observed [20-22]. Considering that
the risk of death because of TB has been estimated as 1.4 times higher in COVID-19
patients [23], it is vital to develop new tools to identify patients with TB and/or SARS-CoV-2
infection. As signs and symptoms of COVID-19 might resemble those that are associated
with active TB in areas where both are endemic or in “western” settings encountering
refugees from TB endemic areas, biomarkers that can rapidly discriminate between these
viral and bacterial respiratory diseases can be useful for triage.
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Using the luminescent upconverting reporter particle (UCP) technology combined with low-
cost, field-friendly immune-chromatography, we have previously developed and field-
evaluated quantitative lateral flow assays (LFAs) [24—31]. These UCP-LFAs are suitable for
accurate quantification of cytokines, acute phase proteins and antibodies in serum,
stimulated whole blood, pleural fluid, saliva, and fingerstick blood [29, 32-35]. The user-
friendly, low complexity UCP-LFAs do not require sophisticated analytical laboratory
equipment. Portable battery-operated readers provide full instrument-assisted analysis
which also avoid potential operator bias. The UCP-LFAs represent POC alternatives for the
more elaborate and time consuming, laboratory-based enzyme linked immunosorbent assay
(ELISA). Another advantage of the UCP-LFA is that it permits multiplexing to measure
several markers simultaneously allowing a biomarker signature to be assessed in field
settings [27,31].

Exploratory proteomics previously identified a promising host protein signature that
distinguished active TB patients from other respiratory diseases (ORD) with signs and
symptoms suggestive of TB in an African setting [36]. Based on this signature, we have
applied C-reactive protein (CRP), apolipoprotein-A1 (ApoA1), inducible protein (IP)-10/C-X-
Cmotif chemokine 10 (CXCL-10), and serum amyloid A (SAA) to the UCP-LFA format [29].
In addition, we have developed UCP-LFAs for interleukin-6 (IL-6), S100 calcium-binding
protein A12 (S100A12), and ferritin in view of their role in tuberculous meningitis [37,38],
inflammatory disorders [39], leprosy [29,31] and iron homeostasis in Mtb [36,40]
respectively. In this study, we have used UCP-LFAs to rapidly assess serum levels of these
host proteins in European TB and COVID-19 patients to investigate to what extent these
can identify and discriminate between the old and new respiratory disease.

Results
Assessment of host biomarkers for active TB in a European cohort

Previously, host biomarkers were identified by Luminex as discriminatory between TB and
ORD in African settings [37]. The aim of the present study was to assess whether these host
biomarkers could also allow the identification of TB in a European hospital setting, UCP-LF
strips were developed for quantitative measurement of seven cytokines [24—-26,35,41,42]
and used for analysis of banked sera from LTBI and pulmonary TB patients collected in
Europe (TB cohort 1, Figure 1). Serum levels for CRP, ferritin, IL-6, IP-10, SAA1/A2, and
S100A12 were significantly higher in the TB group (p<0.0001, p = 0.0325, p = 0.0006, p =
0.01, p<0.0001, and p<0.0001, respectively), but no significant difference was found for
ApoA1 (p = 0.3244). CRP, SAA1/A2, and S100A12 were the most discriminatory when
comparing TB to LTBI (AUCs: 0.87-0.96). Chest X-ray severity did not affect the levels for
any of the cytokines (Figure S1).
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Figure 1. Evaluation of host biomarkers for TB and LTBI in a European cohort. Levels of IL-6, IP-10,
ferritin, SAA1/A2, CRP, ApoA1, and S100A12 were measured by UCP-LFA in serum samples of TB patients
(n = 30; green dots) and LTBI (n = 29; gray dots) from Europe. Median values for each group are indicated by
horizontal bars. Mann-Whitney U tests were performed to determine the statistical significance between groups
(p-values: *p<0.05, **p=<0.01, ***p=<0.001, ****p<0.0001). Green dots: TB cohort 1; gray dots: LTBI cohort 1.
AUC: area under the curve; Fc: flow control line; LTBI: latent tuberculosis infection; T: test line; TB: tuberculosis.

The total number of six biomarkers (ApoA1, CRP, ferritin, IL-6, IP-10, and SAA1/A2) scoring
above the cut-off value (NUMscore), based on the Youden’s index for each marker, was
calculated [31]. Using a cut-off of 23 positive markers, accuracy for active TB (with LTBI as
control group) with a sensitivity of 83% (Cl: 66.4 to 92.7) and specificity of 97% (CI: 82.8 to
99.8) (AUC: 0.94; Figure S2) was found. An overview of medians for each marker per test
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group/comparison and the cut-off values for each biomarker are displayed in Tables 1 and
2. Other NUM score combinations and corresponding AUC and Sn/Sp were evaluated and
shown in Table S3. Biomarkers were deleted from the NUM score based on their contribution
(AUC); the biomarker with the lowest AUC was removed first and this was repeated until the
most discriminatory marker for that comparison remained. Noteworthy is that a 2-marker
NUM score of CRP and SAA1/A2 (using a cut-off of 21) resulted in an AUC of 0.91 and
similar Sn/Sp (83%/97%) as the 6-marker NUM score, in the comparison of LTBI versus TB.

Moreover, comparison of available QuantiFERON data and NUMscore results in TB cohort
1 showed that a NUM score based on the levels of six (ApoA1, CRP, ferritin, IL-6, IP-10, and
SAA1/A2) as well as two (CRP and SAA1/A2) host proteins, allowed identification of
individuals with active TB whose QuantiFERON test was negative (Figure S3). In addition,
whereas QuantiFERON was not able to accurately distinguish between active TB and LTBI,
both 2- and 6-marker NUM scores successfully discriminated active from latent TB in
QuantiFERON-positive individuals.

Analysis of host proteins for COVID-19 in a European cohort

In 2020, COVID-19 and SARS-CoV-2 infection posed TB diagnostics with an additional
respiratory disease in the differential diagnosis. Therefore, UCP-LFA for the same seven
biomarkers were also used to analyze hospitalized Dutch COVID-19 patients (n = 102) and
healthy controls (n = 39); the latter sampled either in (n = 12) or before 2020 (n = 27; Figure
2). UCP-LFAs showed that for all seven proteins, serum levels were significantly different
between the COVID-19 patients and healthy controls, with p-values ranging from p = 0.0008
to p<0.0001 (Figure 2). Of note was that for six markers (CRP, ferritin, IL-6, IP-10, SAA1/A2,
and S100A12) higher values were detected in COVID-19 sera whereas for ApoA1,
significantly lower levels were detected in the COVID-19 group (p<0.0001). The markers
with the highest discriminatory potential between these two groups included CRP, ferritin,
and SAA1/A2 (AUCs ranging from 0.94 to 0.98). For ApoAf1, ferritin, IP-10, and SAA1/A2,
no significantly different levels were observed at hospital admission — between COVID-19
patients with moderate disease, severe disease or fatal outcome (Figures 2 and S1).
Cytokines CRP, IL-6, and S100A12 were significantly increased in patients with fatal
outcome compared to those with moderate disease. In addition, higher CRP levels were
observed in severe compared to moderate disease. Moreover, CRP, ferritin, IL-6, IP-10, and
SAA1/A2 did not show any significant differences in serum samples at hospital admission
of COVID-19 patients who had already received anti-inflammatory treatment before the first
sample collection compared to those who had not received any treatment yet (Figure S4).
S100A12, on the other hand, significantly decreased on anti-inflammatory treatment,
whereas ApoA1 increased.
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Table 1. Overview of medians including interquartile range (IQR) for each marker per test
group/comparison

Mar ke Test group Medhan IR
Apodl LTBI cohart 1 0-18 0.07
TB cohort 1 0-20 008
TB cohart 1 + 2 0-2 013
Healthy cortrals 0-28 0-.07
COVID-1% 01 008
CRP LTBI cohort 1 034 0-18
TB cohort 1 0. 80 0.4
TB cohort 1 + 2 080 0-32
Healthy cortrols 05 .50
COVID-19 143 0-5
Feritin LTBI cohort 1 0.2 0.24
TB cohort 1 035 040
TB cohort 1 + 2 035 034
Healthy cortrals 008 0.09
COVID-% 0-58 0-32
L& LTBI cohort 1 0. 04 0.03
TB cohort 1 0.0 0-08
TB cohort 1 + 2 o o Q.
Healthy control 0-m 0-04
COVID-1% 0-of 014
IP-10 LTBI cokart 1 109 0.2
TB cohort 1 1:-2 018
TB cohort 1 + 2 ¥-M 033
Healthy cortrols 0-& 038
COVID-S 1@ 080
SAATIAZ LTBI cohort 1 0.7 0.09
TB cohort 1 054 0-51
TB cohort 1 + 2 0. 54 0. 58
Healthy cortrols 0 o-
COVID-19 1. 7R a.7
ST0AT2 LTBI cohort 1+ 2 0. 0.02
TB cohort 1 0. 0.1
TB cohori 1 + 2 oo 008
Healthy cortrals 0-a 0-04&
COVID-19 Q.17 0. 18

Overview of the medians including IQR per test group for each individual marker. COVID-19: coronavirus
disease 2019; IQR: interquartile range; LTBI: latent tuberculosis infection; TB: tuberculosis.
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An in-sample validation of the seven biomarkers (ApoA1, CRP, ferritin, IL-6, IP-10, SAA1/A2,
and S100A12) combined through calculation of a NUMscore yielded a sensitivity of 93% (ClI:
86.5 to 96.6) with specificity of 100% (CI: 91.0 to 100), applying a cut-off of at least four
positive markers in the comparison of COVID-19 patients to healthy controls (AUC: 0.99;
Figure S5; Table 2). Only combining the three most discriminatory markers (CRP, ferritin,
and SAA1/A2) resulted in Sn/Sp of 95%/97% (cut-off 22) and an AUC of 0.99 (Table S3).

Comparison UCP-LFAs for COVID-19 and TB

To assess whether the seven markers could also distinguish TB from COVID-19, UCP-LFA
data of sera from 26 untreated, pulmonary TB patients collected in Italy (TB cohort 1, Figure
3) were combined with 20 additional sera from former TB patients collected in the
Netherlands (TB cohort 2, Figure 3) to increase group size, and compared to 102 serum
samples from COVID-19 patients at hospitalization. For CRP, ferritin, SAA1/A2, and
S100A12, serum cytokine levels were significantly higher in the COVID-19 group (p<0.0001,
p = 0.0038, p<0.0001 and p<0.0001, respectively). In contrast, ApoA1 levels were
significantly lower in COVID-19 patients (p<0.0001). However, no significant differences
were found for IL-6 and IP-10 between the two groups. SAA1/A2 and CRP showed the
highest discriminatory potential (AUCs of 0.92 and 0.93, respectively).

When comparing COVID-19 to TB patients, the calculation of a NUM score based on seven
biomarkers (ApoA1, CRP, ferritin, IL-6, IP-10, SAA1/A2, and S100A12), resulted in a
sensitivity of 91% (Cl: 84.1 to 95.3) with specificity of 87% (Cl: 74.3 to 93.9) applying a cut-
off of at least four positive markers (AUC: 0.95; Figure S6). A NUM score combining CRP,
SAA1/A2, and S100A12 yielded Sn/Sp of 90%/87% applying a cut-off of at least 2 positive
markers (AUC: 0.94).
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Figure 2. Evaluation of host biomarkers for Dutch COVID-19 patients and healthy controls. Levels of IL-
6, IP-10, ferritin, SAA1/A2, CRP, ApoA1, and S100A12 were measured by UCP-LFA in serum samples of
COVID-19 patients (n = 102) and healthy controls (n = 39; n = 27 from before (May) 2019 (n = 12 from after
2019 (June/July 2020)) from the Netherlands. Median values for each group are indicated by horizontal bars.
Mann-Whitney U tests were performed to determine the statistical significance between groups (p-values:
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Orange dots: healthy controls from before 2019; purple dots:
healthy controls from after 2019; black dots: COVID-19 patients with a fatal outcome; yellow dots: COVID-19
patients with severe disease; turquoise dots: COVID-19 patients with moderate disease. AUC: area under the
curve; COVID-19: coronavirus disease 2019; Fc: flow control line; T: test line.
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Table 2. Overview of cut-off ratios used for each marker per cohort comparison with corresponding sensitivity
and specificity.

Marker Cohort comparison AUC Cut-off ratio Sn/Sp
ApoAl TB versus LTBI 0-57 >0 - 195 57 %/ 66%
COVID-19 versus healthy controls 0-85 <0-215 66 %/90%
COVID-19 versus TB o-M <0 - 285 P6%/36%
CRP TB versus LTBI 0-87 =0 - 585 TT%/9T%
COWVID-19 versus healthy controls 094 >0 - 990 PI%/BT%
COVID-19 versus TB 093 »1-175 78%/96%
Ferritin TB versus LTBI 0- &6 =0 - 560 33%/97%
COVID-19 versus healthy controls 0.9 >0 - 205 89%/92%
COWID-19 versus TB 065 =0 - 405 T1%/62%
IL-6 TB versus LTBI 0-76 =0 - 045 87%/59%
COVID-19 versus healthy controls 0-72 >0 - 035 T5%/6T%
COVID-19 versus TB 0-58 <0 - 045 34%/92%
IP-10 TB versus LTBI 0-70 >1-190 57%/79%
COWVID-19 versus healthy controls n-82 >0 - 855 TS%/T4%
COVID-19 versus TB 0-55 =1 260 41%/84%
SAAT/A2 TB versus LTBI 0-87 =0 - 345 100%/77%
COWID-19 versus healthy controls 0 98 >0 - 900 F2NIT%
COVID-19 versus TB 092 >1 - 005 B89%/82%
S100A12 TB versus LTBI 0- 9% =0 - 045 B8%/ITH%
COVID-19 wversus healthy controls 0. 8¢9 >0+ 125 70%/95%
COWID-19 versus TB 0-79 =0 - 105 T6%/T0%

Overview of the cut-off ratios used per each individual marker in three different comparisons: TB vs. LTBI,
COVID-19 versus healthy controls, and COVID-19 versus TB. The corresponding AUC, sensitivity and
specificity are shown for each biomarker. A cut-off ratio for positivity for each biomarker was determined by
calculating the maximal Youden’s index. Using the cut-offs for positivity, a NUM score was calculated; the
number of biomarkers that scored above the threshold of positivity. AUCs in bold indicate the marker with the
most discriminatory potential for a specific comparison; AUCs in italic font indicate a non-significant result.
AUC: area under the curve; COVID-19: coronavirus disease 2019; LTBI: latent tuberculosis infection; Sn/Sp:
sensitivity/specificity; TB: tuberculosis.

Treatment monitoring

To assess the applicability of UCP-LFAs for these markers to monitor TB treatment efficacy,
serum samples from 22 confirmed TB patients (from TB cohort 1) taken at month 2—4 (t1),
and month 5-9 (t2) after onset of treatment were analyzed and compared to baseline data
before initiation of treatment (t0) (Figures 4 and S7). At t2, serum levels of IL-6, ferritin, CRP,
and S100A12 were significantly reduced compared to participants’ serum levels at t0 (p =
0.0208, p = 0.0002, p = 0.0133 and p = 0.0004, respectively). In contrast, ApoA1 levels
significantly increased at t2 compared to t0 (p = 0.0133), IP-10 and SAA1/A2 showed no
significant differences between t0 and t2 (p = 0.1409 and p>0.9999, respectively).
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Figure 3. Evaluation of host biomarkers for TB and COVID-19 patients. Levels of IL-6, IP-10, ferritin,
SAA1/A2, CRP, ApoA1, and S100A12 were measured by UCP-LFA in serum samples of TB patients (n = 46)
and COVID-19 patients (n = 102) collected in European hospitals. Median values for each group are indicated
by horizontal bars. Mann-Whitney U tests were performed to determine the statistical significance between
groups (p-values: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Green dots: TB cohort 1; blue dots: TB cohort
2; black dots: COVID-19 patients. AUC: area under the curve; COVID-19: coronavirus disease 2019; Fc: flow
control line; T: test line; TB: tuberculosis.

A similar analysis was performed for 25 successfully treated COVID-19 patients with
samples taken at hospital admission (t0) and at follow up around 6 weeks after hospital
discharge (2 — Figure 5). At t2, serum levels of CRP, ferritin, IL-6, IP-10, SAA1/A2, and
S100A12 were significantly lower (p<0.0001, p = 0.0001, p<0.0001, p = 0.0005, p<0.0001
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and p = 0.0022, respectively). However, ApoA1 levels were significantly higher in
comparison to t0 (p = 0.0063) in line with the finding of reduced ApoA1 serum levels for
COVID-19 patients versus healthy controls.
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Figure 4. Treatment monitoring for TB. Levels of IL-6, IP-10, ferritin, SAA1/A2, CRP, ApoA1, and S100A12
were measured by UCP-LFA in serum samples of pulmonary TB patients (n = 22) before treatment (t0), at
months 2—4 (t1), and months 5-9 (t2) of treatment. Median values for each group are indicated by horizontal
bars. The gray dotted lines represent the median value of the corresponding marker measured for 39 healthy
controls. S100A12 data were missing for one patient. Friedman test with Dunn’s correction for multiple testing
was performed to determine the statistical significance between timepoints (p-values: *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001). Fc: flow control line; T: test line; TB: tuberculosis; t0: first timepoints; t1: 2—4 months
after the beginning of treatment; t2: 5-9 months after the beginning of treatment.
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Figure 5. Treatment monitoring for COVID-19. Levels of IL-6, IP-10, ferritin, SAA1/A2, CRP, ApoA1, and
S100A12 were measured by UCP-LFA in serum samples from COVID-19 patients (n = 25) at hospital
admission (t0) and follow-up (t2). Median values for each group are indicated by horizontal bars. The gray
dotted lines represent the median value of the corresponding marker measured for 39 healthy controls.
Wilcoxon matched pairs signed rank tests were performed to determine the statistical significances between
timepoints (p-values: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). COVID-19: coronavirus disease 2019; Fc:
flow control line; T: test line; t0: timepoint of hospital admission; t2: follow-up around 6 weeks after hospital
discharge.

Discussion

Early detection and treatment of communicable diseases, particularly those spread via
aerosols to the respiratory tract, is vital to stop transmission. As shown in WHO records,
migrants traveling to Europe may also carry a higher risk of Mtb infection [43—46]. Thus, in
view of the COVID-19 pandemic and the continuous migration to (Western) Europe from
areas with multi- and even extensively drug-resistant TB [47,48], specific tools for screening
and (rapid) diagnosis of TB, become even more crucial.

This study describes the performance of the rapid and quantitative measurement of seven
markers in the UCP-LFA format. This POC platform is highly adaptable toward
implementation of the number and variety of biomarkers and was developed for
(simultaneous) assessment of cytokines, acute phase proteins [49,50], growth factors [51],
antibodies, and complement markers [52]. In this study, LF strips for detection of one
biomarker were applied for seven host serum proteins, representing a tentative signature
relevant for TB triage, comprising ApoA1, CRP, ferritin, IL-6, IP-10, SAA1/A2, and S100A12.

In comparison to sera from individuals with latent TB, we found significantly increased levels
of CRP, ferritin, IL-6, IP-10, SAA1/A2, and S100A12 in those from active TB patients. CRP,
SAA, and ferritin, all acute phase proteins (APPs) synthesized in the liver [53], are
associated with TB [54-60] and inflammation [36,61,62]. Once secreted by monocytes,
endothelial cells or fibroblasts, IP-10 can act as a chemotactic mediator for both innate and
adaptive immune cells [63] and is recognized as a marker in HIV-positive TB patients [64].
IL-6 is a proinflammatory cytokine produced by macrophages [53,65]. In line with previous
literature, these five markers were also elevated in COVID-19 patients compared to healthy
controls [5,65—70]. Furthermore, two additional markers ApoA1 and S100A12, also showed
diagnostic potential for COVID-19 confirming the earlier reported downregulation of ApoA1
and the upregulation of S100A12 in COVID-19 patients in France and China [71-73]. ApoA1
is believed to play an important role in modulating inflammation as it can inhibit monocyte
activation by binding to T cells [74] resulting in decreased ApoA1 serum levels during
inflammation [75]. On the other hand, the phagocytic protein S100A12 can exhibit
proinflammatory effects and is found in high concentrations at sites of inflammation [39].

When levels of host proteins were compared between COVID-19 and TB patients, five
(ApoA1, CRP, ferritin, SAA1/A2, and S100A12) showed promising discriminatory potential
as all but ApoA1 were significantly higher in COVID-19 patients’ sera. IL-6 and IP-10 seemed
promising biomarkers successfully discriminating TB from LTBI and COVID-19 from healthy
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controls. However, these two markers did not show potential in distinguishing TB from
COVID-19 disease. Although CRP is generally described as a biomarker for bacterial
infection [76,77], higher levels of this acute phase protein were observed in COVID-19
patients compared to TB. The excessive levels of these biomarkers could possibly be
explained by the acute and exorbitant nature of local and systemic inflammation and immune
activation observed in COVID-19 patients [78-80].

Despite the fact that certain host proteins are detectable in healthy as well as diseased
individuals, the quantitative nature of the UCP-LFA allows the discrimination of TB and
COVID-19 at POC because levels varied significantly between the test groups. In this
respect, it should be noted that for each comparison (TB versus LTBI; COVID-19 versus HC;
TB versus COVID-19) a distinct cut-off was required per biomarker. Besides allowing
quantification of host biomarkers at POC, the addition of pathogen-specific biomarkers to a
signature based on proteins that are not disease-specific (such as the host proteins
evaluated here), increases the diagnostic potential. This was recently demonstrated for
leprosy diagnostics in which the simultaneous detection of the cytokines described in this
study and anti-Mycobacterium leprae PGL-l IgM [29] into a multi-biomarker test (MBT)
allowed the discrimination of patients with both paucibacillary and multibacillary leprosy from
controls in high- but also in non-endemic areas [31]. In the case of Mtb infection, however,
a specific and sensitive antibody has not yet been identified [81,82].

This study aimed to evaluate whether serum levels of the selected host proteins can be used
to detect TB and COVID-19 using in-sample validation. These markers need to be validated
in an independent cohort, in which both patient groups are recruited prospectively at the
same site and time. However, in-sample validation using NUM scores was assessed. This
approach, based on serum levels of ApoA1, CRP, ferritin, IL-6, IP-10, and SAA1/A2, yielded
an 83% sensitivity and 97% specificity for detection of TB versus LTBI. Noteworthy is that
not all six markers might be necessary, as a 4-marker NUM score combining CRP, IL-6, IP-
10, and SAA1/A2 in this study yields a sensitivity of 87%, which nears the WHO-
recommended sensitivity (90%) for triage TB tests [83]. Similarly, using a NUM score based
on 7 host proteins (additionally including S100A12), COVID-19 patients were separated from
healthy controls with sensitivity of 93% and specificity of 100%, respectively. A 3-marker
NUM score (CRP, ferritin, and SAA1/A2) resembles the above-mentioned test performance
with sensitivity of 95% and specificity of 97%. The seven markers could also distinguish TB
from COVID-19 with 91% sensitivity and 87% specificity. A combination of CRP and
SAA1/A2 might already be sufficiently discriminatory, with Sn/Sp of 94%/80%.

Longitudinal analysis of both TB and COVID-19 cohorts, indicated that biomarker analysis
allows immunomonitoring of treatment for both groups. CRP, ferritin, IL-6, and S100A12 all
declined during TB treatment, whereas ApoA1 levels increased over time. Furthermore, in
line with the use of IL-6 inhibitors for treatment of COVID-19 patients attempting to mediate
inflammation [65,80], IL-6 levels declined significantly in these patients on treatment. Of
interest, baseline IL-6 levels were significantly higher in patients with fatal outcome
compared to those with moderate disease. Nevertheless, contradictory effects on mortality
in several clinical trials using IL-6-blocking agents were reported [65]. Markers described to
be valuable in predicting clinical outcome for COVID-19 in other studies included CRP, SAA,
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ferritin, and S100A12 [62,69,73,84,85]. For two of those markers, CRP and S100A12,
increased levels were indeed detected in our study at hospital admission in patients with
fatal outcome compared to those with moderate disease.

Although some patients had been treated with anti-inflammatory medication before hospital
admission, this did not affect biomarker levels for CRP, ferritin, IL-6, IP-10, and SAA1/A2.
However, only S100A12 and to a lesser extent also ApoA1 already showed a significant
effect, arguing for the potential of these proteins as biomarkers for monitoring of early
treatment effect.

Our study shows that the UCP-LFA format cannot only provide (adjunct) rapid diagnostics
for (triage of) chronic diseases such as TB and leprosy [31,34,36], but also for more acute
diseases including COVID-19. Of note, we demonstrated that in contrast to QuantiFERON-
TB Gold which detects Mtb infection but cannot discriminate between active TB and LTBI
[86], the host proteins assessed here showed significant differences between active TB and
LTBI (AUC: 0.88-1.00). Application of these biomarkers in UCP-LFA as adjunct diagnostic
tools for triage of TB, can be useful to assess whether further diagnostic testing is warranted
thereby reducing the costs for referrals for SARS-CoV-2 PCR and/or GeneXpert.

Limitations of the study

It should be noted that the COVID-19 cohort studied concerned patients hospitalized in 2020
who were all severely ill but admitted at various COVID-19 stages, which was reflected by
the detected range in host biomarker levels. Therefore, in areas endemic for both TB and
COVID-19, it will be feasible to triage TB (accepting lower sensitivity) but challenging to
diagnose TB based on the studied biomarkers, because these reflect an individual’'s disease
and inflammation state which may be comparable for these diseases. Consequently, the
outcome of non-disease specific, host biomarker-based diagnostics should always be
considered in the context of the individual’s clinical presentation and the burden of diseases
in an area.

Future studies should thus be focused at simultaneous recruitment of TB as well as all ORD,
including other, non-European settings. To this end, the UCP-LFA platform can facilitate
replacement of biomarkers to generate more optimal signatures for various use-cases
including discrimination of TB and COVID-19.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Anpbodies

Goat-anti-human ApoA1 R&D systems AF3664; RRID: AB_2242717
Mouse-anti-human CRP Labned.com Ccs

Mouse-anti-human ferritin MNovus Biologicals F3

Rat-anti-human IL-6 Biolegend MQ2-39C3
Mouse-anti-human 1P-10 Diadone Research B-C55

Mouse-anti-human SAAT/AZ RE&D systems 865504

Goat-anti-human 5100412 RBD systems AF1052; RRID: AB_2183610
Goat-anti-mouse Sigma-Aldrich MB&42; RRID: AB_260698
Goat-anti-rabbit Sigma-Aldrich R4880; RRID: AB_261349
Goat-anti-rat Sigma-Aldrich R5130; RRID: AB_261356
Rabbit-anti-goat Sigma-Aldrich G4018; RRID: AB_259895
Rabbit-anti- ApoA1 R&D systems 20834,

Mouse-anti-CRF Labned com CRP135

Mouse-anti-ferritin Novus Biologicals F23

Mouse-anti-|P-10 Diaclone Research B-C50
Mouse-anti-SAA1/A2 RBD systems 924903

Goat-anti-S100A12 RBD systems AF1052; RRID: AB_2183410
Rat-anti-IL-6 Biolegend MQ2-13A5

Biclogica samples

Serum samples from individuals
with TB and LTBI

Serum samples from individuals
with TB and LTBI

Serum samples from healthy
individuals and COVID-19 patients

the National Institute for Infectious
Diseases “L. Spallanzani”,

IRCCS, Rome, haly

Leiden University Medical

Center (LUMC), the Netherlands
Leiden University Medical

Center [LUMC), the Netherands

Sottware andalgorithms

UCP dedicated benchtop reader
GraphPad Prism version 9.0.1

Labrox Oy Upeon
GraphPad Software

Cther

Polyacrylic acid functionalized
UCPs (200 nm, NaYF :Yb®* Er*)

Intelligent Material Solutions Inc.

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to and will
be fulfilled by the lead contact, Annemieke Geluk (A.Geluk@lumc.nl).

Materials availability

This study did not generate new unique reagents.
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Data and code availability

o All biomarker data reported in this paper will be shared by the lead contact upon
request.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study participants

Study participants were consenting adults from three different cohorts (Tables S1 and S2):

TB cohort 1

Pre-COVID-19 biobanked serum samples from 30 pulmonary TB patients and 29 LTBI
patients were recruited at the National Institute for Infectious Diseases “L. Spallanzani”,
IRCCS, Rome, Italy, as described earlier [52,87,88]. Pulmonary TB patients were diagnosed
based on sputum-culture (BACTEC, MGIT, Becton, Dickinson and Company (BD), Franklin
Lakes, NJ, USA) or positive Xpert Mtb/RIF assay (Cepheid Inc., Sunnyvale, CA, USA) and
included within 7 days after treatment was initiated. LTBI was identified by QuantiFERON-
TB Gold-in tube positivity (Qiagen, The Netherlands) in healthy subjects without radiological
signs of active disease. All individuals were HIV-negative.

TB cohort 2

20 pre-COVID-19 biobanked serum samples were obtained from 20 TB patients during or
after treatment recruited at the Leiden University Medical Center (LUMC) in the Netherlands,
as described earlier [89,90]. TB patients were either HIV-1 seronegative or had no risk
factors for exposure to HIV. Ten TB patients were of European origin, three of Asian, and
seven of African origin. Since the UCP-LFA for S100A12 was developed at a later point in
time than the other six UCP-LFAs, it was evaluated with available LTBI samples from TB
cohort 1 (n=11) combined with LTBI samples (n=18) from another European cohort (from TB
cohort 2) and compared to 26 TB samples (TB cohort 1).

COVID-19 patients from the LUMC BEAT-COVID cohort study

From April 2020 until January 2021, 102 adult participants were admitted to the LUMC with
PCR-confirmed SARS-CoV-2 infection and recruited before or during treatment into the
LUMC BEAT-COVID cohort study [91]. Of those 102 individuals, 30 were non-intensive care
unit (ICU) patients (moderate disease), 44 were ICU patients (severe disease), and 28 had
a fatal outcome due to COVID-19 during hospital stay, as described earlier.92 50 COVID-19
patients had already received anti-inflammatory treatment (i.e. betamethasone,
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dexamethasone, hydrocortisone, methylprednisolone, and prednisolone) before the first
timepoint of blood sample collection, whereas 52 had not. Informed consent was obtained
and longitudinal serum sampling was performed for the duration of hospital admission.
When possible, convalescent samples were obtained at outpatient follow-up appointments
(n=25), around 6 weeks after hospital discharge. All COVID-19 patients were Dutch citizens.

Healthy controls

Sera from 39 healthy controls were sampled before (n=27) and during (n=12) the COVID-
19 pandemic (June/July 2020) at the LUMC, the Netherlands. The latter were sex
(male:female ratio of 2:1) and age-matched to the COVID-19 patients, had no recent history
of symptoms of airway infection (fever, cough, hypoxia, rhinorrhea, myalgia, anosmia and/or
ageusia or fatigue) and were included in the BEAT-COVID study after confirmed negative
SARS-CoV-2-PCR and IgG testing. All healthy controls were Dutch citizens.

Ethics

This study was performed according to the Helsinki Declaration (7th revision, 64th Meeting,
2013, Fortaleza). Ethical approval of the study protocol was obtained through the Medical
Ethical Committee Leiden-Den Haag-Delft (NL73740.058.20), registered in the Dutch Trial
Registry as NL8589 (COVID-19 patients/healthy controls); the Ethical Committee of the L.
Spallanzani National Institute of Infectious diseases (INMI; 02/2007 and 72/2015; TB cohort
1); the local Medical Ethics Committee of the Leiden University Medical Center (METC
project nr: P07.048 & P207/99; TB cohort 2). Participants were informed about the study
objectives, sampling protocol and their right to refuse to take part or withdraw from the study
without consequences for their treatment at any point in time. Written informed consent was
obtained before enroliment.

Method details
Serum collection

Venous blood samples were collected, in 4 ml plain BD vacutainer serum tubes (BD, Franklin
Lakes, NJ, USA). Tubes were centrifuged at 2500 rpm for 10 min and sera were
subsequently aliquoted and frozen (-80°C) until use.

Lateral flow strips

4 mm width UCP-LF strips specific for a single host protein — ApoA1, CRP, ferritin, IL-6, IP-
10, SAA1/A2, and S100A12 - were produced as described earlier.24,28,29 For ApoA1, CRP,
ferritin, IL-6, IP-10, SAA1/A2, and S100A12 LF strips, each Test (T) line comprised 200 ng
of the following antibodies: goat-anti-human ApoA1 pAb (AF3664; R&D systems,
Minneapolis, MN, USA), mouse-anti-human CRP mAb (C5; Labned.com, Amstelveen, the
Netherlands), mouse-anti-human ferritin mAb (F31; Novus Biologicals, Littleton, CO, USA),
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rat-anti-human IL-6 mAb (MQ2-39C3; Biolegend, San Diego, CA, USA), mouse-anti-human
IP-10 mAb (B-C55; Diaclone Research, Besancon, France), mouse-anti-human SAA1/A2
mAb (865504; R&D systems, Minneapolis, MN, USA), and goat-anti-human S100A12 pAb
(AF1052; R&D systems, Minneapolis, MN, USA), respectively. To detect non-target bound
UCP-conjugated antibodies, Flow-Control (FC) lines comprised 100 ng goat-anti-mouse
(M8642; Sigma-Aldrich, St. Louis, MO, USA; for CRP, ferritin, IP-10, and SAA1/A2), goat-
anti-rabbit (R4880; Sigma-Aldrich, St. Louis, MO, USA; for ApoA1), goat-anti-rat (R5130;
Sigma-Aldrich, St. Louis, MO, USA,; for IL-6), or rabbit-anti-goat (G4018; Sigma-Aldrich, St.
Louis, MO, USA,; for S100A12).

UCP conjugates

Antibodies were conjugated to luminescent up-converting reporter particles (UCP) allowing
quantitative measurements [93-95]. Polyacrylic acid functionalized UCPs (200 nm,
NaYF4:Yb3+,Er 3+; Intelligent Material Solutions Inc., Princeton, NJ, USA) were conjugated
according to previously described protocols [96]. Rabbit-anti-ApoA1 (2083A; R&D systems,
Minneapolis, MN, USA), mouse-anti-CRP (CRP135; Labned.com, Amstelveen,
Netherlands), mouse-anti-ferritin (F23; Novus Biologicals, Littleton, CO, USA), mouseanti-
IP-10 (B-C50; Diaclone Research, Besancon, France), mouse-anti-SAA1/A2 (924903; R&D
systems, Minneapolis, MN, USA), and goat-anti-S100A12 (AF1052; R&D systems,
Minneapolis, MN, USA) were bound at a concentration of 50 mg antibody per mg UCP. Rat-
anti-IL-6 (MQ2-13A5; Biolegend, San Diego, CA, USA) was bound at a concentration of 25
mg per mg UCP. Stock solutions were kept at 4_C until use. UCPs were incorporated in the
sample/conjugate pad at a density of 200 ng per 4mm(ApoA1, CRP, ferritin, IL-6, SAA1/A2,
and S100A12) or 400 ng per 4 mm (IP-10).

UCP-LFA

10-fold (ferritin, IL-6, and 1P-10), 100-fold (S100A12), 1,000-fold (CRP and SAA1/A2), and
10,000-fold (ApoA1) serum dilutions were prepared in high salt buffer (100mM Tris pH 8,
270 mM NacCl, 1% (v/v) Triton X-100, 1% (w/v) BSA). 100 ml of diluted serum samples was
added to a 96-wells plate and LF was initiated by placing the UCP-LF strip into the well.
Immunochromatography was allowed to continue until strips were dry. UCP-LF strips were
scanned with a UCP dedicated benchtop reader (UPCON; Labrox Oy Turku, Finland).
Results are calculated as the ratio value (R) between Test and Flow Control signal based
on relative fluorescence units (RFUs) measured at the respective lines.

Quantification and statistical analysis

GraphPad Prism version 9.0.1 for Windows (GraphPad Software, San Diego, CA, USA) was
used to perform statistical analysis. Mann-Whitney U tests and Kruskal-Wallis tests were
performed to determine the statistical significance between two and three independent
groups, respectively. Wilcoxon matched pairs signed rank tests and Friedman tests with
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Dunn’s correction were performed to determine the statistical significance between two and
three paired timepoints, respectively. Plot receiver operating characteristic (ROC) curves
were created and sensitivity (Sn), specificity (Sp) and the area under the curve (AUC) were
calculated to evaluate test performance. A cut-off for positivity for each biomarker was
determined by calculating the maximal Youden'’s index [97].

For each of the individuals tested, an extra parameter (NUM score) [31], was calculated,
representing the number of biomarkers that scored above the threshold of positivity based
on the Youden’s index. Three comparisons were made: TB vs. LTBI, COVID-19 vs. healthy
controls, and COVID-19 vs. TB. For each comparison, a NUM score was calculated with the
number of biomarkers used ranging from 1 to 7.
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Supplemental information

SUPPLEMENTARY TABLE S1 Description of the cohorts, Related to Figures 1-4 and Tables 1-2

Cohort Country of Group N Age mean Sex (%
sampling (range) female)

TB cohort 1 Italy B 30 34 (18 - 52) 43

LTBI 29  45(19-75) 69

TB cohort 2 The Netherlands  TB 20 44 (15 - 84) 20

LTBI 18 35 (18 — 60) 61

COVID-19/healthy controls The Netherlands ~ COVID-19 102 63 (18-91) 23

healthy controls 39 42 (22 -72) 59

pre-COVID-19 27  33(22-60) 70

during COVID-19 12 64 (60-72) 33

Overview of the different cohorts including country of sampling, group, number of samples per group, age, and
sex. COVID-19: coronavirus disease 2019; LTBI: latent tuberculosis infection; TB: tuberculosis.
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SUPPLEMENTARY TABLE S2

Country of origin of the participants,

Related to Figures 1-4 and Tables 1-2

Cohort

Group

Country of origin

N

TB cohort 1

TB cohort 2

COVID-19/healthy controls

B

LTBI

B

LTBI

Albania
Colombia
Georgia

Italy

Kosovo
Moldova
Romania
Afghanistan
Colombia

Italy

Lithuania

Peru

Romania
Angola

Italy

Jakarta
Morocco

the Netherlands
Somalia

South Africa

Sri Lanka
France

the Netherlands
Netherlands Antilles
Sri Lanka

Dutch citizens*

N © N N = N O

-

14
1
2
141

Overview of the country of origin for the participants in the different cohorts. *Individuals from the COVID-
19/healthy controls cohort were all Dutch citizens. COVID-19: coronavirus disease 2019; LTBI: latent
tuberculosis infection; TB: tuberculosis.
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SUPPLEMENTARY TABLE Overview of different NUM scores per cohort comparison with corresponding AUC,

S3 sensitivity, and specificity, Related to Figures 1-3 and Table 2
Cohort comparison # of Markers used in NUM score AUC Cut- Sn/Sp
markers off
used in
NUM
score
TB vs. LTBI 6 ApoA1, CRP, ferritin, IL-6, IP-10, SAA1/A2 094 =23 83%/97%
5 CREP, ferritin, IL-6, IP-10, SAA1/A2 093 =22 87%/86%
4 CRP, IL-6, IP-10, SAA1/A2 093 =22 87%/86%
3 CRP, IL-6, SAA1/A2 094 22 80%/97%
2 CRP, SAA1/A2 091 =21  83%/97%
1 CRP* 0-87 21 77%/97%
1 SAA1/A2* 0-87 21 100%/77%
COVID-19 vs. healthy 7 ApoA1, CRP, ferritin, IL-6, IP-10, SAA1/A2, S100A12 099 =24 93%/100%
controls 6 ApoA1, CRP, ferritin, IP-10, SAA1/A2, S100A12 1-00 =23 98%/100%
5 ApoA1, CRP, ferritin, SAA1/A2, S100A12 1-00 =23 95%/100%
4 CRP, ferritin, SAA1/A2, S100A12 099 =22 96%/97%
3 CREP, ferritin, SAA1/A2 099 22  95%/97%
2 ferritin, SAA1/A2 098 =21 99%/92%
1 SAA1/A2 098 21  92%/97%
COVID-19 vs. TB 7 ApoA1, CRP, ferritin, IL-6, IP-10, SAA1/A2, S100A12 095 24 91%/87%
6 ApoA1, CRP, ferritin, IL-6, SAA1/A2, S100A12 095 =23 98%/83%
5 ApoA1, CRP, ferritin, SAA1/A2, S100A12 094 23 93%/83%
4 ApoA1, CRP, SAA1/A2, S100A12 095 =23 88%/89%
3 CRP, SAA1/A2, S100A12 094 =22 90%/87%
2 CRP, SAA1/A2 093 21  94%/80%
1 CRP 093 =21 78%/96%

Overview of the different NUM scores per cohort comparison with corresponding AUC, sensitivity, and
specificity. A cut-off ratio for positivity for each biomarker was determined by calculating the maximal Youden’s
index. Using the cut-offs for positivity, a NUM score was calculated; the number of biomarkers that scored
above the threshold of positivity. Three comparisons were made: TB vs. LTBI, COVID-19 vs. healthy controls,
and COVID-19 vs. TB. Biomarkers were deleted from the NUM score based on their contribution (AUC); the
biomarker with the lowest AUC was removed first, ending up with the most discriminatory marker for that
comparison. *Since CRP and SAA1/A2 both showed an AUC of 0-87 in the comparison of TB vs. LTBI, both
options as a final marker remaining are shown. AUC: area under the curve; COVID-19: coronavirus disease
2019; LTBI: latent tuberculosis infection; Sn/Sp: sensitivity/specificity; TB: tuberculosis.
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SUPPLEMENTARY FIGURE S1: Evaluation of seven biomarkers for disease severity of TB and COVID-19,
Related to Figures 1-2 and Table 1

ApoA1, CRP, ferritin, IL-6, IP-10, SAA1/A2, and S100A12 were measured by singleplex strips in serum
samples of TB patients with low (n=2), medium (n=7) and high (n=21) chest X-ray severity (A) and serum
samples at hospital admission of COVID-19 patients with ultimate moderate disease (n=30), severe disease
(n=44), and fatal outcome (n=28) from the Netherlands (B). Median values for each group are indicated by
horizontal bars. A Kruskal-Wallis test was performed to determine the statistical significance between groups
(p-values: *p<0-05, **p<0-01, ***p<0-001, ****p<0-0001). Green dots: COVID-19 patients with moderate
disease, yellow dots: COVID-19 patients with severe disease; black dots: COVID-19 patients with a fatal
outcome. COVID-19: coronavirus disease 2019; Fc: flow control line; T: test line; TB: tuberculosis.
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LTBI B 20 40 80 100
n=29 n=30 100% - Specificity%
Cut-off Sensitivity (%) 95% CI Specificity (%) 95% CI
>1 97 83-3% to 99-8% 34 19-9% to 52-7%
22 97 83-3% to 99-8% 69 50:8% to 82:7%
23 83 66-4% t0 92-7% 97 82-:8% to 99-8%
>4 60 42-3% to 75-4% 97 82-8% to 99-8%
25 37 21:9% to 54:5% 100 88-3% to 100%
26 13 5-3% t0 29:7% 100 88-3% to 100%

SUPPLEMENTARY FIGURE S2: NUM score evaluation of six biomarkers for TB and LTBI in European cohort,
Related to Figure 1
ApoA1, CRP, ferritin, IL-6, IP-10, and SAA1/A2 were measured by singleplex strips in serum samples of TB
patients (n=30) and LTBI (n=29) from Europe. The NUM score (the number of positive biomarkers) is indicated
on the y-axis. Median values for each group are indicated by horizontal bars. A Mann-Whitney U test was
performed to determine the statistical significance between groups (p-values: *p<0-05, **p<0-01, ***p<0-001,
****p<0-0001). The cut-off with optimal sensitivity and specificity is written in bold and depicted as a dotted
horizontal line in the graph. AUC: area under the curve; Cl: confidence interval; LTBI: latent tuberculosis
infection; TB: tuberculosis.
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A 6-marker NUM score
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SUPPLEMENTARY FIGURE S3: Comparison of QuantiFERON and NUM score results for TB and LTBI
patients, Related to Figure 1

ApoA1, CRP, ferritin, IL-6, IP-10, and SAA1/A2 were measured by singleplex strips in serum samples of:
QuantiFERON-negative TB patients (n=7) and QuantiFERON-positive LTBI (n=27) and TB (n=22) patients
from Europe. The NUM score (the number of positive biomarkers) is indicated on the y-axis; ApoA1, CRP,
ferritin, IL-6, IP-10, and SAA1/A2 were combined into a 6-marker NUM score (A) and CRP and SAA1/A2 were
combined into a 2-marker NUM score (B). Median values for each group are indicated by horizontal bars. A
Kruskal-Wallis test was performed to determine the statistical significance between groups (p-values: *p<0-05,
**p<0-01, ***p<0-001, ****p<0-0001). AUC: area under the curve; LTBI: latent tuberculosis infection; QFT:
QuantiFERON; TB: tuberculosis.
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SUPPLEMENTARY FIGURE S4: Effect of anti-inflammatory treatment on seven host proteins in COVID-19
patients, Related to Figure 2

ApoA1, CRP, ferritin, IL-6, IP-10, SAA1/A2, and S100A12 were measured by singleplex strips in serum
samples at hospital admission of COVID-19 patients which had already received anti-inflammatory treatment
before the first sample collection (n=50) and those who had not (n=52). Anti-inflammatory treatment included
betamethasone, dexamethasone, hydrocortisone, methylprednisolone or prednisolone. Median values for
each group are indicated by horizontal bars. A Mann-Whitney U test was performed to determine the statistical
significance between groups (p-values: *p<0-05, **p<0-01, ***p<0-001, ****p<0-0001). Fc; flow control line; T:

test line.
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SUPPLEMENTARY FIGURE S5: NUM score evaluation of seven biomarkers for healthy controls and COVID-
19 patients from the Netherlands, Related to Figure 2

ApoA1, CRP, ferritin, IL-6, IP-10, SAA1/A2, and S100A12 were measured by singleplex strips in serum
samples of controls (n=39) and COVID-19 patients (n=102) from the Netherlands. The NUM score (the number
of positive biomarkers) is indicated on the y-axis. Median values for each group are indicated by horizontal
bars. AMann-Whitney U test was performed to determine the statistical significance between groups (p-values:
*p<0-05, **p=<0-01, ***p<0-001, ****p<0-0001). The cut-off with optimal sensitivity and specificity is written in
bold and depicted as a dotted horizontal line in the graph. AUC: area under the curve; Cl: confidence interval;

COVID-19: coronavirus disease 2019.
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SUPPLEMENTARY FIGURE S6: NUM score evaluation of seven biomarkers for TB and COVID-19 patients,
Related to Figure 3

ApoA1, CRP, ferritin, IL-6, IP-10, SAA1/A2, and S100A12 were measured by singleplex strips in serum
samples of TB patients (n=46) from Europe and COVID-19 patients (n=102) from the Netherlands. The NUM
score (the number of positive biomarkers) is indicated on the y-axis. Median values for each group are
indicated by horizontal bars. A Mann-Whitney U test was performed to determine the statistical significance
between groups (p-values: *p<0-05, **p<0-01, ***p<0-001, ****p<0-0001). The cut-off with optimal sensitivity
and specificity is written in bold and depicted as a dotted horizontal line in the graph. AUC: area under the
curve; Cl: confidence interval; COVID-19: coronavirus disease 2019; TB: tuberculosis.
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SUPPLEMENTARY FIGURE S7: Paired visualization of treatment monitoring for TB, Related to Figure 4
Treatment monitoring of TB patients (n=22) over time. S100A12 data were missing for one patient. Levels of
IL-6, IP-10, ferritin, SAA1/A2, CRP, ApoA1, and S100A12 were measured by UCP-LFA in serum samples of
pulmonary TB patients before treatment (o), and months 5 — 9 (t2). Wilcoxon matched pairs signed rank tests
were performed to determine the statistical significance between timepoints (p-values: *p<0-05, **p<0-01,
***p<0-001, ****p<0-0001). Fc: flow control line; T: test line; TB: tuberculosis.
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Chapter 8
The ongoing challenge of leprosy and TB control: why new tools are needed

Leprosy and TB both remain significant global health challenges, particularly in resource-
limited settings where healthcare infrastructure is often inadequate [1, 2]. Despite being
ancient diseases with well-known causative agents and effective treatments, persistent
transmission highlights critical gaps in current diagnostics and control strategies [3-5].

For leprosy, diagnosis largely depends on recognizing clinical symptoms and is frequently
delayed, increasing the risk of irreversible nerve damage and disability [6, 7]. The disease
has a notoriously long incubation period during which asymptomatic infected individuals can
go unnoticed and contribute to transmission [4]. Moreover, clinical expertise has declined in
many leprosy endemic areas due to reduced case numbers and diminished focus within
health systems, further contributing to missed or late diagnoses [8]. Although significant
progress has been made towards leprosy elimination, the current standard approach of
passive case detection followed by MDT appears insufficient to fully interrupt transmission
[9]. Moreover, tools to monitor the impact of public health interventions on transmission
remain inadequate. At present, new child cases are used as a proxy indicator for recent
transmission, but this method does not capture asymptomatic cases.

TB diagnosis faces different but related challenges, relying heavily on sputum-based tests
such as microscopy, culture, and molecular assays. These methods require laboratory
infrastructure, skilled personnel, and often take time, limiting their accessibility, especially
for children [10] and for people living with HIV, in whom disease is frequently paucibacillary
and sputum samples may be difficult to obtain or yield low bacillary loads [11]. Additionally,
the COVID-19 pandemic severely disrupted TB diagnostic services worldwide, further
exacerbating delays in case detection and increasing community transmission [12, 13].

These diagnostic limitations hinder early treatment initiation and effective disease control for
both leprosy and TB. There is thus an urgent need for low-complexity, rapid, and field-
friendly diagnostic tools that can enhance early detection, transmission monitoring, and
control strategies for leprosy and TB. This thesis set out to address critical gaps in the
detection and monitoring of those poverty-associated infectious diseases by developing and
validating novel diagnostic tools based on the UCP-LFA platform. The key aims across the
chapters were:

e To review the available literature reporting serological data on anti-M. leprae
antibodies in children, evaluating their potential as proxy for recent transmission
(Chapter 2);

e To validate the PGL-I QURapid, the final version of a quantitative LFA for detection of
anti-PGL-I IgM in serum and FSB, demonstrating its accuracy and field applicability
(Chapter 3);

e To apply the quantitative anti-PGL-I UCP-LFA in large-scale serosurveys among
children in India and Indonesia, assessing seroprevalence as an indicator of ongoing
transmission and exploring factors such as socioeconomic status and helminth
infections (Chapters 4-5);

¢ To evaluate the use of longitudinal serological monitoring at large scale to assess the
impact of active case finding combined with SDDR-PEP on M. leprae infection rates

in the Comoros and Madagascar (Chapter 6);
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e To explore quantitative LFAs measuring non-sputum based host protein biomarkers
for active TB triage and individual treatment monitoring (Chapter 7).

The need for a standardized quantitative test to detect M. leprae infection

Eliminating leprosy requires interruption of M. leprae transmission [14]. Assessment of
transmission is crucial for evaluating the effectiveness of interventions and guiding
strategies to achieve this goal. However, current methods relying on disease incidence are
inherently delayed and do not take into account asymptomatic infection [4]. Although
seropositivity for anti-PGL-I IgM cannot discriminate between past or present infection,
measuring seroprevalence in young children per definition reflects recent transmission, as
the infection cannot predate their age [15].

From the systematic literature review presented in Chapter 2, it became clear that current
serological data on anti-PGL-I IgM antibodies in children offer valuable insights into recent
M. leprae transmission, but also reveal significant limitations. Serological studies conducted
in diverse endemic settings, including multiple regions in Brazil, India, and Indonesia,
consistently reported anti-PGL-I IgM seropositivity rates among children ranging from
approximately 10 to 19%. Interestingly, seroprevalence did not significantly differ between
household contacts and non-contacts in highly endemic areas, suggesting broader
community transmission beyond direct contacts. Notably, higher seropositivity rates have
been consistently observed in younger age groups, suggesting that children may serve as
a sentinel for detecting recent M. leprae infection in a population.

Despite promising correlations between anti-PGL-I IgM seropositivity and endemicity levels
- further supported by findings from a similar literature review conducted in China [15] -
comparisons across studies remained challenging due to significant variability in serological
assays and cut-off determinations. Differences in sample types, antigen preparations,
antibody isotypes targeted, and operator-dependent qualitative readouts further complicated
comparison of serological data, stressing the need for test standardization.

A standardized, quantitative serological test that provides reproducible, objective
measurements of anti-PGL-I IgM antibody levels would allow for measurement of changes
in transmission over time, and reliable comparison between different geographic regions.
Moreover, field-friendly formats that are rapid and easy to deploy in resource-limited
environments are essential for wide-scale application [16].

PGL-lI QURapid and its potential use cases

Building on the identified need for such a test, Chapter 3 described the development and
validation of the PGL-I QURapid - the final (horizontal, cassette-based) version of a rapid,
low-invasive, quantitative lateral flow assay for measuring anti-PGL-I IgM antibodies in blood
(Figure 1). The test demonstrated excellent diagnostic performance and operational
feasibility. A major advantage of the quantitative format over a qualitative rapid test is its
versatility: the PGL-I QURapid test can support multiple key use cases in leprosy control:
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1. Adjunct diagnostic for individual diagnosis and treatment monitoring

The PGL-I QURapid showed strong correlation between antibody levels and bacterial load,
with a sensitivity of 91.5% for MB leprosy cases and a specificity of 99.8%, including
negative results in patients with leishmaniasis or other mycobacterial infections (Chapter
3). The PGL-I QURapid is well-suited for field deployment, requiring only a FSB sample and
delivering accurate quantitative results within minutes, meeting the optimal time frame
recommended by the WHO target product profile [16]. A previous version of the assay
demonstrated similarly strong diagnostic performance under field conditions in the Comoros
and Madagascar (Chapter 6): 92.5% of Bl-positive MB patients tested seropositive using
the anti-PGL-I UCP-LFA. The quantitative output allows differentiation between MB and PB
cases, although detection of PB cases may require complementary biomarkers (see below).
These findings align with previous research [17-19] and support the use of the PGL-I
QURapid as a valuable adjunct to clinical assessment - both for diagnosing MB leprosy and
for monitoring treatment response over time [20, 21].

2. Monitoring transmission through serosurveys in children

Chapters 4 and 5 applied the PGL-I QURapid in large-scale serosurveys among children
in India and Indonesia, showing its utility as a proxy for recent M. leprae transmission.
Seroprevalence rates of 11.6% and 12.2%, respectively, were consistent with other endemic
regions, and the observed increase in seropositivity with age underscores the sensitivity of
this approach for detecting ongoing transmission. The assay’s quantitative capacity enables
detection of subtle changes over time and identification of hidden transmission hotspots,
such as the high seroprevalence observed in rural, low socioeconomic settings in Indonesia.
Associations with helminth infections further highlight the complex factors influencing
transmission dynamics. Furthermore, the study in India (Chapter 4) highlighted the benefit
of community seroscreening, with seropositive children representing a group at increased
risk for developing clinical disease, underscoring the potential for early case detection as
well as identifying hotspots of transmission which can be targeted for PEP.

3. Evaluating intervention impact on transmission

In Chapter 6, the PGL-l UCP-LFA (a UCP-LFA format prior to the QURapid) was used in a
longitudinal study involving over 33,000 tests in the Comoros and Madagascar to assess
the impact of active case finding combined with SDDR-PEP. The study conducted within the
PEOPLE trial demonstrated the value of quantitative serology in assessing changes in M.
leprae infection over time. Importantly, reductions in anti-PGL-I IgM seroprevalence were
observed in two of the three study sites (Mohéli and Madagascar) following the
implementation of repeated door-to-door screening and SDDR-PEP, while trends on
Anjouan were more modest. These site-specific differences may reflect underlying variations
in baseline endemicity, population density, and programmatic implementation. Nonetheless,
across all sites, longitudinal data from paired samples showed decreasing anti-PGL-I levels
among seropositive individuals, suggesting a population-wide decline in infection burden.
Crucially, this reduction was observed regardless of whether individuals had received PEP,
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highlighting the synergistic role of active case finding and prompt treatment in interrupting
transmission.

4. One Health surveillance

Although not covered extensively in this thesis, the PGL-I QURapid also holds promise for
One Health applications. Detection of M. leprae infection in animals and environmental
samples could augment understanding of zoonotic and environmental transmission [22-25],
particularly in regions where human cases alone do not fully explain transmission patterns
(see below).

Figure 1. PGL-l QURapid: quantitative UCP-LFA for detection of M. leprae infection.

Test integration with public health strategies

The development of the PGL-I QURapid offers significant opportunities for integration into
comprehensive public health strategies aimed at leprosy control and elimination. Its
quantitative, field-friendly design supports applications at both the individual and population
level, enhancing early diagnosis, transmission monitoring, and guiding prophylactic
interventions in diverse epidemiological contexts.
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Serological screening at the individual and population level

While passive case detection has proven insufficient for achieving early leprosy diagnosis
at scale, timely and accurate identification remains critical when individuals do present at
health facilities. In non-endemic countries, leprosy is often overlooked due to its rarity and
limited clinician familiarity [26]. Yet, even in highly endemic areas, leprosy cases may go
undiagnosed due to nonspecific symptoms and low clinical suspicion [27]. Anti-PGL-I
serology offers a valuable, minimally invasive tool to support earlier (MB) diagnosis,
especially where bacilloscopy is unavailable. PB leprosy is characterized by a very low
bacterial load, which is typically detectable only through invasive biopsies [6]. Since the
quantitative results from the PGL-I QURapid correlate with bacterial load [17, 18], this
minimally invasive test could serve as a useful tool to differentiate MB from PB leprosy in
settings where biopsies and their analysis are not readily accessible. Quantitative tests like
the PGL-I QURapid are well-suited for use in decentralized settings, with strong diagnostic
performance and rapid results. Integrating serology into routine workflows - particularly
among specialists likely to encounter atypical cases - can help close diagnostic gaps and
support timely treatment [27].

The effectiveness of leprosy control programs likely depends on a multifaceted approach
combining early diagnosis, timely treatment, and prophylaxis. The WHO recommends ACF
with contact tracing and single-dose rifampicin post-exposure prophylaxis (SDR-PEP),
targeting high-risk groups such as household contacts [2]. However, the dynamics of
transmission differ markedly between high- and low-endemic settings, influencing optimal
screening strategies [28].

In highly endemic settings such as parts of Indonesia, Brazil, and Bangladesh, transmission
likely extends beyond immediate contacts, necessitating broader screening efforts.
Seroprevalence data from these regions demonstrated similar infection rates between
household contacts and the wider community (Chapter 2), underscoring the value of
serological tools in guiding ACF strategies. This phenomenon was also observed in the
Prata, a former leprosy colony in Brazil (data not shown), where virtually the entire
population can be considered at risk due to pervasive exposure [29]. The Prata site was part
of the LRI BraBo study on point-of-care (POC) tests for leprosy in South America, alongside
a site in Bolivia. Although the results from the respective study are not presented in this
thesis, fieldwork at both locations offered valuable insights into the operational differences
between low- and high-endemic settings, particularly in the context of POC diagnostics.

In contrast, low-endemic settings like Bolivia face a different set of challenges [30]. Although
overall case numbers are low and incidence is gradually declining, the detection of new
cases - particularly among children - indicates ongoing transmission. Bolivia exemplifies a
low-endemic country grappling with barriers such as stigma, centralized health services, and
a shortage of trained personnel. A recent phenomenological study by Messa Carmona et al.
(2025) emphasized the critical need to prioritize ACF efforts despite declining incidence,
noting that centralized diagnosis and treatment services hinder accessibility and adherence,
while stigma continues to impede effective case finding [30]. In these contexts, more
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targeted ACF combined with sensitive diagnostic tools is essential to uncover hidden cases
and interrupt transmission chains.

Integrating serological screening with ACF could further enhance early detection efforts.
Although anti-PGL-I seropositivity does not necessarily indicate active disease, it identifies
individuals with present or past infection who may benefit from closer clinical follow-up (as
also shown in Chapter 4). Monitoring these seropositive individuals can allow timely
detection of disease progression and facilitates targeted intervention. This approach also
underpins the potential for serology-guided administration of PEP, optimizing prophylactic
efforts by focusing on those at higher risk of developing clinical disease.

Serological screening at the community level also offers a powerful tool to detect hidden
transmission hotspots. In Southwest Sumba, Indonesia, official case notifications were low,
suggesting minimal transmission. Yet, a serosurvey using the PGL-I QURapid revealed a
striking 31% seroprevalence among children, uncovering substantial ongoing transmission
(Chapter 5). This disparity highlights limitations of relying solely on new case detection
rates, particularly where control programs are weak or underperforming [31]. This early
warning capability is especially important in remote or resource-limited settings, allowing
national programs and partners to prioritize areas for intensified case-finding, contact
tracing, and preventive strategies. Given the baseline data provided in Chapter 5, using
serosurveillance, Sumba could serve as an example site for evaluating the effects of
integrated control strategies.

As low-SES, undernutrition, rural areas and helminthiasis have been associated with
increased anti-PGL-l seroprevalence and risk of leprosy [32-35], targeted intensified
screening of high-risk populations is essential to identify subclinical infections and interrupt
transmission chains early. Deploying field-friendly assays like the PGL-I QURapid enhances
screening efficiency, enabling timely prophylaxis and treatment, thereby reducing disease
burden and moving closer to elimination goals. In this context, Integrated public health
strategies addressing nutrition, water, sanitation, and hygiene (WASH), alongside helminth
control, are critical to optimize intervention outcomes and sustainably curb transmission
(also see below) [36, 37].

Assessing the impact of interventions

Monitoring anti-PGL-I IgM seropositivity in children has been recommended by the WHO
Task Force for criteria for elimination of leprosy as a key indicator to evaluate interruption of
transmission and elimination progress [14]. Unlike the proportion of child cases, which
reflects detected clinical disease, seroprevalence among young children may offer a more
sensitive indication of recent infection and ongoing transmission, including asymptomatic
infection.

Repeated cross-sectional serosurveys in the same age groups within a geographic area can
track changes over time, reflecting the impact of interventions such as ACF and SDR-PEP.
For example, follow-up assessments 5 to 10 years post-intervention in regions like Bihar or
Southwest Sumba would provide critical insights into transmission trends. The quantitative
nature of the PGL-I QURapid allows detection of subtle shifts in antibody levels, enabling
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early identification of declining transmission even before case numbers decline. Integrating
serological surveillance into national leprosy programs could strengthen control efforts and
accelerate progress toward sustainable transmission interruption.

Continued serological screening in the post-elimination phase

As some countries move towards or have already achieved leprosy elimination - based on
the decline in new child cases [14, 38-40] - the need for vigilant surveillance remains critical
[41]. Even in settings officially declared leprosy-free, such as the Maldives, ongoing
serological screening remains crucial in identifying silent transmission [42].

Clinical cases represent only the visible part of the disease burden; subclinical infections
often go undetected. Yet, these asymptomatic individuals can maintain hidden transmission
chains, posing a risk for new cases to emerge if surveillance efforts lapse. Serological tools
such as the PGL-I QURapid provide a sensitive and specific means of detecting recent or
ongoing M. leprae infection in young children, offering a more comprehensive view of
endemicity than case reporting alone. This is further supported by data from Chapter 4 and
unpublished findings: sera from 70 children in a non-endemic region (the Netherlands) all
showed R-values of zero, highlighting the test’s specificity.

Routine serological monitoring in post-elimination contexts enables early identification of
potential recrudescence or emerging hotspots, allowing for timely public health intervention.
As such, it fits well within the WHO Leprosy Elimination Framework [38, 43], supporting the
third phase focused on sustained post-elimination surveillance and preventing re-
emergence.

Importance of cut-off values in immunodiagnostic testing

A critical aspect of any diagnostic test, including immunodiagnostic assays like the UCP-
LFA, is the determination of the cut-off value that defines a positive result [44]. These
thresholds are essential for distinguishing between positive and negative, but no universally
accepted cut-off exists for anti-PGL-I IgM levels. As a result, cut-off selection must be
tailored to the intended application and epidemiological context.

In settings where high sensitivity is prioritized - for example, identifying individuals eligible
for PEP - a lower cut-off may be selected to detect subclinical infection. Conversely, in
settings where only higher levels of infection are of practical relevance - avoiding
unnecessary treatment or social stigma - a higher cut-off value might be preferred.

To add further nuance and improve diagnostic accuracy, this thesis discussed the concept
of an indeterminate range (Chapter 3), a buffer zone between clearly positive and negative
results. Samples falling within this range could be flagged for retesting or further clinical
evaluation rather than being classified definitively. A similar approach is already applied in
TB diagnostics, where borderline or indeterminate zones in tests such as QuantiFERON-TB
are used [45].
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To improve consistency and reliability across different settings and over time, a humanized
recombinant anti-PGL-I IgM control was developed (Chapter 3) to serve as an internal
standard. This control helps address variability in cut-off determination and enables more
reproducible and comparable results. The humanized, recombinant anti-PGL-I IgM control
introduced in this study as part of the PGL-I QURapid test kit, provides an essential tool to
indicate thresholds for specific applications (sample type and use case). It offers high
flexibility for manufacturing as test thresholds can be evaluated with a control sample of
known IgM concentration.

By integrating robust quality controls, adaptable cut-off strategies, and the use of an
indeterminate range, immunodiagnostic tools like the PGL-I QURapid can be effectively
customized for a range of public health applications - from widespread serosurveillance to
targeted clinical diagnostics - thereby maximizing their contribution to leprosy control efforts.

Test implementation in practice: operational and ethical considerations

Integrating immunodiagnostic testing into existing health structures

Successful implementation of immunodiagnostic tools like the PGL-I QURapid relies not
only on technical performance, but also on strategic integration into existing health
infrastructure and social systems. Leveraging trusted networks could improve logistical
feasibility, enhances acceptance, and reduces stigma.

In India, for instance, a pre-existing Health and Demographic Surveillance System (HDSS)
originally established for visceral leishmaniasis was expanded to include anti-PGL-I IgM
testing (Chapter 4) [46, 47]. Embedding leprosy serology within this established system
allowed for smooth implementation and minimized resistance by drawing on already trusted
relationships between health workers and the community.

Similarly, in Bolivia, the LRI BraBo study conducted community-based skin camps that
provided screening for various skin conditions - not just leprosy. This broadened scope
helped reduce the stigma of being singled out for a "leprosy test" and framed participation
as part of a general health initiative [48, 49]. As a result, uptake improved and health workers
had the opportunity to build broader awareness around skin health and leprosy detection.

These examples underscore the value of integrating new diagnostic strategies into broader,
locally relevant health programs. Aligning with existing health priorities and delivery
platforms reduces costs, builds on community familiarity, and enhances sustainability.

Governments and national leprosy programs play a critical role in enabling this integration
[50]. Their support is essential to ensure alignment with public health goals, appropriate
allocation of resources, and effective follow-up for individuals with positive test results.

Community trust, ethical communication, and stakeholder engagement

Introducing a new diagnostic tool - particularly in populations with historical stigma around
leprosy [51, 52] - requires careful attention to community trust, ethics, and stakeholder
involvement. The act of screening, especially among healthy children, might raise questions
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about perceived benefit, interpretation of results, and the potential for unintended
consequences.

While the PGL-I QURapid test is minimally invasive, the implications of a positive result may
not be straightforward. Anti-PGL-I IgM seropositivity does not indicate active disease but
rather past or present infection [4]. This distinction must be clearly communicated to prevent
misinterpretation and reduce the risk of social stigma or anxiety.

Informed, transparent communication is therefore essential - both before and after testing.
This includes clear messaging for parents and guardians, appropriate training for healthcare
workers, and meaningful involvement of local leaders. Community-wide serosurveys, rather
than individual-based testing, can further minimize stigma by framing participation as a
collective public health activity.

The ethical concerns around screening are not separate from stakeholder acceptance, they
are deeply intertwined. In Bolivia, embedding serological testing in broader health camps
not only addressed stigma but also fostered community trust. Participants perceived the
initiative as a general health service rather than a disease-specific program, improving
turnout and reducing fear.

Healthcare workers must also be confident in administering and interpreting the test. Proper
training, clear guidelines, and support from national health authorities are key to fostering
professional engagement [4, 53]. Likewise, engaging policymakers from the outset ensures
that implementation strategies are realistic, ethical, and aligned with long-term elimination
goals.

Taken together, these factors demonstrate that ethical, effective, and equitable
implementation depends on holistic engagement - with communities, health systems, and
governments - tailored to local realities and informed by ongoing dialogue.

Expanding the potential of immunodiagnostics

Technical progress and multiplexing

During the PEOPLE trial (Chapter 6), an earlier vertical flow version of the anti-PGL-I UCP-
LFA was used. Since then, the LUMC immunodiagnostic research group developed the
PGL-I QURapid (Chapter 3), a more user-friendly horizontal cassette format. This
eliminates the need for 96-well plates, allowing diluted fingerstick blood samples to be
applied directly to the test, greatly simplifying use in the field. To support more sustainable
diagnostics, the PGL-1 QURapid was also tested with plant-based biodegradable cassettes
(Okos Diagnostics, the Netherlands; data not shown). In addition, pre-printed barcode labels
can minimize errors in participant ID entry (unpublished data).

Standardization efforts, including the use of a humanized anti-PGL-I IgM standard with
preset cut-off R-values, help ensure assay reliability and comparability across studies. In the
future, UCP-LF readers could be calibrated to output actual concentrations instead of
relative units, facilitating comparisons across sites and time points. These improvements

188



General discussion

support broader use and consistent interpretation of test results, tailored to specific sample
type and use case.

Another key advancement is the potential for multiplexing: detecting multiple biomarkers in
a single test. Given the limited sensitivity of the PGL-I QURapid for PB leprosy (10.5-23.7%,
Chapters 3 and 6), combining anti-PGL-I with additional host biomarkers could significantly
improve detection. The UCP-LF platform is well-suited for such integration, as demonstrated
in studies from Bangladesh, Brazil, China, and Ethiopia [54, 55], paving the way for
promising multi-biomarker tests (MBTs) [56]. AMBT combining six markers (anti-PGL-I IgM,
IP-10, CRP, S100A12, ApoA1, and CCL4) was successfully implemented in a single test
strip. This allowed quantitative detection of all six serum proteins simultaneously and
enabled discrimination of both MB and PB leprosy patients from controls, in both high- and
low-endemic settings. As research continues to uncover novel and more predictive
biomarkers, the modular nature of the UCP-LF platform allows for easy adaptation, enabling
the continuous refinement of the test to further improve diagnostic performance across
diverse populations and clinical presentations.

Host biomarker-based UCP-LFAs for TB triage

Since no specific and sensitive antibody has yet been identified for M. tuberculosis infection
[57, 58], serological diagnosis based on pathogen-specific antibodies - as successfully
applied in leprosy - is currently not feasible for TB and has limited use for bovine TB [87].
This underscores the importance of alternative host-response markers, such as
inflammatory or acute-phase proteins, which can indicate active disease even in the
absence of direct pathogen detection [59]. Interestingly, several of the host biomarkers
explored in the context of leprosy immunodiagnostics also show relevance for TB. Chapter
7 of this thesis therefore investigated whether combinations of UCP-LFAs measuring serum
host biomarkers could support triage testing for active disease. In this study, quantitative
UCP-LF assays were applied to detect seven host proteins - ApoA1, CRP, ferritin, IL-6, IP-
10, SAA1/A2, and S100A12 - in sera from individuals with active TB, those latently infected
with M. tuberculosis (LTBI), COVID-19 patients, and healthy controls. Several of these
proteins were discriminatory in TB patients compared to LTBIl. The resulting biomarker
combinations achieved high diagnostic performance (AUC up to 0.94) and allowed treatment
monitoring through quantitative changes during therapy. Importantly, this demonstrates that
host-response markers measured by UCP-LFA can identify individuals with probable active
disease, even in the absence of sputum samples. Notably, a three-biomarker signature -
CRP, IP-10, and SAA1 applied to the UCP-LFA format - was recently validated by the
TrENDx-TB consortium, meeting the WHO TPP for a TB triage test [60], supporting its further
development [61, 62].

For implementation as a TB triage tool, such tests could be deployed at primary healthcare
or community level to rapidly screen individuals presenting with respiratory symptoms.
Those with positive biomarker signatures could then be referred for confirmatory testing
using molecular assays such as GeneXpert or culture. The use of FSB, short assay time,
and portable readers makes the test particularly suitable for decentralized settings where
laboratory infrastructure is limited.
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Integration of these host-biomarker UCP-LFAs into existing TB control programs would thus
facilitate earlier detection, rational use of confirmatory diagnostics, and improved monitoring
of treatment response. Ultimately, this approach supports a shift from purely pathogen-
based diagnostics toward rapid, multiplexed, host-response-based triage that can be
implemented in resource-limited and high-burden settings and tested in low-invasive
samples.

Integrated disease surveillance

This growing versatility of the UCP-LFA platform - demonstrated through its application to
both TB and leprosy - highlights its potential role in broader, integrated disease surveillance
strategies. Integrated disease surveillance is particularly relevant in regions where multiple
neglected tropical diseases (NTDs) are co-endemic. In Bihar, for example, leprosy and
visceral leishmaniasis (VL) both circulate in the same communities [46, 63], creating
opportunities for coordinated screening, research, and public health interventions. While
leishmaniasis is a differential diagnosis of leprosy [64], the two diseases are rarely
addressed jointly. In Chapters 3 and 4, serum samples from individuals with confirmed
Leishmania donovani infection were tested using the PGL-1 QURapid primarily to assess the
specificity of the test for M. leprae infection. These findings not only supported the test’s
specificity but also led to the idea of applying the same UCP-LFA platform across diseases.

This illustrates the broader potential of combining diagnostics and surveillance for multiple
diseases within shared infrastructure. In settings where leprosy overlaps with TB, helminth
infections (as described in Chapter 5), schistosomiasis, or even COVID-19, integrated
approaches can minimize duplication, optimize resources, and generate more holistic data
for guiding interventions [38]. The versatility of the UCP-LFA platform supports this vision:
beyond leprosy, assays have been/are being developed or adapted for TB (host biomarkers;
Chapter 7), leishmaniasis (via rK39 antigen [65]), and schistosomiasis (via circulating
anodic antigen, CAA [66-69]).

Beyond logistical efficiency, integrated surveillance aligns closely with several Sustainable
Development Goals (SDGs), notably SDG 3 (Good Health and Well-being), SDG 1 (No
Poverty), and SDG 6 (Clean Water and Sanitation) [70]. NTDs like leprosy, leishmaniasis
and schistosomiasis are deeply tied to poverty, poor hygiene, and limited access to water
and sanitation - factors also targeted by WASH (Water, Sanitation and Hygiene) programs
[71-73]. Integrating diagnostic tools and disease control strategies with broader
development agendas can therefore amplify impact and support long-term health
improvements in affected communities.

As diagnostic technologies like the UCP-LFA evolve to support multiplexing and simplified
field deployment, their role in cross-cutting public health strategies becomes increasingly
valuable. Rather than operating in vertical silos, NTD programs can benefit from shared
platforms, personnel, and surveillance systems. This shift toward integrated, SDG-aligned
diagnostics has the potential to strengthen health systems, improve detection of co-
infections or hidden hotspots, and accelerate progress toward elimination goals across
diseases.
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One Health: detecting infection beyond humans

Although not a primary focus of the main chapters, the PGL-I QURapid also shows promise
within One Health surveillance strategies [22, 85, 87]. While human-to-human transmission
remains the dominant route for M. leprae spread, increasing evidence points to zoonotic and
environmental reservoirs. Notably, M. leprae DNA has been detected in soil [23, 74], water
[75], and animals such as nine-banded armadillos (Americas) [25, 76-80] and Eurasian red
squirrels (UK) [24, 81-84], suggesting these non-human sources may contribute to ongoing
transmission or perpetuating of the pathogen in the environment in certain settings,
particularly if human leprosy is virtually non-existent.

Originally developed for human diagnostics, the anti-PGL-I UCP-LFA has also proven
adaptable for serological use in animals. This opens new avenues for monitoring of infection
in wildlife and potentially livestock, supporting ecological risk mapping where human case
data alone may not explain transmission dynamics. The PGL-I QURapid has been
successfully applied cross-species, to armadillos and red squirrels in earlier studies [22, 85,
86], and more recently to earprick samples from live, experimentally infected armadillos,
demonstrating strong correlation with infection (in collaboration with the National Hansen’s
Disease Program, USA; unpublished data). Furthermore, in line with ELISA-based findings
by Avanzi et al. [24], the PGL-1 QURapid detected anti-PGL-| antibodies in M. lepromatosis-
infected squirrels [85], and in a confirmed human case with this infection (Avanzi, Geluk,
unpublished data).

Moreover, UCP-LFAs have also been adapted for use in bovine TB diagnostics, enabling
detection of both anti-M. bovis PGL antibodies [87] and relevant host protein biomarkers [88]
in cattle. These findings underline the broader applicability of the UCP-LFA format in One
Health surveillance, offering a valuable tool in identifying hidden reservoirs and better
understanding transmission routes.

Concluding remarks

In summary

This thesis underscores the critical need for improved diagnostic tools to support the global
control and elimination of leprosy and TB; two poverty-associated diseases that continue to
challenge public health systems, especially in low-resource settings. Despite longstanding
treatment protocols, both diseases suffer from delayed detection and incomplete
surveillance. For leprosy, the long incubation period and reliance on clinical diagnosis hinder
early case detection and contribute to ongoing transmission. The development of the
quantitative PGL-1 QURapid addresses a major gap by enabling standardized, field-friendly
serological testing for M. leprae exposure. Its application ranges from supporting individual
diagnosis to population-level surveillance and impact monitoring. Findings from field studies
in India, Indonesia, and the Comoros show that the QURapid can uncover hidden hotspots
of transmission and provide early indicators of program effectiveness. Importantly,
seropositivity can guide targeted follow-up and PEP administration, especially in high-risk
groups. The thesis also highlights the ethical, operational, and social considerations of
implementing serological tools, advocating for integration with broader health outreach and
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community engagement to reduce stigma. Looking ahead, the potential of multiplexed
diagnostics - allowing simultaneous detection of multiple host biomarkers or pathogens -
combined with One Health surveillance and integrated disease programs suggests a path
towards more holistic, efficient, and responsive disease control strategies. Together, these
innovations position immunodiagnostics as a cornerstone of future elimination efforts.

Using what we have: progress over perfection in the path toward elimination

While no diagnostic test is perfect, waiting for an ideal solution may delay urgently needed
action. Tools like the PGL-I QURapid may not capture every leprosy case or answer every
diagnostic question, but they offer valuable, actionable data - especially in low-resource and
high-transmission settings where other options are limited.

Importantly, a test does not need to function as a standalone diagnostic to be impactful. It
can serve as an adjunct to clinical diagnosis or as a triage tool, helping to prioritize
individuals for further evaluation, follow-up, or preventive treatment.

At present, diagnostic tools are not yet widely used in leprosy programs, and most cases
are still diagnosed clinically. However, as the global incidence of leprosy continues to
decline, and clinical expertise becomes less readily available - particularly in low-endemic
or post-elimination settings - reliable diagnostic tools will become increasingly critical. In this
final phase toward Zero Leprosy, investing in and applying the tools we do have is not only
pragmatic, but necessary. Even if not perfect, such tools can help detect hidden
transmission, support targeted interventions, and prevent resurgence.

Rather than letting the perfect become the enemy of the good , we must embrace and
optimize the tools that are available now, refining them as we go, and integrating them
smartly into surveillance and elimination strategies.
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Lepra en tuberculose (TB) blijven belangrijke volksgezondheidsuitdagingen in lage- en
middeninkomenslanden, waar beperkte toegang tot snelle en betrouwbare diagnostiek leidt
tot vertraagde detectie en voortdurende transmissie. Bij lepra is diagnose grotendeels
afhankelijk van klinische herkenning, waardoor infecties vaak laat worden vastgesteld en
asymptomatische transmissie onopgemerkt kan blijven. TB diagnostiek is daarentegen sterk
afhankelijk van sputum-gebaseerde laboratoriumtesten, die niet altijd toepasbaar zijn in
kwetsbare populaties en afhankelijk zijn van een beperkte en soms kwetsbare diagnostische
infrastructuur. Gezamenlijk onderstrepen deze beperkingen de behoefte aan snelle,
gebruiksvriendelijke diagnostische tools die geschikt zijn voor gebruik in het veld en die
zowel vroege detectie van infectie als het monitoren van transmissie op populatieniveau
mogelijk maken.

Dit proefschrift onderzoekt de ontwikkeling, validatie en implementatie van in het veld
toepasbare immunodiagnostische hulpmiddelen op basis van het UCP-LFA-platform voor
de detectie en monitoring van infectieziekten die samenhangen met armoede, met een
primaire focus op lepra en aanvullende toepassingen voor TB en COVID-19. Door
technologische innovatie van diagnostische testen te combineren met grootschalige
veldstudies beoogt dit onderzoek bij te dragen aan effectievere strategieén voor
ziektebestrijding en surveillance in omgevingen met beperkte middelen en infrastructuur.

De eliminatie van lepra is gericht op het onderbreken van de transmissie van Mycobacterium
leprae (M. leprae), die zich niet beperkt tot huishoudens van patiénten. Omdat in veel landen
de onderbreking van transmissie nog niet bereikt is, is er behoefte aan een test die
geinfecteerde asymptomatische individuen kan identificeren die de transmissie in stand
kunnen houden. Om de eliminatie van lepra te monitoren, is het essentieel om geschikte
indicatoren te identificeren die de transmissie binnen een populatie weerspiegelen.
Antistoffen tegen M. leprae antigenen wijzen op infectie, maar kunnen geen onderscheid
maken tussen een recente of eerdere infectie. In dit kader beschrijft Hoofdstuk 2 een
systematische review van de beschikbare literatuur naar serologische testen voor anti-M.
leprae-antilichamen bij kinderen zonder klinische lepra die in endemische gebieden wonen.
Aangezien antilichaamresponsen bij jonge kinderen per definitie wijzen op recente infectie,
werd in dit hoofdstuk onderzocht of anti-PGL-| seroprevalentie gebruikt kan worden als maat
voor de huidige transmissie van M. leprae. Er werd literatuuronderzoek uitgevoerd in
PubMed, Infolep, Web of Science en de Virtual Health Library. Dertig artikelen uit tien landen
voldeden aan de inclusie criteria. In alle studies werden antistoffen tegen phenolic glycolipid-
| (PGL-I) of synthetische varianten daarvan gemeten, zowel kwantitatief (ELISA of UCP-
LFA) als kwalitatief (ML-flow of NDO-LID sneltesten). De mediane seroprevalentie bij
kinderen in endemische gebieden was 14.9% en bleef stabiel over de tijd wanneer de
incidentie van de ziekte niet veranderde. Hoewel kwantitatieve anti-PGL-I serologie onder
jonge kinderen daarmee veelbelovend leek als proxy voor transmissie, bleek vergelijking
tussen gebieden beperkt mogelijk door verschillen in gebruikte testen en afkapwaarden.

In Hoofdstuk 3 wordt de definitieve versie van een kwantitatieve sneltest voor de detectie
van M. leprae infectie geévalueerd, de PGL-1 QURapid. Deze test, gebaseerd op UCP-LFA-
technologie, meet anti-PGL-I IgM antilichamen in vingerprikbloed en serum. In dit hoofdstuk
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worden de diagnostische prestaties, reproduceerbaarheid en toepasbaarheid van de test in
veldomstandigheden onderzocht. Er wordt aangetoond dat de test multibacillaire
leprapatiénten met hoge sensitiviteit en specificiteit kan identificeren, in zowel
vingerprikbloed en serum, terwijl resultaten al binnen enkele minuten beschikbaar zijn. Ook
wordt de inzet van een gehumaniseerde recombinante anti-PGL-I IgM controle beschreven,
waarmee testprestaties kunnen worden gemonitord en gestandaardiseerde afkapwaarden
kunnen worden vastgesteld. De resultaten laten zien dat de PGL-1 QURapid voldoet aan de
door de WHO opgestelde criteria voor point-of-care diagnostiek en geschikt is voor
implementatie binnen publieke gezondheidsprogramma’s in endemische gebieden.

In Hoofdstuk 4 wordt een veldstudie beschreven die is uitgevoerd in de deelstaat Bihar in
India. In deze studie werd met behulp van de kwantitatieve UCP-LFA-test de seroprevalentie
van anti-PGL-I IgM-antilichamen bepaald bij 1.857 kinderen in de leeftijd van drie tot elf jaar,
afkomstig uit twaalf endemische dorpen. In dit hoofdstuk wordt onderzocht in hoeverre
seropositiviteit bij jonge kinderen kan dienen als indicator voor recente M. leprae transmissie
in endemische gebieden. De resultaten laten zien dat 11.58% van de kinderen seropositief
was voor anti-PGL-I IgM, een niveau dat vergelijkbaar is met eerdere studies in andere
endemische regio’s zonder profylactische interventies. Daarnaast wordt beschreven dat de
UCP-LFA een laagdrempelig en praktisch toepasbaar instrument is, dat goed integreert in
grootschalige serosurveys en goed werd geaccepteerd door zowel lokaal zorgpersoneel als
de betrokken gemeenschappen. De bevindingen ondersteunen het potentieel van anti-PGL-
| serologie bij kinderen als hulpmiddel om recente transmissie van M. leprae te monitoren in
de context van lepra eliminatieprogramma’s.

Hoofdstuk 5 beschrijft een tweede sero-epidemiologische studie in rurale en stedelijke
gebieden in Indonesié. In deze studie werd bij 637 schoolgaande kinderen (6—15 jaar) de
seroprevalentie van anti-PGL-I IgM-antilichamen bepaald met behulp van de voor gebruik
in het veld toepasbare kwantitatieve UCP-LFA-test (PGL-l QURapid), waarbij tevens
sociaaleconomische factoren en de aanwezigheid van worminfecties werden meegenomen.
De resultaten laten zien dat de totale seroprevalentie 12.2% bedroeg, met duidelijke
verschillen tussen regio’s: in rurale gebieden werden aanzienlijk hogere percentages
gevonden (tot 31.0% in Zuidwest Sumba) dan in stedelijke gebieden (3.1-3.8%). Daarnaast
was de seroprevalentie significant hoger onder kinderen uit lage sociaaleconomische
scholen (13.7%) vergeleken met hoge SES-scholen (4.1%). Ook werd een sterke associatie
gevonden tussen worminfecties en verhoogde anti-PGL-I IgM-niveaus; kinderen met een
worminfectie waren vaker seropositief dan kinderen zonder infectie. Deze bevindingen
wijzen op verhoogde M. leprae transmissie in rurale, sociaaleconomisch kwetsbare en
worm-geinfecteerde populaties. Het hoofdstuk benadrukt daarmee het belang van
geintegreerde infectieziektebestrijding, waarbij zowel lepra als worminfecties worden
meegenomen. Daarnaast wordt bevestigd dat de PGL-I QURapid een effectief instrument
is voor serologische monitoring en het identificeren van hotspots met verhoogde
transmissie, waarmee gerichte interventies in endemische gebieden kunnen worden
ondersteund.

In Hoofdstuk 6 wordt de implementatie van grootschalige serologische monitoring
beschreven binnen de Post-ExpOsure Prophylaxis for LEprosy (PEOPLE)-studie in de
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Comoren en Madagaskar (2019-2023). In deze studie werd de toediening van verschillende
manieren van post-exposure profylaxe met rifampicine aan contacten van leprapatiénten
geévalueerd, in combinatie met actieve opsporing van nieuwe gevallen. Daarnaast werd in
16 van de 64 deelnemende dorpen gedurende drie opeenvolgende jaren de seroprevalentie
van anti-PGL-| IgM gemeten bij nieuw gediagnosticeerde leprapatiénten en bij meer dan
17.000 huishoudelijke en buurtcontacten. Vingerprikbloed werd ter plaatse door lokaal
personeel geanalyseerd met behulp van de veldtoepasbare, kwantitatieve UCP-LFA-test.
De resultaten laten zien dat 92.5% van de multibacillaire patiénten met een bacteriéle index
van 21 seropositief was, wat de hoge sensitiviteit van de test in veldomstandigheden
bevestigt. Voorafgaand aan de interventies varieerde de seroprevalentie onder contacten
tussen 21.9% en 27.4% tussen de verschillende locaties. Na twee jaar actieve opsporing
van gevallen en toediening van profylaxe was de seroprevalentie in alle studiegebieden
significant gedaald tot 11.6%—22.8%. Daarnaast werd een significante daling in anti-PGL-I
IgM-niveaus op individueel niveau waargenomen bij aanvankelijk seropositieve personen.
Deze daling werd gezien ongeacht het al dan niet ontvangen van profylaxe. De bevindingen
suggereren dat de combinatie van actieve case finding en profylaxe leidt tot een afname
van M. leprae infectieniveaus in de populatie. Dit hoofdstuk laat daarmee zien dat de anti-
PGL-I UCP-LFA geschikt is voor grootschalige serologische surveillance en het monitoren
van de impact van leprabestrijdingsinterventies op populatieniveau.

In Hoofdstuk 7 wordt de reikwijdte van het proefschrift verbreed door de toepassing van
host-biomarker-gebaseerde UCP-LFAs te onderzoeken voor een andere mycobacteriéle
ziekte: TB. In dit hoofdstuk worden de diagnostische prestaties van deze assays voor het
onderscheiden van actieve en latente TB onderzocht, evenals COVID-19-patiénten en
gezonde controles, en wordt de bruikbaarheid van deze testen voor triage-doeleinden
besproken. De resultaten laten zien dat de onderzochte biomarkers een hoge mate van
diagnostische nauwkeurigheid bieden, onder andere voor het onderscheiden van latente
infectie en actieve TB (AUC 0.94), en voor het differentiéren tussen gezonde individuen en
COVID-19-patiénten (AUC 0.99). Daarnaast blijkt dat deze markers ook bruikbaar zijn voor
het monitoren van behandeling bij zowel TB als COVID-19. Dit hoofdstuk laat daarmee zien
dat niet-sputum gebaseerde, kwantitatieve LFAs een veelbelovend alternatief kunnen
vormen als aanvullende diagnostische en monitoringstool voor respiratoire infectieziekten,
en onderstreept de bredere toepasbaarheid van het UCP-LFA-platform.

Samenvattend laat dit proefschrift zien dat het UCP-LFA platform een veelzijdig en
schaalbaar diagnostisch systeem vormt voor de detectie en monitoring van infectieziekten
in uiteenlopende epidemiologische contexten. Voor lepra blijkt kwantitatieve anti-PGL-I IgM-
serologie een waardevolle indicator van infectie en transmissie, met toepassingen variérend
van individuele diagnostiek tot grootschalige serosurveillance en evaluatie van
volksgezondheidsinterventies. De resultaten uit veldstudies in India, Indonesié, de Comoren
en Madagaskar tonen aan dat deze benadering niet alleen geschikt is voor het identificeren
van geinfecteerde individuen, maar ook voor het opsporen van verborgen transmissie
hotspots en het volgen van veranderingen in infectie niveaus over tijd. Daarnaast
benadrukken de bevindingen het belang van geintegreerde strategieén, waarin diagnostiek,
behandeling en preventie gezamenlijk worden ingezet en worden afgestemd op lokale
epidemiologische en sociaaleconomische omstandigheden. De resultaten voor TB en
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COVID-19 illustreren de brede toepasbaarheid van het UCP-LFA-platform voor
verschillende infectieziekten. Host-biomarker-gebaseerde UCP-LFAs bieden perspectief als
snelle, niet-invasieve en tools die geschikt zijn voor het veld voor zowel triage als monitoring
van respiratoire infectieziekten, vooral in settings waar toegang tot laboratoriumdiagnostiek
beperkt is. Tot slot onderstreept dit proefschrift dat de grootste impact niet alleen ligt in het
ontwikkelen van perfecte diagnostische tests, maar in het slim inzetten van beschikbare
tools binnen realistische publiecke gezondheidsstrategieén. Zelfs wanneer diagnostische
methoden niet volledig alle klinische of epidemiologische vragen beantwoorden, kunnen zij
toch cruciale informatie leveren om transmissie te detecteren, interventies te sturen en
eliminatiedoelen dichterbij te brengen.
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During my PhD, | was part of the Leiden University Center for Infectious Diseases
department, working under the supervision of Prof. Dr. A. Geluk (primary advisor) and Dr. Ir.
P.L.A.M. Corstjens (co-advisor). My thesis, titled “Field-deployable immunodiagnostics for
poverty-associated infectious diseases: development and use cases in public health”,
focuses on the development and evaluation of diagnostic tools for diseases such as
tuberculosis and leprosy. This chapter outlines the academic training, dissemination
activities, and teaching experiences | undertook during my PhD trajectory.

My training started in 2020 with the course Basic Methods and Reasoning in Biostatistics,
which provided a strong foundation in data analysis. In 2021, | completed the Leiden
University Onboarding Programme and attended the LAP PhD Day, introducing me to the
broader academic environment and connecting me with other early-stage researchers.

In 2022, | deepened my scientific knowledge by participating in the LIFI course and attending
multiple national and international conferences, including the LRI congress 2022, ILC 2022,
and NVVI 2022. | also was able to engage in field work and provide a lab training in Brazil
as part of the LRI BraBo project (Chapter 8), and later that year, at the National Institute for
Infectious Diseases "L. Spallanzani”, IRCCS, in Rome, ltaly (Chapter 7). Additionally, in
2022, | supervised a BSc student (Biomedical sciences) during her internship, providing
guidance and support throughout her research project. These experiences contributed to
my development as a collaborative and globally engaged researcher.

The year 2023 was marked by an expansion in both research dissemination and teaching
activities. | attended the Leprosy Research Initiative (LRI) congress 2023 in Eindhoven and
the Global Research on Worldwide challenges (GROW) congress 2023 in Soesterberg. |
also presented during a LU-CID session and delivered lab trainings to project collaborators
in Bolivia and Indonesia. A major highlight was my supervision of the half minor Infections in
Health and Disease during a field trip in October 2023 in South Sulawesi, Indonesia
(Chapter 5). | was one of the supervisors to a group of medical students from the
Netherlands and Indonesia - supporting them in conducting field research, laboratory work,
data analysis and presentation and report writing. This role involved coordinating activities,
troubleshooting challenges in real time, and fostering cross-cultural scientific collaboration.
In addition to this, | supervised an MSc student (Biomedical sciences) during her internship
(acquiring data for Chapter 3) and assessed students during the FOS journal club course.
Furthermore, | supported a PhD student from Edinburgh during his exchange in Leiden by
assisting in the setup and development of assays for his project on bovine TB. Beyond this,
| provided guidance and assistance to three other international PhD students visiting Leiden
for exchanges or internships, helping them with various aspects of their research projects.
These experiences sharpened my mentorship skills and strengthened my ability to
communicate scientific concepts across different academic levels.

In 2024, | participated in and presented at the Workshop on Research on Tuberculosis and
Leprosy and the Theme Infection Meeting. | also completed the Responsible Research
training, including a Workshop on Scientific Conduct for PhDs, both of which reinforced the
importance of ethics and integrity in science. | also supported two international PhD students

and contributed to their research progress as part of a collaborative research team.
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Additionally, | gave a presentation at the LiTBC meeting, contributing to broader institutional
knowledge exchange.

The final year of my PhD, 2025, included attendance at the LRI congress 2025 and the ILC
2025, where | shared the final outcomes of my work. To support my attendance and
presentation at ILC 2025, | successfully applied for and received a travel grant from the
Leiden University Fund (LUF). The ILC conference was a significant milestone in my PhD
journey, providing an excellent platform not only to present my research findings but also to
engage in a wide range of scientific and political discussions. Additionally, | participated in
numerous networking dinners and meetings, which gave me valuable insights into the
broader impact of immunodiagnostics and infectious disease research on global health
policy. This conference truly marked a meaningful culmination of my PhD trajectory,
integrating scientific  communication, interdisciplinary collaboration, and career
development.

Across my PhD trajectory, | regularly attended theme meetings, internal lectures, and LUMC
presentations, which allowed me to stay connected to ongoing developments and to
contribute to interdisciplinary discussions. In addition, my training and dissemination
activities included diverse teaching responsibilities, active participation in national and
international scientific meetings, and the delivery of hands-on laboratory training to
collaborators in Brazil, Bolivia and Indonesia. These international training activities were
particularly formative, as they enabled me to apply my scientific expertise in collaborative,
real-world settings and to contribute to capacity building among research partners.

Overall, my PhD journey has been shaped not only by research, but also by teaching,
extensive global collaboration, and scientific exchange. Successfully obtaining external
funding to present my work at a major international conference, alongside supervising
students and supporting collaborative research and training activities, reflects my
development into an independent and proactive researcher.
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Completed courses and other training
Mandatory activities
Year Title EC/
hours
2020 Basic Methods and Reasoning in Biostatistics 42
2021 Leiden University Onboarding Inform & Connect (2 activities) 5
2024 Responsible Research (2 activities) 20
Scientific courses, workshops and other training activities
2021 LAP PhD day 6
2022 LIFI course 45
2025 Symposium “A Dutch perspective on mycobacterial infections” 8
2025 Symposium “Past, present and future of immunology in Leiden” 8
Dissemination, acknowledgement, esteem, and other relevant scientific activities
2021 LRI Congress 2021 8
2022 NVVI (poster presentation) 24
2022 LRI Congress 2022 (oral presentation) 16
2022 ILC Conference 2022 (oral presentation) 24
2023 LRI Congress 2023 (oral presentation) 24
2023 GROW Congress 2023 16
2023 Presentation at LU-CID meeting 5
2024 Presentation at Workshop ‘Research on Tuberculosis and leprosy” 4
2024 LRI Congress 2024 (oral presentation) 24
2024 Presentation at Theme Infection meeting 8
2024 Pitch presentation at WINNER 4
2024 Presentation at LITBC meeting 4
2025 LRI Congress 2025 (oral presentation) 12
2025 ILC Conference 2025 (oral presentation) 30
Other activities related to this thesis
2022 Lab training in Brazil to co-workers LRI BraBo project 4
2022 Lab training in Rome to co-workers 4
2022 Supervision of internship BSc student Biomedical Sciences 28
2022 Supervision of international PhD student 28
2023 Lab training in Bolivia to co-workers LRI BraBo project 4
2023 Lab training in Indonesia to co-workers 16
2023 Supervision of internship MSc student Biomedical Sciences 28
2023 Journal club assessment of students during FOS course 2
2023 Supervision of halfminor “Infections in Health and Disease” 84
2024 Supervision of international PhD student 28
2024 Supervision of International PhD student 28
Total number of hours 591
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