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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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Anti-M. leprae antibodies in children
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.

Data availability

All relevant data are within the manuscript and its Supporting information files.

Acknowledgements

We thank the members of the WHO (Global Leprosy Programme) Task Force on Criteria for
Elimination of Leprosy (TFCEL) for critical discussions and feedback and Dr. Moisés da Silva
and Dr. John Spencer for stimulating discussions on anti-PGL-I ELISAs.

Funding

This study was supported by the Q.M. Gastmann-Wichers Foundation (AG). The funders
had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.

Competing interests

The authors have declared that no competing interests exist.

37



Chapter 2

References

1. Scollard DM, Adams LB, Gillis TP, Krahenbuhl JL, Truman RW, Wiliams DL. The continuing
challenges of leprosy. Clin Microbiol Rev. 2006; 19(2):338-81. https://doi.org/10.1128/CMR.19.2.338-
381.2006 PMID: 16614253

2. Geluk A. Correlates of immune exacerbations in leprosy. Semin Immunol. 2018; 39:111-8.
https://doi.org/10.1016/j.smim.2018.06.003 PMID: 29950273

3. Blok DJ, De Vlas SJ, Richardus JH. Global elimination of leprosy by 2020: are we on track? Parasit
Vectors. 2015; 8:548. https://doi.org/10.1186/s13071-015-1143-4 PMID: 26490878

4. Alemu Belachew W, Naafs B. Position statement: LEPROSY: Diagnosis, treatment and follow-up. J
Eur Acad Dermatol Venereol. 2019; 33(7):1205-13. https://doi.org/10.1111/jdv.15569 PMID: 30945360

5. Polycarpou A, Walker SL, Lockwood DN. New findings in the pathogenesis of leprosy and implications

for the management of leprosy. Curr Opin Infect Dis. 2013; 26(5):413-9. https://doi.org/10.1097/QCO.
0b013e3283638b04 PMID: 23982232

6. World Health Organization. Ending the neglect to attain the sustainable development goals: a road
map for neglected tropical diseases 2021-2030: overview. World Health Organization; 2020. Contract No.:
WHO/UCN/NTD/2020.01.

7. Bratschi MW, Steinmann P, Wickenden A, Gillis TP. Current knowledge on Mycobacterium leprae
transmission: a systematic literature review. Lepr Rev. 2015; 86(2):142-55. PMID: 26502685
8. Fine PE, Sterne JA, Ponnighaus JM, Bliss L, Saui J, Chihana A, et al. Household and dwelling contact

as risk factors for leprosy in northern Malawi. Am J Epidemiol. 1997; 146(1):91-102. https://doi.org/10.
1093/oxfordjournals.aje.a009195 PMID: 9215227

9. Moet FJ, Meima A, Oskam L, Richardus JH. Risk factors for the development of clinical leprosy among
contacts, and their relevance for targeted interventions. Lepr Rev. 2004; 75(4):310-26. PMID: 15682969

10. Quilter EEV, Butlin CR, Singh S, Alam K, Lockwood DNJ. Patients with skin smear positive leprosy in
Bangladesh are the main risk factor for leprosy development: 21-year follow-up in the household contact study
(COCOA). PLoS Negl Trop Dis. 2020; 14(10):e0008687. https://doi.org/10.1371/journal.pntd.0008687 PMID:
33125403

11. World Health Organization. Global leprosy (Hansen disease) update, 2019: time to step-up prevention
initiatives. World Health Organization; 2020 Sept. Report No.: WER No 36, 2020, 95, 417-440.

12. Geluk A. Challenges in immunodiagnostic tests for leprosy. Expert Opin Med Diagn. 2013; 7(3):265—
74. https://doi.org/10.1517/17530059.2013.786039 PMID: 23537134

13. Bekri W, Gebre S, Mengiste A, Saunderson PR, Zewge S. Delay in presentation and start of treatment
in leprosy patients: a case-control study of disabled and non-disabled patients in three different settings in
Ethiopia. Int J Lepr Other Mycobact Dis. 1998; 66(1):1-9. PMID: 9614833

14. Nicholls PG, Wiens C, Smith WC. Delay in presentation in the context of local knowledge and attitude
towards leprosy—the results of qualitative fieldwork in Paraguay. Int J Lepr Other Mycobact Dis. 2003;
71(3):198-209.

15. Meima A, Saunderson PR, Gebre S, Desta K, van Oortmarssen GJ, Habbema JD. Factors associated
with impairments in new leprosy patients: the AMFES cohort. Lepr Rev. 1999; 70(2):189-203.
https://doi.org/10.5935/0305-7518.19990022 PMID: 10464437

16. Van Veen NH, Meima A, Richardus JH. The relationship between detection delay and impairment in
leprosy control: a comparison of patient cohorts from Bangladesh and Ethiopia. Lepr Rev. 2006; 77 (4):356—
65. PMID: 17343222

17. Srinivas G, Muthuvel T, Lal V, Vaikundanathan K, Schwienhorst-Stich EM, Kasang C. Risk of disability
among adult leprosy cases and determinants of delay in diagnosis in five states of India: A case-control study.
PLoS Negl Trop Dis. 2019; 13(6):e0007495. https://doi.org/10.1371/journal.pntd.0007495 PMID: 31247040
18. Mieras LF, Taal AT, van Brakel WH, Cambau E, Saunderson PR, Smith WCS, et al. An enhanced
regimen as post-exposure chemoprophylaxis for leprosy: PEP+. BMC Infect Dis. 2018; 18(1):506.
https://doi.org/10.1186/s12879-018-3402-4 PMID: 30290790

19. Richardus JH, Mieras L, Saunderson P, Ignotti E, Virmond M, Arif MA, et al. Leprosy post-exposure
prophylaxis risks not adequately assessed—Author’s reply. Lancet Glob Health. 2021; 9(4):e402—€3.
https://doi.org/10.1016/S2214-109X(21)00047-4 PMID: 33740406

20. Tiwari A, Blok DJ, Arif M, Richardus JH. Leprosy post-exposure prophylaxis in the Indian health
system: A  cost-effectiveness  analysis. PLoS Negl Trop Dis. 2020; 14(8):e0008521.
https://doi.org/10.1371/journal.pntd.0008521 PMID: 32750059

21. Steinmann P CA, Aerts A, Anand S, Arif M, Ay SS, et al. The Leprosy Post-Exposure Prophylaxis
(LPEP) programme: update and interim analysis. Leprosy Rev. 2018; 89(2):102-16.

22. Richardus R, Alam K, Kundu K, Chandra Roy J, Zafar T, Chowdhury AS, et al. Effectiveness of
singledose rifampicin after BCG vaccination to prevent leprosy in close contacts of patients with newly
diagnosed leprosy: A cluster randomized controlled ftrial. Int J Infect Dis. 2019; 88:65-72.
https://doi.org/10.1016/].ijid.2019.08.035 PMID: 31499206

38



Anti-M. leprae antibodies in children

23. Ortuno-Gutierrez N, Younoussa A, Randrianantoandro A, Braet S, Cauchoix B, Ramboarina S, et al.
Protocol, rationale and design of PEOPLE (Post ExpOsure Prophylaxis for LEprosy in the Comoros and
Madagascar): a cluster randomized trial on effectiveness of different modalities of implementation of post-
exposure prophylaxis of leprosy contacts. BMC Infect Dis. 2019; 19(1):1033. https://doi.org/10.1186/s12879-
019-4649-0 PMID: 31805862

24. Roset Bahmanyar E, Smith WC, Brennan P, Cummings R, Duthie M, Richardus JH, et al. Leprosy
Diagnostic Test Development As a Prerequisite Towards Elimination: Requirements from the User’s
Perspective. PLoS Negl Trop Dis. 2016; 10(2):e0004331. https://doi.org/10.1371/journal.pntd.0004331 PMID:
26866699

25. World Health Organization. Guidelines for the diagnosis, treatment and prevention of leprosy. World
Health Organization. Regional Office for South-East Asia; 2018.

26. World Health Organization. Global Leprosy (Hansen’s disease) Strategy 2021-2030: Towards Zero
Leprosy. World Health Organization; 2020.

27. World Health Organization. Global Leprosy Strategy 2016-2020: Accelerating towards a leprosy-free
world. World Health Organization. Regional Office for South-East Asia; 2016.

28. van Hooij A, Tjon Kon Fat EM, van den Eeden SJF, Wilson L, Batista da Silva M, Salgado CG, et al.
Field-friendly serological tests for determination of M. leprae-specific antibodies. Sci Rep. 2017; 7(1):8868.
https://doi.org/10.1038/s41598-017-07803-7 PMID: 28827673

29. Zenha EM, Ferreira MA, Foss NT. Use of anti-PGL-1 antibodies to monitor therapy regimes in leprosy
patients. Braz J Med Biol Res. 2009; 42(10):968—72. https://doi.org/10.1590/s0100-879x2009001000016
PMID: 19784481

30. Tio-Coma M, Avanzi C, Verhard EM, Pierneef L, van Hooij A, Benjak A, et al. Genomic
Characterization of Mycobacterium leprae to Explore Transmission Patterns Identifies New Subtype in
Bangladesh. Front Microbiol. 2020; 11:1220. https://doi.org/10.3389/fmicb.2020.01220 PMID: 32612587

31. Schilling AK, van Hooij A, Corstjens P, Lurz PWW, DelPozo J, Stevenson K, et al. Detection of humoral
immunity to mycobacteria causing leprosy in Eurasian red squirrels (Sciurus vulgaris) using a quantitative rapid
test. European Journal of Wildlife Research. 2019; 65(3).

32. Roche PW, Britton WJ, Failbus SS, Neupane KD, Theuvenet WJ. Serological monitoring of the
response to chemotherapy in leprosy patients. Int J Lepr Other Mycobact Dis. 1993; 61(1):35-43. PMID:
8326179

33. Khadge S, Banu S, Bobosha K, van der Ploeg-van Schip JJ, Goulart IM, Thapa P, et al. Longitudinal
immune profiles in type 1 leprosy reactions in Bangladesh, Brazil, Ethiopia and Nepal. BMC Infect Dis. 2015;
15:477. https://doi.org/10.1186/s12879-015-1128-0 PMID: 26510990

34. Drowart A, Chanteau S, Huygen K, De Cock M, Cartel JL, De Bruyn J, et al. Effects of chemotherapy
on antibody levels directed against PGL-I and 85A and 85B protein antigens in lepromatous patients. Int J Lepr
Other Mycobact Dis. 1993; 61(1):29-34. PMID: 8326178

35. van Beers S, Hatta M, Klatser PR. Seroprevalence rates of antibodies to phenolic glycolipid-l among
school children as an indicator of leprosy endemicity. Int J Lepr Other Mycobact Dis. 1999; 67(3):243-9. PMID:
10575403

36. Buhrer-Sekula S, van Beers S, Oskam L, Lecco R, Madeira ES, Dutra MA, et al. The relation between
seroprevalence of antibodies against phenolic glycolipid-l among school children and leprosy endemicity in
Brazil. Rev Soc Bras Med Trop. 2008; 41 Suppl 2:81-8. https://doi.org/10.1590/s0037-

86822008000700017 PMID: 19618082

37. Douglas JT, Cellona RV, Fajardo TT Jr, Abalos RM, Balagon MV, Klatser PR. Prospective study of
serological conversion as a risk factor for development of leprosy among household contacts. Clin Diagn Lab
Immunol. 2004; 11(5):897-900. https://doi.org/10.1128/CDLI.11.5.897-900.2004 PMID: 15358649

38. Lyon S, Lyon AC, Da Silva RC, Grossi MA, Lyon SH, Buhrer-Sekula S, et al. A comparison of ML Flow
serology and slit skin smears to assess the bacterial load in newly diagnosed leprosy patients in Brazil. Lepr
Rev. 2008; 79(2):162—-70. PMID: 18711938

39. Geluk A, van Meijgaarden KE, Wilson L, Bobosha K, van der Ploeg-van Schip JJ, van den Eeden SJ,
et al. Longitudinal immune responses and gene expression profiles in type 1 leprosy reactions. J Clin Immunol.
2014; 34(2):245-55. https://doi.org/10.1007/s10875-013-9979-x PMID: 24370984

40. Levis WR, Meeker HC, Schuller-Levis G, Sersen E, Schwerer B. IgM and IgG antibodies to phenolic
glycolipid | from Mycobacterium leprae in leprosy: insight into patient monitoring, erythema nodosum leprosum,
and bacillary persistence. J Invest Dermatol. 1986; 86(5):529-34. PMID: 3528312

41. Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, et al. Preferred reporting items for
systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst Rev. 2015; 4:1.
https://doi.org/10.1186/2046-4053-4-1 PMID: 25554246

42. Barreto JG, Guimaraes Lde S, Leao MR, Ferreira DV, Lima RA, Salgado CG. Anti-PGL-I
seroepidemiology in leprosy cases: household contacts and school children from a hyperendemic municipality
of the Brazilian Amazon. Lepr Rev. 2011; 82(4):358—-70. PMID: 22439276

39



Chapter 2

43. Barreto JG, Bisanzio D, Frade MA, Moraes TM, Gobbo AR, de Souza Guimaraes L, et al. Spatial
epidemiology and serologic cohorts increase the early detection of leprosy. BMC Infect Dis. 2015; 15:527.
https://doi.org/10.1186/s12879-015-1254-8 PMID: 26573912

44, Barreto JG, Guimaraes Lde S, Frade MA, Rosa PS, Salgado CG. High rates of undiagnosed leprosy
and subclinical infection amongst school children in the Amazon Region. Mem Inst Oswaldo Cruz. 2012; 107
Suppl 1:60-7. https://doi.org/10.1590/s0074-02762012000900011 PMID: 23283455

45, van Hooij A, Tjon Kon Fat EM, Batista da Silva M, Carvalho Bouth R, Cunha Messias AC, Gobbo AR,
et al. Evaluation of Immunodiagnostic Tests for Leprosy in Brazil, China and Ethiopia. Sci Rep. 2018; 8
(1):17920. https://doi.org/10.1038/s41598-018-36323-1 PMID: 30560920

46. da Conceido Oliveira Coelho Fabri A. Prevaléncia de infecc.do pelo Mycobacterium leprae na
populacdo da microrregido de Almenara, Minas Gerais: Universidade Federal de Minas Gerais; 2011.
47. Ribeiro GC. Prevaléncia e distribuicdo da infeccdo pelo Mycobacterium leprae por meio de

marcadores sorologicos e geoprocessamento em Diamantina, Minas Gerais: Universidade Federal de Minas
Gerais; 2019.

48. Ferreira MA, Antunes CM. Factors associated with ML Flow test seropositivity in leprosy patients and
household contacts under the age of 18. Rev Soc Bras Med Trop. 2008; 41 Suppl 2:60-6.
https://doi.org/10.1590/s0037-86822008000700013 PMID: 19618078

49. Andrade AR, Grossi MA, Buhrer-Sekula S, Antunes CM. Seroprevalence of ML Flow test in leprosy
contacts from State of Minas Gerais, Brazil. Rev Soc Bras Med Trop. 2008; 41 Suppl 2:56-9.
https://doi.org/10.1590/s0037-86822008000700012 PMID: 19618077

50. Carvalho AP, da Conceicao Oliveira Coelho Fabri A, Correa Oliveira R, Lana FC. Factors associated
with anti-phenolic glycolipid-I seropositivity among the household contacts of leprosy cases. BMC Infect Dis.
2015; 15:219. https://doi.org/10.1186/s12879-015-0955-3 PMID: 26024906

51. Wambier CG, Wambier SP, Furini RB, Simao JC, Frade MA, Foss NT. Factors associated with
seropositivity for APGL-lamong household contacts of leprosy patients. Rev Soc Bras Med Trop. 2016;
49(1):83-9. https://doi.org/10.1590/0037-8682-0325-2015 PMID: 27163568

52. Duppre NC. Risco de desenvolver hanseniase em contatos de pacientes, segundo positividade ao
teste anti PGL-I e situac,do vacinal (BCG). Escola Nacional de Saude Publica Sergio Arouca; 2008.

53. Limeira OM, Gomes CM, Morais OO, Cesetti MV, Alvarez RR. Active search for leprosy cases in
Midwestern Brazil: a serological evaluation of asymptomatic household contacts before and after prophylaxis
with bacillus Calmette-Guerin. Rev Inst Med Trop Sao Paulo. 2013; 55(3).

54. Gomes LC, Cortela D, Silva EA, Silva A, Ferreira SMB. Leprosy: prevalence and factors associated
with seropositivity for anti-NDO-LID antibodies in children under 15 years of age. An Bras Dermatol. 2019;
94(4):405-10. https://doi.org/10.1590/abd1806-4841.20197543 PMID: 31644611

55. Lourenco DSD, Campelo TA, Cruz GA, de Almeida PC, Goncalves HD, Pontes MAD, et al. Detection
of subclinical Mycobacterium leprae infection in children, contacts of leprosy cases, Fortaleza Ceara, Brazil.
Leprosy Rev. 2017; 88(2):184-96.

56. TiemiNagao-Dias A, Casimiro de Macedo A, Rodrigues RO, Pedroza FHC, Albuquerque AA, Moreira
FA, etal. Serum Anti-PGL-1 IgG, IgM, and IgA in a 3-Year Follow-up Study of 4-15-Year-old Leprosy Contacts.
Pediatr Infect Dis J. 2019; 38(9):e193—e8. https://doi.org/10.1097/INF.0000000000002337 PMID: 31220042
57. Cardona-Castro N, Beltran-Alzate JC, Manrique-Hernandez R. Survey to identify Mycobacterium
leprae-infected household contacts of patients from prevalent regions of leprosy in Colombia. Mem Inst
Oswaldo Cruz. 2008; 103(4):332-6. https://doi.org/10.1590/s0074-02762008000400003 PMID: 18660985
58. Desforges S, Bobin P, Brethes B, Huerre M, Moreau JP, Bach MA. Specific anti-M leprae PGL-I
antibodies and Mitsuda reaction in the management of household contacts in New Caledonia. Int J Lepr Other
Mycobact Dis. 1989; 57(4):794—-800. PMID: 2681462

59. Chanteau S, Glaziou P, Plichart C, Luquiaud P, Plichart R, Faucher JF, et al. Low predictive value of
PGL-I serology for the early diagnosis of leprosy in family contacts: results of a 10-year prospective field study
in French Polynesia. Int J Lepr Other Mycobact Dis. 1993; 61(4):533—41. PMID: 8151183

60. Richardus RA, van der Zwet K, van Hooij A, Wilson L, Oskam L, Faber R, et al. Longitudinal
assessment of anti-PGL-| serology in contacts of leprosy patients in Bangladesh. PLoS Negl Trop Dis. 2017;
11(12):e0006083. https://doi.org/10.1371/journal.pntd.0006083 PMID: 29228004

61. Bagshawe AF, Garsia RJ, Baumgart K, Astbury L. IgM serum antibodies to phenolic glycolipid-l and
clinical leprosy: two years’ observation in a community with hyperendemic leprosy. Int J Lepr Other Mycobact
Dis. 1990; 58(1):25-30. PMID: 2181044

62. Menzel S, Harboe M, Bergsvik H, Brennan PJ. Antibodies to a synthetic analog of phenolic glycolipid-
| of Mycobacterium leprae in healthy household contacts of patients with leprosy. Int J Lepr Other Mycobact
Dis. 1987; 55(4):617-25. PMID: 3323365

63. Soares DJ, Failbus S, Chalise Y, Kathet B. The role of IgM antiphenolic glycolipid-1 antibodies in
assessing household contacts of leprosy patients in a low endemic area. Lepr Rev. 1994; 65(4):300—4.
https://doi.org/10.5935/0305-7518.19940031 PMID: 7861916

40



Anti-M. leprae antibodies in children

64. Krishnamurthy P, Rao PS, Reddy BN, Subramanian M, Dhandayudapani S, Bhatia V, et al.
Seroepidemiological study of leprosy in a highly endemic population of south India based on an ELISA using
synthetic PGL-I. Int J Lepr Other Mycobact Dis. 1991; 59(3):426-31. PMID: 1890366

65. Shah DH, Vartak RR, Naik SS, Dandekar SR, Ganapati R. Epidemiological studies in children of a
lowendemic region, a high-endemic region, and dwellers of a leprosy colony: evaluation of anti-ND-BSA
antibodies and lepromin response. Int J Lepr Other Mycobact Dis. 1994; 62(4):539—46. PMID: 7868951

66. Khang TH, Thanh LT, Lanh PH. Predictive value of gelatin particle agglutination test (GPAT) in leprosy
detection. Indian J Lepr. 2018; 90:61-7.

67. Day R, Lever P, Asri M. Leprosy control in 7 districts of south Sulawesi, Indonesia, 1986-91. Lepr
Rev. 1992; 63(3):247-54. https://doi.org/10.5935/0305-7518.19920029 PMID: 1406019

68. van Beers SM, Izumi S, Madjid B, Maeda Y, Day R, Klatser PR. An epidemiological study of leprosy
infection by serology and polymerase chain reaction. Int J Lepr Other Mycobact Dis. 1994; 62(1):1-9. PMID:
8189074

69. Brito e Cabral P, Junior JE, de Macedo AC, Alves AR, Goncalves TB, Brito e Cabral TC, et al. Anti-
PGL1 salivary IgA/IgM, serum IgG/IgM, and nasal Mycobacterium leprae DNA in individuals with

household contact with leprosy. Int J Infect Dis. 2013; 17(11):e1005-10. https://doi.org/10.1016/}.ijid.
2013.05.011 PMID: 23871279

70. Gormus BJ, Baskin GB, Xu KY, Ratterree MS, Martin LN, Mack PA, et al. Antileprosy protective
vaccination of sooty mangabey monkeys with BCG, or BCG plus heat-killed Mycobacterium leprae:
Immunologic observations. Int J Leprosy. 2000; 68(4):434—43.

71. Cho SN, Yanagihara DL, Hunter SW, Gelber RH, Brennan PJ. Serological Specificity of Phenolic
Glycolipid-I from Mycobacterium-Leprae and Use of Serodiagnosis in Leprosy. Int J Leprosy. 1983; 51(4):659—
60. https://doi.org/10.1128/iai.41.3.1077-1083.1983 PMID: 6193065

72. Bach MA, Wallach D, Flageul B, Hoffenbach A, Cottenot F. Antibodies to Phenolic Glycolipid-1 and to
Whole Mycobacterium-Leprae in Leprosy Patients—Evolution during Therapy. Int J Leprosy. 1986; 54(2):256—
67. PMID: 3522769

73. Bakker MI, May L, Hatta M, Kwenang A, Klatser PR, Oskam L, et al. Genetic, household and spatial
clustering of leprosy on an island in Indonesia: a population-based study. BMC Med Genet. 2005; 6:40.
https://doi.org/10.1186/1471-2350-6-40 PMID: 16307680

74. Putri RD, Amiruddin MD, Tabri F, Adriaty D, Wahyuni R, Iswahyudi, et al. Evaluation of anti-PCL-1
antibody titer in a group of healthy school children who live in leprosy endemic area from 2007-2010. |JTID.
2010; 1(3):110-3.

75. Rachmawati, Mataallo TT, Adam S, Adam AM, Amin S, Tabri F, et al. Comparative study on the
intensity of Mycobacterium leprae exposure to children who live in low and high altitude in low leprosy endemic
area of South Sulawesi. IJTID. 2013; 4(4):1-4.

76. Adriaty D, Rosita C, Iswahyudi, Wahyuni R, Agusni |, Izumi S. Leprosy transmission in endemic and
non-endemic areas based on the profile of antibody response of PGL-1 and PCR detection of Mycobacterium
leprae DNA from nasal swab among healthy children of East Java, Indonesia. Infect Dis Rep. 2020;
12(8748):109-12. https://doi.org/10.4081/idr.2020.8748 PMID: 32874474

77. Ortuno-Gutierrez N, Baco A, Braet S, Younoussa A, Mzembaba A, Salim Z, et al. Clustering of leprosy
beyond the household level in a highly endemic setting on the Comoros, an observational study. BMC Infect
Dis. 2019; 19(1):501. https://doi.org/10.1186/s12879-019-4116-y PMID: 31174481

78. Ulrich M, Smith PG, Sampson C, Zuniga M, Centeno M, Garcia V, et al. IgM antibodies to native
phenolic glycolipid-1 in contacts of leprosy patients in Venezuela: epidemiological observations and a
prospective study of the risk of leprosy. Int J Lepr Other Mycobact Dis. 1991; 59(3):405-15. PMID: 1890364
79. Fine PE, Ponnighaus JM, Burgess P, Clarkson JA, Draper CC. 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):243-54. PMID: 3045222

80. Gormus BJ, Baskin GB, Xu K, Ratterree MS, Martin LN, Mack PA, et al. Antileprosy protective
vaccination of rhesus monkeys with BCG or BCG plus heat-killed Mycobacterium leprae: immunologic
observations. Int J Lepr Other Mycobact Dis. 2000; 68(1):27-39. PMID: 10834067

81. Corstjens PL, de Dood CJ, van der Ploeg-van Schip JJ, Wiesmeijer KC, Riuttamaki T, van Meijgaarden
KE, et al. Lateral flow assay for simultaneous detection of cellular- and humoral immune responses. Clin
Biochem. 2011; 44(14—-15):1241-6. https://doi.org/10.1016/j.clinbiochem.2011.06.983 PMID: 21763300

82. Sujagat A, Astuti FD, Saputri EM, Sani A, Prasetya AD. Case Finding of Subclinical Leprosy Infection
among Children through Detection of Antibodies (IgM) Anti PGL-1 Level. Kesmas. 2015; 10(2):74-9.

41



Chapter 2
Supporting information

S1 Table. Research PRISMA Checklist—-Detection of anti-M. leprae antibodies in children in leprosy-
endemic areas: A systematic review.

https://doi.org/10.1371/journal.pntd.0009667.s001

S2 Table. Seroprevalence results for M. leprae antibodies in children without leprosy sorted per
country.

https://doi.org/10.1371/journal.pntd.0009667.s002

S3 Table. Test methods applied for detection of antibodies against M. leprae-specific antigens.

https://doi.org/10.1371/journal.pntd.0009667.s003

S4 Table. Longitudinal studies included in the review.

https://doi.org/10.1371/journal.pntd.0009667.s004

S1 Fig. Overview of seropositivity in different study areas.

https://doi.org/10.1371/journal.pntd.0009667.s005

S2 Fig. Correlation analysis of ELISA data from different studies

https://doi.org/10.1371/journal.pntd.0009667.s006

42



43




