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Highlights & Hallmarks of leprosy

Leprosy, a chronic disease affecting the skin and nerves, is caused by Mycobacterium lep-
rae or Mycobacterium lepromatosis (1). Leprosy has been reported in humans for millennia 
with ancient reports in Roman, Egyptian and Greek manuscripts. In Europe it was endemic 
during the Middle Ages until the sixteenth century when it dissipated. In 1873, during his 
work in a leprosarium in Bergen (Norway), Gerhard Armauer Hansen discovered M. leprae 
in unstained material. M. leprae is unculturable in present media and this has hindered the 
study of the disease, bacterial transmission and pathogenesis. Nevertheless, leprosy is a 
curable disease currently treated with multi-drug therapy (MDT) (2). The first antimicro-
bial treatment for leprosy was introduced in 1943 and was based on sulphones. In 1950s 
dapsone monotherapy was established, in 1982 MDT was recommended to multibacillary 
(MB) patients and in 2002 this was extended to all patients (3).

Leprosy classification

Leprosy can be distributed according to the Ridley Jopling (4) or the World Health Orga-
nization (WHO) classifications (5) based on clinical features and the immunological re-
sponse against the leprosy bacilli. The Ridley Jopling classification consist of five forms, at 
one end of the spectrum tuberculoid leprosy (TT) patients display a low bacterial load and 
a strong cell-mediated immune response, characterized by Th1 and Th17 cells (6, 7), gran-
uloma formation and elimination of bacteria. At the other end, lepromatous leprosy (LL) 
is characterized by a high bacterial load and humoral immunity with Th2 cells but almost 
no protective cell mediated immunity, allowing accumulation of high numbers of bacilli 
around foamy macrophages (8-12). However, the majority of leprosy patients present un-
stable borderline forms, between LL and TT and classified as borderline lepromatous (BL), 
borderline borderline (BB) and borderline tuberculoid (BT) (9).

The WHO classifies leprosy in two groups, paucibacillary (PB) and multibacillary (MB) lep-
rosy and is based on the number of skin lesions and presence of acid fast bacilli in slit skin 
smears (SSS) (5). Leprosy patients with up to five skin lesions and negative SSS are con-
sidered PB whereas patients with six or more skin lesions and a positive SSS are classified 
as MB.

Leprosy reactions

Leprosy reactions present a major challenge in the prevention of (permanent) disabilities 
(13) because reactions can cause peripheral nerve damage and are the major cause of 
irreversible neuropathy (14). Leprosy reactions are increased inflammation episode which 
may occur at any time before, during or after MDT (15, 16). Up to 30-50% of leprosy pa-
tients may experience leprosy reactions, however, these are most common in unstable BL 
patients presenting a high number of bacilli (17). There are two types of reactions: type 
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1 reactions (T1R) or reversal reactions (RR) and type 2 reactions (T2R) or erythema nodo-
sum leprosum (ENL). While T1R are characterized by inflammation of nerves and/or skin 
lesions, T2R, which can be very painful, are characterized by erythematous skin lesions 
which may present in combination with fever and/or malaise (18). T1R are delayed hyper-
sensitivity reactions caused by an increased cellular immune response against the bacte-
ria mediated via Th1 cells resulting in a switch from borderline leprosy to TT leprosy (19, 
20). Several cytokines and chemokines such as IFNγ, IL-12, CXCL10 and IL-6 show higher 
levels in lesions or plasma during T1R (18). Moreover, anti-helminth treatment (21-24), 
extensive anti-TNF-α therapy (16, 20), HIV highly active antiretroviral therapy (HAART) or 
BCG vaccination (25) produce a shift from Th2 to Th1 cells that may trigger T1R.

ENL are likely immune complex-mediated reactions, however, the mechanism of action is 
still unclear (18). Nevertheless, lower expression of Treg cells and higher CD4/CD8 ratios 
are observed (26) in patients presenting ENL.

Leprosy epidemiology

In 2000 leprosy elimination as a public health problem, defined as a prevalence of less 
than 1 case per 10,000 in the world population, was achieved (2). However, the number of 
new cases has been steady during the last decade, with 208,619 new leprosy cases world-
wide in 2018 (27). The majority of new cases occur in low- and middle-income countries 
where leprosy is still endemic. India with 120,334 new cases in 2018 is the country with 
the highest number of new cases, followed by Brazil with 28,660 new cases and Indonesia 
with 17,017 new cases. Numerous studies of this thesis were performed in Bangladesh, a 
leprosy endemic country reporting up to 3,729 new leprosy cases in 2018 (27).

The incubation period of leprosy is significantly long being 5-10 years for MB cases and 
2-5 for PB cases (28). Moreover, only 5% of people exposed to M. leprae become infected, 
and from those, barely 20% eventually develop the disease (29). The long incubation pe-
riod and the low amount of leprosy progressors within individuals exposed to M. leprae 
in addition to the limited awareness of leprosy by the public and healthcare providers 
as well as the social stigma hinders the identification of new cases, particularly amongst 
household contacts (HC) of leprosy patients who are at highest risk of developing disease 
(30).

The incidence of leprosy in females is lower than in males. Women represent around 35-
37% of the new cases, however, this lower rate may be influenced by an under-diagnosis 
due to limitations women face in endemic countries such as restricted access to health 
services, illiteracy and low status (28). Moreover, MB cases are more common in men than 
in women. From all new cases children represent 9% and since these are recent infections, 
it indicates that M. leprae transmission is still ongoing.



-11-

General introduction
Chapter 1

Leprosy: the pathogen side

Transmission and One Health

M. leprae transmission is still not completely understood, however, aerosol transmission 
via the respiratory route and skin-to-skin contact are assumed to be the most probable 
ways of bacterial dissemination (31, 32). Besides bacterial exposure, other risk factors have 
been shown to be associated with leprosy development, including host genetic polymor-
phisms (33-37), close contact with untreated, MB patients (38), infection with soil trans-
mitted helminths (21), immunosuppression (38), nutritional factors (39), food shortage 
(40), living conditions (41, 42) and individual characteristics (43, 44). HC of leprosy patients 
present the highest risk to develop leprosy (45), due to the continuous contact with a per-
son infected with the leprosy bacilli. Besides, they might not develop leprosy, but bear M. 
leprae serving as asymptomatic carriers who contribute to transmission.

M. leprae and M. lepromatosis have been identified in several animals as well as environ-
mental samples representing a reservoir that could potentially become a source of in-
fection (46, 47). Moreover, a leprosy-like disease caused by Mycobacterium lepraemurium, 
Mycobacterium tarwinense or Mycobacterium lepraefelis has been reported in cats (48).

In the British Isles, Scotland and Ireland M. leprae and M. lepromatosis were detected in 
red squirrels causing a leprosy-like disease (46, 49-52). However, molecular testing by PCR 
showed absence of the leprosy bacilli in squirrels from France, Germany, Switzerland, Italy 
and Mexico (53), indicating that leprosy diseases and reservoirs of M. leprae and M. lepro-
matosis in squirrels are only present in the British Isles.

M. leprae was first found in nine-banded armadillos from southern United States in 1977 
(54) and was thereafter extensively studied (55-57). Probable zoonotic transmission of M. 
leprae from armadillos was also identified in the southeastern United States where wild 
armadillos and patients were infected with the same genotype (3I-2-v1) (58). This geno-
type was also identified both in armadillos and humans from Florida (59) and is closely re-
lated to M. leprae strains circulating in medieval Europe, suggesting that leprosy arrived in 
the United States from Europe before it disappeared in the sixteenth century. Armadillos 
bearing M. leprae have also been found in Brazil, Mexico, and Colombia (60-63). A study in 
Pará (Brazilian Amazon), Brazil found a higher rate of leprosy amongst armadillo hunters 
and people who eat armadillo meat more than 12 times per year (60). However, other 
studies from Brazil found no association with armadillo meat consumption and leprosy in 
Curitiba (Paraná) (64) and absence of M. leprae in armadillos from Coari (Amazonas state) 
(65).

Furthermore, M. leprae infections have been reported in wild and captive nonhuman pri-
mates (66-68). The M. leprae strain identified in a captive nonhuman primate (branch 0, 3K 
genotype) in The Philippines was phylogenetically close to the human strains, suggest-
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ing possible transmission between humans and nonhuman primates (66). Whereas wild 
chimpanzees in West Africa were found to be infected with M. leprae strains belonging to 
different and rare genotypes: 2F and 4N/O. Genotype 4N/O was also identified in a captive 
nonhuman primate in West Africa (67).

In addition to animals, M. leprae DNA has also been detected in the environment, namely 
in soil (47, 69-74) and water (74-76) from India and Brazil. It has been described that viable 
bacilli could survive in the environment in free living amoebic cysts up to 8 months (77). 
Thus, these environmental reservoirs should be taken into consideration to investigate 
transmission chains.

Pathogen genomics

M. leprae genome was first sequenced in 2001 (78) leading to the identification of several 
repetitive elements such as RLEP which is currently used as the PCR target for M. leprae 
DNA detection (79-82). M. leprae underwent a massive gene reduction resulting in a ge-
nome of 3.27 Mb, whilst the closely related Mycobacterium tuberculosis possess a genome 
of 4.41 Mb (78). The majority of M. leprae genome is composed of pseudogenes which 
correspond to active genes in M. tuberculosis. Several of the genes absent in M. leprae are 
involved in vital metabolic activity, thus converting M. leprae into an obligate intracellular 
bacterium. M. leprae phylogeny is composed of four genotypes (1-4) (83) and 16 subtypes 
(A-P) (58, 84). This phylogenetic information has been recovered from M. leprae genomes 
obtained from contemporary leprosy patients (83-85), but also from ancient skeletons 
(86-90), red squirrels (46, 53), armadillos (58, 59) and non-human primates (66, 67). Exten-
sive whole genome sequencing (WGS) from different sources has proven to be a relevant 
tool to study M. leprae transmission.

The genome of M. leprae is highly conserved, presenting a mutation rate of 18 ± 30 mu-
tations per 1000 years (87), which facilitates reconstruction of historic M. leprae transmis-
sion and human migration patterns (91). The most ancestral linages of M. leprae are 3K-0 
or branch 0 followed by 3K-1 or branch 5, which are predominant in modern East Asia, 
particularly in China, Japan and Korea (85, 87). In Medieval Europe different M. leprae gen-
otypes were present reflecting ancient human migrations (91). Genotypes 2F and 3I were 
common in north Europe, whilst in Hungary, Byzantine Turkey and the Czech Republic 
subtypes 3M and the ancestral lineage 3K were present, likely introduced trough the Silk 
Road from central Asia (86, 92). The origin of M. leprae is still ambiguous and two possible 
locations have been suggested: Western Eurasia or East Asia and the Middle East. Geno-
type 3K-0 is found in modern East Asia whilst this ancestral lineage was also present in 
medieval East Europe indicating that either of these regions could be the origin of lep-
rosy (87). Genotype 3K-0 possibly spread through Europe, the Middle East and East Asia 
giving rise to the different genotypes 3 whilst genotype 1 is predominant in south Asia. 
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Genotype 4 is thought to have evolved from European genotype 3 into West Africa and 
later arrived to America through the slave trade. In addition to genotype 4, subtype 3I has 
also been identified in America, suggesting a likely introduction of leprosy by European 
immigrants (83, 84).

In 2008 M. lepromatosis was identified in two patients presenting diffuse lepromatous lep-
rosy and a set of genes also present in M. leprae were sequenced (1). Although M. lepro-
matosis is closely related to M. leprae, 2.1% of divergence can be observed in the highly 
conserved bacterial marker 16S rRNA (1). In addition, protein coding genes show 93% 
nucleotide sequence identity between the two species and pseudogenes 82% (93). It was 
suggested that both M. leprae and M. lepromatosis diverged from the most recent com-
mon ancestor around 13.9-20 Mya (93, 94). Since M. lepromatosis has retained all functions 
required to infect Schwann cells of the peripheral nervous system it can also cause leprosy.

The host side

Host transcriptomic biomarkers for leprosy diagnosis

Leprosy, particularly PB leprosy, is difficult to diagnose and current diagnostic tests are not 
sensitive and/or specific enough, thus diagnosis still strongly relies on clinical symptoms. 
Early detection of leprosy together with identification of M. leprae asymptomatic carriers 
is crucial for an effective intervention aimed at stopping M. leprae transmission. Besides, 
an early diagnosis can prevent the development of disabilities. Late diagnosis or misdi-
agnosis of leprosy, particularly in non-endemic areas, is common due to the infrequent 
encounters of health personnel with this disease. Leprosy diagnosis is usually assisted by 
detection of acid-fast bacilli in tissue smears, lymph or histological sections using a Zie-
hl-Neelsen staining (95). This technique is not sensitive enough for the diagnosis of PB 
cases and also during the early stages of leprosy. Currently, molecular techniques based 
on (quantitative) PCRs to detect M. leprae DNA are also in use to support the diagnosis 
(79, 96, 97). While the sensitivity of such molecular techniques is higher than microscopy 
it is still challenging to detect M. leprae DNA in PB cases. In addition, it has been observed 
that HC, the group with the highest risk to develop leprosy, may be asymptomatic carriers 
of M. leprae (31, 70, 98-104). Therefore, presence of M. leprae DNA without clinical symp-
toms in HC is not a useful predictive marker of leprosy (105). Nevertheless, detection of M. 
leprae carriage or infection can be applied for targeted prophylactic treatment to reduce 
transmission.

Several host markers have been proposed to diagnose leprosy based on the immuno-
logical response to M. leprae (106-111). The most commonly used is detection of serum 
levels of IgM anti-M. leprae phenolic glycolipid I (PGL-I) which has been implemented as a 
point-of-care (POC) test (97, 109, 112). However, the majority of the available host markers 
fail to diagnose PB leprosy cases (106, 113) and some markers, such as PGL-I, could also be 
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present in HC who have been exposed to M. leprae but do not develop leprosy.

Transcriptomic host profiles have been proven to be effective to identify correlates of risk 
for tuberculosis (114, 115). In leprosy, some studies employed transcriptomics to inves-
tigate the immunological response to M. leprae but others also aimed at identifying po-
tential biomarkers for leprosy or leprosy reactions (116-125). However, the studies that 
focused on biomarkers to identify leprosy were employed after clinical symptoms, thus 
are not useful for early or predictive diagnosis. In addition, the biosamples used for these 
transcriptional studies were skin biopsies, nerve biopsies or cell culture, and although 
these are particularly useful to study the pathogenesis of the disease they are not practical 
for POC diagnostic tests. Instead, blood or urine are less invasive and easy-to collect sam-
ples that would be favored for diagnosis. For this reason, blood samples were employed 
in a study to identify longitudinal differential gene expression (DGE) during T1R (126). Us-
ing dual-color Reverse Transcriptase Multiplex Ligation-dependent Probe Amplification 
(dcRT-MLPA) an increased expression during T1R was observed in genes associated with 
cytotoxic T-cell response, IFN-induced genes and VEGF whilst a decrease was found in 
T-cell regulation genes. In line with this, a blood signature including type I IFN compo-
nents, autophagy, parkins and Toll like receptors was also identified during T1R (127). In 
a different study, applying RNA-Seq a 44-gene signature in blood was established that 
could differentiate between leprosy patients suffering a T1R and no leprosy reaction (121). 
The signature was formed by pro-inflammatory regulators, arachidonic acid metabolism 
mediators and regulators of antiinflammation. However, to date none of these studies has 
resulted in application of host transcriptomics to diagnostic (POC) tests.

Influence of host genetics on leprosy

Leprosy is an infectious disease, however, host genetics strongly influences the outcome 
of the disease. This is observed from the low rate of disease development in people ex-
posed to M. leprae (29) and the wide spectrum of leprosy disease whilst bacterial genome 
variation is very limited, suggesting that host genetics play a crucial role in this variation. 
In the last 20 years the genetics of leprosy has been extensively investigated through ge-
nome-wide association studies (GWASs) and candidate gene association studies (CGASs) 
(128, 129).  In 2009 the first GWAS in leprosy was performed in a Chinese population (33) 
and since then many studies have used GWAS to characterize the association of genetics 
with leprosy (130-133).

Most of the genes that have been associated with leprosy or leprosy reactions are immune 
related and involved in the innate or adaptive immunity. Numerous studies have explored 
the association of genetics with leprosy per se, leprosy type and leprosy reactions.

Leprosy per se, referring to the presence or absence of disease, was the first subject to be 
researched by genetic studies. Several genes have been associated with leprosy per se, 
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such as TLR1, SLC11A1, VDR, NOD2, LACC1 and TYK or variants in the promoter regions of 
PRKN, IL10 and LTA (Figure 1) (129). The major histocompatibility complex (MHC) has been 
strongly linked to leprosy, however, the large variation of HLA alleles has hampered its 
study (129). Most of the variants associated with leprosy per se identified in GWASs are 
non-coding, such as eQTLs for NOD2 or IL18RAP (134).

The association of genetic variation to leprosy polarization has been less studied than 
leprosy per se. Besides, classification into a leprosy subtype, particularly using the Ridley 
Jopling classification, depends on the physician’s expertise and definition used, affecting 
the resulting classification. Most of the genes related to leprosy type have been found in 
CGASs whereas GWASs have focused mostly on leprosy per se (129). Genes such as IL10, 
MBL2, MRC1, TGFB1, TLR2, TNF, CUBN and NEBL have been associated to the subtype of 
leprosy (Figure 1) (135-140).

CGASs have also been employed to study the relationship between host genetics and 
leprosy reactions. Since T1R are more common than ENL, association of genetics with T1R 
has been more widely investigated than ENL. Nevertheless, a study identified that allelic 
variance or absence of MHC class III protein C4B was associated with ENL occurrence (141).

Several LRRK2 and PRKN variants as well as eQTLS for LRRK2 were suggested to be linked 
with occurrence of T1R (142, 143). The mutations identified in leprosy patients presenting 
T1R have also been found in patients with Parkinson’s disease, showing an overlapping 
inflammatory profile. In addition, eQTLs for lncRNA ENSG00000235140 (LOC105378318) 

Figure 1. Genes and genome-wide association studies (GWAS) loci associated with leprosy per se 
(red), leprosy types (green) and leprosy reactions (orange). The human chromosomes 1–22 are pre-
sented in the circular plot. In blue, genes identified by GWAS and in gray genes identified using 
other approaches. Figure retrieved from Fava et al. (129).
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represent a risk for development of T1R (144). A selection of genes found to be associ-
ated with leprosy per se have also been linked to the occurrence of T1R: PPARG, TNFSF8, 
TNFSF15, NOD2, LRRK2, TLR1, and TLR2 (Figure 1) (36, 135, 142, 144-148).

Outline of this thesis

The aim of the research described in this thesis was to combine the study on the pathogen 
M. leprae with the identification of transcriptomic and genetic host biomarkers associated 
with leprosy to aid the development of diagnostic tests as well as reduce transmission.

First, pathogen transmission was investigated through a One Health approach which in-
corporated analyses of M. leprae DNA derived from human, environmental and animal 
samples. In chapter 2, we identified leprosy patients and their asymptomatic HC carrying 
or infected with M. leprae in Bangladesh. We explored M. leprae genetic variation between 
individuals and intra-individually by WGS to identify transmission patterns. In chapter 3, 
we assessed whether M. leprae or M. lepromatosis were present in the environment. For 
this, we analyzed by PCR soil samples from the homes of leprosy patients in Bangladesh, 
the area where squirrels infected with M. leprae and M. lepromatosis were found in the 
British Isles and around holes of armadillos in Suriname. Since leprosy was previously ob-
served in squirrels from the British Isles, in chapter 4 we investigated whether Dutch and 
Belgian squirrels infected with M. leprae or M. lepromatosis could be identified.

Next, transcriptomic and genetic host biomarkers were identified to predict leprosy, lep-
rosy reactions and genetic markers associated with susceptibility for leprosy. In chapter 
5, we aimed to develop a transcriptomic signature that could predict leprosy develop-
ment in HC of leprosy patients, 4 to 61 months before clinical symptoms. For this pur-
pose, we analyzed gene expression variation in leprosy progressors using RNA-Seq: gene 
expression of leprosy progressors before clinical symptoms was compared with HC who 
remained without leprosy symptoms (cross-sectional analysis) and with the timepoint of 
clinical diagnosis, when symptoms were present (longitudinal analysis). In chapter 6, we 
studied gene expression differences in leprosy patients from Bangladesh, Brazil, Ethiopia 
and Nepal who developed leprosy reactions and identified a signature that predicted re-
versal reactions in leprosy patients before onset. In chapter 7, we investigated the associ-
ation of 11 host genetic markers with leprosy in Bangladesh through a family-based study 
consisting of leprosy patients and both progenitors.

Finally, in chapter 8 all findings and conclusions of this thesis are summarized and dis-
cussed.
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Abstract	

Mycobacterium leprae, the causative agent of leprosy, is an unculturable bacterium with 
a considerably reduced genome (3.27 Mb) compared to homologues mycobacteria from 
the same ancestry. In 2001, the genome of M. leprae was first described and subsequent-
ly four genotypes (1-4) and 16 subtypes (A-P) were identified providing means to study 
global transmission patterns for leprosy.

In order to understand the role of asymptomatic carriers we investigated M. leprae car-
riage as well as infection in leprosy patients (n=60) and healthy household contacts (HHC; 
n=250) from Bangladesh using molecular detection of the bacterial element RLEP in nasal 
swabs (NS) and slit skin smears (SSS). In parallel, to study M. leprae genotype distribu-
tion in Bangladesh we explored strain diversity by whole-genome sequencing (WGS) and 
Sanger sequencing.

In the studied cohort in Bangladesh, M. leprae DNA was detected in 33.3% of NS and 
22.2% of SSS of patients with bacillary index of 0 whilst in HHC 18.0% of NS and 12.3% of 
SSS were positive.

The majority of the M. leprae strains detected in this study belonged to genotype 1D 
(55%), followed by 1A (31%). Importantly, WGS allowed the identification of a new M. lep-
rae genotype, designated 1B-Bangladesh (14%), which clustered separately between the 
1A and 1B strains. Moreover, we established that the genotype previously designated 1C, 
is not an independent subtype but clusters within the 1D genotype. 

Intraindividual differences were present between the M. leprae strains obtained including 
mutations in hypermutated genes, suggesting mixed colonization/infection or in-host 
evolution.

In summary, we observed that M. leprae is present in asymptomatic contacts of leprosy 
patients fueling the concept that these individuals contribute to the current intensity of 
transmission. Our data therefore emphasize the importance of sensitive and specific tools 
allowing post-exposure prophylaxis targeted at M. leprae-infected or -colonized individ-
uals.
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Introduction

Mycobacterium leprae and the more recently discovered Mycobacterium lepromatosis 
(1) are the causative agents of leprosy in humans as well as animals (2-7). Leprosy is a 
complex infectious disease often resulting in severe, life-long disabilities and still poses 
a serious health threat in low- and middle income countries (8). Despite the very limit-
ed M. leprae genome variability (9), the disease presents with characteristically different 
clinico-pathological forms (10) due to genetically dependent differences in the immune 
response to the pathogen, resulting in the WHO classification from paucibacillary (PB) to 
multibacillary (MB) leprosy (11). Notwithstanding the efficacy of multidrug therapy (MDT), 
approximately 210,000 new cases are still annually diagnosed and this incidence rate has 
been stable over the last decade (8). Aerosol transmission via respiratory routes is gen-
erally assumed to be the most probable way of bacterial dissemination (12, 13). Besides 
bacterial exposure other risk factors have been shown to be associated with development 
of leprosy such as genetic polymorphisms (14-17), the clinical type of the leprosy index 
case within a household, immunosuppression (18), and nutritional factors (19).

M. leprae is closely related to Mycobacterium tuberculosis, however, its genome has un-
dergone a reductive evolution resulting in a genome of only 3.27 Mb compared to the 
4.41 Mb of M. tuberculosis’ (20). Part of the genes lost in M. leprae included vital metabolic 
activity, causing it to be an obligate intracellular pathogen which cannot be cultured in 
axenic media that requires support of a host to survive. This poses major limitations to 
obtain sufficient bacterial DNA for research purposes including whole genome sequenc-
ing (WGS). Nevertheless, in 2001 the genome of M. leprae was first published (20) leading 
to the classification of M. leprae into four main genotypes (1-4) (21) and subsequently 
further allocation into 16 subtypes (A-P) (3, 22). The genome of M. leprae contains several 
repetitive elements such as RLEP which present 37 copies and has been widely applied in 
molecular diagnostics to specifically detect the presence of this mycobacterium (23-26).

Single-nucleotide polymorphism (SNP) genotyping and WGS are powerful approaches 
to investigate pathogen transmission as well as bacterial dissemination and evolution 
through genome characterization (21, 22, 27). The limited variation observed in the M. 
leprae genome permits the reconstruction of historic human migration patterns and the 
origin of M. leprae (28). Over the years, several studies have contributed to the detection 
and characterization of M. leprae genomes originating from patients all around the world 
(21, 22, 29) as well as from ancient skeletons (30-34), red squirrels (2, 7, 35), armadillos 
(3, 4), non-human primates (5) and soil (36-42). Moreover, skeleton remains have been 
successfully applied to retrospectively assess whether individuals who contributed to the 
care of leprosy patients such as the priest Petrus Donders, had developed leprosy (43). In 
the last few years, new tools were developed allowing direct sequencing of M. leprae from 
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various types of clinical isolates (2, 29, 31). However, these methods were never applied on 
challenging samples such as slit skin smears (SSS) and nasal swabs (NS) containing a low 
amount of bacterial DNA compared to skin lesions of patients.

Household contacts of leprosy patients are a high risk group for developing the disease 
(44), and might serve as asymptomatic carriers contributing to bacterial dissemination. 
PCR and quantitative PCR (qPCR) are reliable techniques to detect M. leprae DNA and have 
been proposed as tools for early diagnosis of leprosy, particularly among household con-
tacts of newly diagnosed patients (45, 46). In Brazil, M. leprae DNA has been detected in 
15.9% to 42.4% of healthy household contacts (HHC) in SSS, 9.7% to 35.2% in blood (45, 
47) and 8.9 to 49.0% in NS (12, 48, 49). Other studies from India, Indonesia and Colombia 
reported 21% of M. leprae positivity in SSS of HHC (38), 7.8% (50) and 16.0% to 31.0% in 
NS (51, 52).

Detection of host markers, such as serum IgM levels of anti-M. leprae phenolic glycolip-
id I (PGL-I), represents an alternative approach to diagnose infected individuals (53-55). 
However, although detection of M. leprae DNA as well as antibodies against PGL-I indicate 
infection with M. leprae, this does not necessarily result in disease. Thus, these tests alone 
are not sufficient to identify the complete leprosy spectrum (56, 57).

Bangladesh is a leprosy endemic country reporting up to 3,729 new leprosy cases in 2018 
(8). However, M. leprae whole genomes (n=4) from Bangladesh, have only been described 
in one study (22) in which genotypes 1A, 1C and 1D were identified. To gain more insight 
into M. leprae genome variation and transmission routes in endemic areas in Bangladesh 
as well as the potential role of asymptomatic carriers, we explored the diversity and trans-
mission of M. leprae in four districts of the northwest of Bangladesh. We collected SSS 
and NS of 31 leprosy patients with a high bacterial load as well as 279 of their household 
contacts and characterized M. leprae DNA by WGS or Sanger sequencing. The resulting 
genotypes were correlated to the subjects’ GIS location. Additionally, this is the first study 
to examine M. leprae DNA detection in comparison to anti-PGL-I IgM levels in plasma mea-
sured by up-converting phosphor lateral flow assays (UCP-LFAs).

Materials and methods

Study design and sample collection

Newly diagnosed leprosy patients (index case, n=31) with bacteriological index (BI) ≥ 2 
and 3-15 household contacts of each index case (n=279) were recruited between July 
2017 and May 2018 (Table S1, Supplementary Data 1) in four districts of Bangladesh (Nil-
phamari, Rangpur, Panchagar and Thakurgaon). Patients with five or fewer skin lesions and 
BI 0 were grouped as PB leprosy. Patients with more than five skin lesions were grouped 
as MB leprosy and BI was determined. The prevalence in the districts where this study 
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was performed was 0.9 per 10,000 and the new case detection rate 1.18 per 10,000 (Rural 
health program, the leprosy mission Bangladesh, yearly district activity report 2018).

For M. leprae detection and characterization, SSS from 2-3 sites of the earlobe and NS (tip 
wrapped with traditional fiber, CLASSIQSwabs, Copan, Brescia, Italy) were collected and 
stored in 1 ml 70% ethanol at -20 °C until further use. For immunological analysis, plasma 
was collected (53, 56, 58).

Subjects included in the study were followed up for surveillance of new case occurrence 
for ≥ 24 months after sample collection.

Ethics Statement

Subjects were recruited following the Helskinki Declaration (2008 revision). The National 
Research Ethics Committee approved the study (BMRC/NREC/2016-2019/214) and par-
ticipants were informed about the study objectives, the samples and their right to re-
fuse to take part or withdraw without consequences for their treatment. All subjects gave 
informed consent before enrollment and treatment was provided according to national 
guidelines.

DNA isolation from slit skin smears and nasal swabs

DNA was isolated using DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA) as per manufac-
turer’s instructions with minor modifications. Briefly, tubes containing 1 ml 70% ethanol 
and SSS were vortexed for 15 seconds. SSS were removed and tubes were centrifuged 
for 15 minutes at 14000 rpm. Supernatants were removed and buffer ATL (200 μl) and 
proteinase K (20 μl) added. NS were transferred to new microtubes and the microtubes 
containing the remaining ethanol were centrifuged at 14000 rpm for 15 minutes. Super-
natants were removed and NS were inserted again in the tubes, prior addition of ATL buf-
fer (400 μl) and proteinase K (20 μl). SSS and NS samples were incubated at 56 °C for 1 h 
at 1100 rpm. Next, AL buffer (200 μl) was added and incubated at 70 °C for 10 min at 1400 
rpm. Column extraction was performed after absolute ethanol precipitation (200 μl) as 
per manufacturer’s instructions. To avoid cross contamination tweezers were cleaned first 
with hydrogen peroxide and then with ethanol between samples.

RLEP PCR and qPCR

RLEP PCR (23) was performed as previously described (36). Briefly, the 129 bp RLEP se-
quence was amplified in 50 µl by addition of 10 µl 5x Gotaq® Flexi buffer (Promega, Madi-
son, WI), 5 µl MgCl2 (25 mM), 2 µl dNTP mix (5 mM), 0.25 µl Gotaq® G2 Flexi DNA Polymerase 
(5 u/µl), 5 µl (2 µM) forward and reverse primers (Table S2) and 5 µl template DNA, water 
(negative control) or M. leprae DNA (Br4923 or Thai-53 DNA, BEI Resources, Manassas, VA) 
as positive control. PCR mixes were subjected to 2 min at 95 ºC followed by 40 cycles of 30 
s at 95 ºC, 30 s at 65ºC and 30 s at 72 ºC and a final extension of 10 min at 72 ºC. PCR prod-
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ucts (15µl) were used for electrophoresis in a 3.5% agarose gel at 130V. Amplified DNA was 
visualized by Midori Green Advance staining (Nippon Genetics Europe, Dueren, Germany) 
using iBright™ FL1000 Imaging System (Invitrogen, Carlsbad, CA).

Samples from index cases and a selection of contacts for sequencing were also evaluated 
by qPCR (59). The mix included 12.5 µl TaqMan Universal Master Mix II (Applied Biosyste-
ms, Foster City, CA), 0.5 µl (25 µM) forward and reverse primers (Table S2), 0.5 µl (10 µM) 
TaqMan probe (Table S2) and 5 µl template DNA were mixed in a final volume of 25 µl. 
DNA was amplified using the following profile: 2 min at 50ºC and 10 min at 95ºC followed 
by 40 cycles of 15 s at 95ºC and 1 min at 60ºC with a QuantStudio 6 Flex Real-Time PCR 
System (Applied Biosystems). Presence of M. leprae DNA was considered if a sample was 
positive for RLEP qPCR with a cycle threshold (Ct) lower than 37.5 or was positive for RLEP 
PCR at least in two out of three indecently performed PCRs to avoid false positives.

Library preparation and enrichment

A total of 60 DNA extracts were selected for WGS, including 30 from SSS and 30 from NS 
(Figure S1, Supplementary Data 1). At least one sample from each index case (MB leprosy 
patient) was selected as well as RLEP positive samples of HHC and MB or PB patients who 
were household contacts of the index case (selection based on Ct value and household 
overlap). For 12 subject both SSS and NS samples were selected for WGS. A maximum of 
1µg of DNA in a final volume of 50µL was mechanically fragmented to 300 bp using the 
S220 Focused-ultrasonicator (Covaris) following the manufacturer’s recommendations 
and cleaned-up using a 1.8x ratio of AMPure beads. Up to 1µg of fragmented DNA was 
used to prepare indexed libraries using the Kapa Hyperprep kit (Roche) and the Kapa du-
al-indexed adapter kit as previously described (29) followed by two rounds of amplifica-
tion. All libraries were quantified using the Qubit fluorimeter (Thermo Fisher Scientific, 
Waltham, MA), and the fragment size distribution was assessed using a fragment analyzer.

Libraries were target enriched for the M. leprae genome using a custom MYbaits Whole 
Genome Enrichment kit (ArborBioscence) as previously described (5). Briefly, biotinylated 
RNA baits were prepared using DNA from M. leprae Br4923. A total of 1500 ng of each 
amplified library was used for enrichment. Each library was pooled prior to enrichment 
with another library with similar qPCR Ct value. Enrichment was conducted according to 
the MYbaits protocol with the hybridization being carried out at 65 °C for 24 hours. After 
elution, all pools were amplified using the Kapa amplification kit with universal P5 and P7 
primers (Roche). All amplification reactions were cleaned up using the AMPure beads (1X 
ratio).

Illumina sequencing

Pools were multiplexed on one lane of a NextSeq instrument with a total amount of 20-30 
million reads per pool. Some libraries were deep sequenced based on the mapping statis-
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tics obtained in the first run. 

Raw reads were processed and aligned to M. leprae TN reference genome (GenBank ac-
cession number AL450380.1) as previously described using an in-house pipeline (29). A 
minimum depth coverage of 5 was considered for further phylogenetic analysis.

Sequencing analysis

Genome comparison was based on analysis of SNPs (analyzed with VarScan v2.3.9(60)) 
and Indels (analyzed with Platypus v0.8.171(61)) as formerly reported (29). The newly se-
quenced M. leprae genomes were aligned with 232 genomes available in public databases 
(31, 62). Sites below 80 and above 20% alignment difference were also reported. A com-
parison to 259 M. leprae genomes (including 27 new genomes) allowed the identification 
of unique SNPs per index case. Each candidate SNP or Indel was checked manually on 
Integrative Genomics Viewer (63)� .

Genotyping and antimicrobial resistance by Sanger sequencing

To further characterize the M. leprae strains for which the whole genome sequence was 
not obtained, specific primers were designed to perform Sanger sequencing based on 
unique SNPs (Table S3 and S4) of each index case strain. Additionally, Sanger sequencing 
was performed after amplifying several loci (Table S2) to subtype the genomes based on 
standard the M. leprae classification (3, 22) and to determine antimicrobial resistance to 
rifampicin (rpoB), dapsone (folP1) or ofloxacin (gyrA). Genotyping by Sanger sequencing 
was performed to all RLEP PCR positive samples (including samples obtained from leprosy 
patients and HHC) without a whole genome sequence with a depth coverage of ≥5. PCRs 
were performed with 5 µl of template DNA using the aforementioned PCR mixes. DNA 
was denatured for 2 minutes at 95ºC, followed by 45 cycles of 30 s at 95ºC, 30 s at 50-58 ºC 
and 30 s at 72 ºC and a final extension cycle of 10 min at 72ºC. PCR products were resolved 
by agarose gel electrophoresis as explained above. PCR products showing a band were 
purified prior to sequencing using the Wizard SV Gel and PCR Clean-Up System (Promega). 
Sequencing was performed on the ABI3730xl system (Applied Biosystems) using the Big-
Dye Terminator Cycle Sequencing Kit (Thermo Fisher Scientific). Sequences were analyzed 
using Bioedit v7.0.5.3.

Anti-PGL-I UCP-LFA  

UCP-LFAs were performed using the LUMC developed LFA based on luminescent up-con-
verting reporter particles for quantitative detection of anti-M. leprae PGL-I IgM as previ-
ously described (53, 56, 58). Plasma samples (n=308, 2 samples excluded due to labeling 
mistake) were thawed and diluted (1:50) in assay buffer. Strips were placed in microtiter 
plate wells containing 50 µl diluted samples and target specific UCP conjugate (PGL-I, 
400 ng). Immunochromatography continued for at least 30 min until dry. Scanning of the 
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LFA strips was performed by LFA strip readers adapted for measurement of the UCP label 
(UPCON; Labrox, Finland). Results are displayed as the Ratio (R) value between Test and 
Flow-Control signal based on relative fluorescence units (RFUs) measured at the respec-
tive lines. The threshold for positivity for the αPGL-I UCP-LFA was 0.10.

Results

M. leprae detection in patients and healthy household contacts

At diagnosis of the index cases and recruitment of contacts in this study out of 279 house-
hold contacts 250 presented no signs or symptoms of leprosy or other diseases (HHC), 
whereas 22 household contacts were diagnosed as PB and seven as MB patients (Table S1, 
Supplementary Data 1) and therefore were excluded from the HHC group.

Presence of M. leprae DNA was determined by RLEP PCR or qPCR in SSS and NS of leprosy 
patients and HHC (Figure 1, Supplementary Data 1): as expected in MB patients with BI 
2-6 M. leprae DNA was almost always detectable in both SSS (96.8%) and NS (90.9%). This 
was much lower in PB and MB patients with BI 0 ranging from 22.2% in SSS to 33.3% in NS. 
Positivity rates in HHC were not very different from those observed for PB and MB patients 
with BI 0, with 12.3% positive samples in SSS and 18.0% in NS. Showing a similar M. leprae 
carriage between HHC and patients with BI 0. Moreover, the overall Ct range was lower 
for SSS [16.3-37.1] compared to NS [20.1-39.4] showing that SSS contained more M. leprae 
DNA and is a preferred sample for its detection (Supplementary Data 1).

HHC (n=250) were followed up clinically for ≥ 24 months after sample collection and four 
of them developed leprosy within the first year. RLEP PCR performed on DNA isolated 
before disease occurrence showed a positive result from SSS in one patient (5 months 
before diagnosis) and a positive result from NS in another (8 months before diagnosis). 
All of the new cases developed PB leprosy with BI of 0 and three were genetically related 
to the index case (parent and child of index case H03 and second degree relative of index 
case H30) and one was the spouse (index case H10).

Genome typing and antimicrobial resistance

M. leprae genomes of SSS and NS were genotyped by WGS or Sanger sequencing. A total 
of 60 samples (30 SSS and 30 NS) from MB and PB leprosy patients as well as HHC were 
selected for WGS with an RLEP qPCR Ct ranging from 16.2 to 37.2 (Supplementary Data 
1). A total of 27 samples from 21 subjects (21 SSS and 6 NS) passed the library quality 
check and were successfully sequenced with a coverage ≥ 5  (Figure S1, Table S5). The 
limiting Ct value was 26.2 for SSS and 24.2 for NS.

On applying the genotyping system described by (3, 22), the following genotypes were 
found for these 21 subjects: 1A (n=5), 1B (n=4), 1C (n=3) and 1D (n=9). Interestingly, the 
four newly sequenced 1B genotype strains do not cluster with the two previously de-
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Figure 1. Study design, 
RLEP positivity and gen-
otyped samples. Flow 
diagram providing an 
overview of the subjects 
recruited for this study. Slit 
skin smears (SSS) and nasal 
swabs (NS) collected per 
group; healthy household 
contacts (HHC), paucibac-
illary (PB) or multibacil-
lary (MB) patients with BI 
0, and MB patients with a 
bacteriological index (BI) 
2-6. MB patients with BI 1 
were not diagnosed with-
in the course of this study. 
DNA was isolated from SSS 
and NS and screened for M. 
leprae DNA by RLEP PCR. 
Samples were genotyped 
by Sanger sequencing (3, 
22) or Whole Genome Se-
quencing (29). Percentages 
of the samples positive for 
RLEP PCR and genotyped 
are shown.
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scribed 1B strains from Yemen and Martinique (Figure 2). Instead, they form a new clus-
ter in the phylogenetic tree located between genotypes the 1A and 1B, which we refer to 
as 1B-Bangladesh (Figure 2, blue, Supplementary Data 1). Using Sanger sequencing, the 
M. leprae strain for eight additional individuals were determined as 1A (n=4) or 1D (n=4). 
Three subjects, including 2 NS samples from HHC, carried genotype 1 but subtype could 
not be established due to lack of amplification of the subtyping loci (Supplementary 
Data 1).

The SNP used to differentiate genotype 1C (A61425G; Met90Thr, mutated in genotypes 
1D and 2-4) is located at esxA. In contrast to previous observations (3, 22), we found that 
this position is not phylogenetically informative as it is also found unmutated (A; Met) in 
strains from the genotype 3I and 2E (Figure 2, green, Supplementary Data 2). Moreover, 
the 1C strains clustered in the middle of the 1D group suggesting that the previously 
described genotype 1C is part of the 1D genotype.

Figure 2. Phylogeography of M. leprae strains. Maximum parsimony tree of 259 genomes of 
M. leprae built in MEGA 7. Support values were obtained by bootstrapping 500 replicates. Branch 
lengths are proportional to nucleotide substitutions. The tree is rooted using M. lepromatosis. The 
strains from Bangladesh are shown in red and their exact organization in the tree is shown in the 
two zoomed sections of the genotypes 1A-B and 1D. Strains with an A at SNP61425 in the esxA gene 
are shown in green. The specific 1B-Bangladesh genotype/cluster of Bangladesh strains is shown in 
blue.
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Finally, antimicrobial resistance was assessed in all genotyped strains either by WGS or 
Sanger sequencing. The latter was successful on 18 samples for rpoB, five sample for 
folP1 and 15 samples for gyrA (Supplementary Data 1). None of the strains with a com-
plete genome harbored drug-resistance mutations. One NS sample containing a mis-
sense mutation in the rpoB gene (Ser456Thr) in 50% of the sequences potentially leading 
to antimicrobial resistance (64) was identified by Sanger sequencing. Moreover, although 
not causing resistance, up to two silent mutations in three different positions of the 
rpoB gene relevant for antimicrobial resistance (432, 441 and 456) were also observed in 
several subjects.

Distribution and possible transmission of M. leprae genotypes

The most prevalent M. leprae genotype in the studied area of Bangladesh is 1D, found 
in 55% of the individuals (n=16, Table 1, Supplementary Data 1), followed by 1A in 31% 
(n=9), and 1B-Bangladesh in 14% (n=4). Genotype 1D is the most widely distributed 
throughout the whole area studied (Figure 3, blue and purple), whilst genotypes 1A and 
the here identified genotype 1B-Bangladesh are only observed in the eastern area (green 
and orange respectively). The latter genotype was found in 4 individuals: two from the 
same household and two unrelated subjects residing 56, 51 and 11 km from each other. 
However, due to privacy regulations on patient information to third parties it could not 
be established whether subjects in different households had had contact with any of the 
others.

Table 1. M. leprae genotypes identified in Bangladesh.

Genotype Number of individuals %

1A 9 31.0

1B-Bangladesh 4 13.8

1D 13 44.8

1D-esxA 3 10.4

1* 3

M. leprae genotypes identified in patients and contacts from Bangladesh and the percentage of 
each subtype are shown. M. leprae DNA was isolated from slit skin smears (SSS) and/or nasal swabs 
(NS). Genotypes were determined by Whole Genome Sequencing (WGS) or Sanger sequencing 
according to (3, 22). The new subtype 1B-Bangladesh was identified by WGS and primers were 
then designed for use in Sanger sequencing (Table S2). 1D-esxA is 1D subtype containing an A at 
SNP61425 in the esxA gene, traditionally grouped as 1C (3, 22). This SNP is also found in strains from 
the genotype 3I and 2E (Figure 2, green). 1* are samples with genotype 1 for which the subtype 
could not be determined due to DNA concentration limit.
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Figure 3. Distribution of M. leprae genotypes in Bangladesh. Map of Bangladesh including mark-
ers indicating the residence of every subject with at least one sample genotyped for M. leprae (A), 
and zoomed into the area of interest (B). Each marker indicates an individual for whom M. leprae 
genotype was determined, either from slit skin smear, nasal swab or both samples. Genotype 1A is 
shown in green, 1B-Bangladesh in orange, 1D in blue, 1D-esxA in purple and 1* in white. 1D-esxA 
is 1D subtype containing an A at SNP61425 in the esxA gene, formerly grouped as 1C (3, 22). 1* are 
samples with genotype 1 for which the subtype could not be determined. The figure was drawn 
in R (v3.4.3) with the package leaflet (v2.0.2) using maps from Esri – National Geographic with per-
mission. Scale Not Given. “National Geographic World Map”. December 13, 2011. http://www.arcgis.
com/home/item.html?id=b9b1b422198944fbbd5250b3241691b6 (September 2, 2019).
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n a total of four households the same M. leprae genotype was detected in two individu-
als (Supplementary Data 1). In the first household, both subjects were MB patients and 
WGS showed no genetic variation between both patients’ genomes (RB001 and RB003, 
1B-Bangladesh genotype, Supplementary Data 2). In the second household with two 
MB patients, the M. leprae whole genome was only obtained from the index case but the 
same genotype, 1A, and a strain-specific SNP of the index case (Table S3 and S4) was also 
identified by Sanger sequencing in the other patient (RB182 and RB266). In the last two 
households, the genotype of strains from both MB index cases’ were determined by WGS 
(RB030, genotype 1D) and, by Sanger sequencing (RB065, genotype 1D-esxA), while the 
M. leprae genotype 1 was located in the NS of both HHC but no further subtyping was 
possible.

Comparison of M. leprae genomes from SSS and NS

M. leprae whole genomes of six patients were successfully recovered from both SSS and 
NS. The M. leprae genotypes obtained in each subject were in agreement between the 
two samples (Table 2). Genomic comparison showed no differences between DNA from 
SSS and NS for two patients: RB001-RN001 (genotype 1B-Bangladesh) and RB048-RN059 
(genotype 1D-esxA, Supplementary Data 2, Figure 2).

In a third patient (RB073-RN084, genotype 1A), both strains were identical except that 
in the NS strain 17% of 24 reads in ml1512 harbored a T1824441C (Gly56Asp) (Table 2). 
Interestingly, ml1512 which encodes a ribonuclease J is one of the most mutated genes 
among all M. leprae strains (29) and mutations at this gene were also observed in two 
different patients: in the NS of RN022-RB053 (genotype 1D) 35% of 26 reads had a mutat-
ed allele (G1823127A; Ser494Leu) and 20% of 21 reads had an insertion of a C at posi-
tion 1823613 probably leading to a deleterious frameshift; in the SSS of RB074-RN095 
(genotype 1B-Bangladesh) 92% of 92 reads presented a missense mutation (G1823098A; 
Leu504Phe). Interestingly, RB074 harbored a G660474C mutation in metK, a probable 
methionine adenosyl-transferase, which was also found in 75% of 12 reads of the NS and 
is uniquely found in this subject’s M. leprae genomes. Additionally, RN095 also displayed 
mutations at several positions in ml1750 (a putative nucleotide cyclase): 48% of 21 reads 
had C2116695A (Pro100Thr), 20% of 20 reads had A2116670G (Gln108Arg) and 19% of 
16 reads had C2116490T mutation (Arg168His). These positions were partially or totally 
mutated in other strains from different genotypes: SM1 (100% Pro100Ser; genotype 4), 
Ml9-81 (Mali, 30% Arg168His; genotype 4N) and Md05036 (Madagascar, 90% Gln108Arg, 
genotype 1D-Mada) (29, 62).

The patient with the M. leprae strains that were the most genetically different between the 
NS and SSS carried the genotype 1B-Bangladesh (RB069 and RN165). The NS strain had 
a mixed population in glpQ (29% of 76 reads C9231T, Leu34Phe) and ml1752 (15% of 94 
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reads C2121552T, Val226Ile). These genes encode a glycerophosphoryl diester phospho-
diesterase, a putative nucleotide cyclase, and a conserved hypothetical protein. Notably, 
ml1752 is also one of the most hypermutated genes in M. leprae (29).

For 11 patients a whole genome sequence was recovered only from SSS but Sanger se-
quencing was successfully performed to identify the subtype in NS. The same subtype 
observed in SSS was also found in the NS of these 11 patients. Moreover, unique M. leprae 
SNPs identified in the genomes of the SSS (Table S3 and S4) were also detected in seven 
of the genomes of the NS of these patients (Supplementary Data 1).

Combining host and pathogen detection

Anti-PGL-I IgM levels were determined in plasma of 308 subjects. All MB patients with BI 
2-6 (n=33) showed high levels for anti-PGL-I IgM (Table 3) in line with the general con-
sensus (53, 65). Out of the patients (both MB and PB) with BI 0 (n=27), nine (33.3%) were 
positive for anti-PGL-I IgM. Similarly, 36.8% of HHC showed positivity (n=92). From these 
92 positive individuals, 70 were neither positive for SSS nor NS RLEP PCR (Supplementary 
Data 1).

Table 3. Anti-PGL-I IgM positivity.

Genotype Number of positive individuals % of positivity

MB patients BI 2-6 (n=33) 33 100.0

Patients BI 0 (n=27) 9 33.3

Healthy household contacts 
(n=250)

92 36.8

Anti-PGL-I antibody levels were measured by up-converting phosphor lateral flow assay specific for 
M. leprae PGL-I IgM antibodies (UCP-LFA) using the Ratio (R) of the Test (T) and flow control (FC) lines 
as units. Ratios of ≥ 0.10 were considered positive.

Of the four contacts who developed leprosy within the first year after sample collection, 
two were positive for anti-PGL-I IgM whilst negative for RLEP PCRs 10 and 12 months be-
fore diagnosis. Since the two other subjects had a positive RLEP PCR in SSS or NS 5 or 8 
months before diagnosis, it can be concluded that all of the new cases showed positivity 
either for host- or pathogen-associated diagnostics 5-12 months before developing dis-
ease.

Individual anti-PGL-I levels were compared to RLEP Ct values in SSS and NS samples (Fig-
ure 4), showing an expected negative correlation between anti-PGL-I ratio and Ct value 
since both values are associated with BI. A subtle difference can be observed in the cor-
relation between anti-PGL-I IgM levels and RLEP Ct if the qPCR was performed on either 
SSS or NS DNA, with a coefficient of determination (R2) 0.73 and 0.69 respectively.
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Discussion

In this study we investigated M. leprae transmission patterns in Bangladesh by detect-
ing and sequencing M. leprae DNA derived from SSS and NS of patients and their house-
hold members. Our data represents the first report of M. leprae DNA detection in HHC 
from Bangladesh. We observed moderate positivity in HHC which was similar to positivity 
of leprosy patients with BI 0. A new genotype, 1B-Bangladesh, was sequenced and we 
showed that the previously described 1C genotype is part of the 1D group. Additionally, a 
negative correlation between RLEP Ct values indicating the amount of M. leprae DNA and 
anti-PGL-I IgM levels was observed.

M. leprae DNA detection frequency in HHC from Bangladesh (12.3% in SSS and 18.0% in 
NS) was in line with previous studies conducted in several hyperendemic areas of Brazil, 
Colombia and Indonesia (45, 48-52). In India higher positivity (21.0%) in SSS of HHC was 
reported (38) whereas in two Brazilian studies from Uberlandia, up to 42.4% positivity in 
SSS (47) and 49.0% in NS (12) were observed. Three factors may limit the translation of 
these high positive results from India and Brazil to our study: i) the sample sizes of the In-
dian (38) and one of the Brazilian studies (12) were smaller (n=28 and n=104, respectively 
versus n=250 HHC in this study); ii) we conducted a more stringent approach by testing 
the samples in three independent PCRs; and iii) the epidemiology and incidence of MB 
cases in India and Brazil differ from the studied area in Bangladesh where MB leprosy cas-

Figure 4. Correlation of IgM antibodies against PGL-I to Ct of RLEP qPCR. Quantified levels of 
pathogen DNA (qPCR) and host immunity were correlated for samples selected for qPCR analysis 
based on RLEP positivity in multiple individuals in one household. Each dot represents a sample 
from one individual; leprosy patients are indicated in black, and healthy household contact in blue. 
Anti-PGL-I antibody levels were measured by up-converting reporter particles lateral flow assay spe-
cific for M. leprae PGL-I IgM antibodies (αPGL-I UCP-LFA) using the Ratio (R) of the Test (T) and flow 
control (FC) lines as units. Ratios of ≥ 0.10 were considered positive as indicated by the red dashed 
line. RLEP cycle threshold (Ct) values are indicated on the x-axis and were measured by qPCR to 
detect M. leprae DNA in slit skin smears (SSS, left) and nasal swabs (NS, left). Undetermined Cts are 
depicted as Ct 40.
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es occur less frequently than PB and also usually display a low BI (56, 66). 

M. leprae DNA in the nose does not indicate disease but (transient) colonization whilst 
presence of M. leprae in SSS indicates infection. Thus, the higher RLEP PCR positivity in NS 
compared to SSS in patients with BI 0 and HHC likely represents the (virtual) absence of 
bacteria causing infection in these individuals despite colonization.

A longitudinal study conducted in Brazil (67), investigated SSS from 995 HHC by qPCR 
including follow-up for at least 3 years with occurrence of five new cases. The authors 
reported 20% qPCR positivity in HHC representing future new cases compared to 9% in 
HHC without disease. However, this difference was not significant. In line with that study, 
we found that M. leprae DNA detection was slightly higher (25% vs 18% in NS and 25% 
vs 12% in SSS) in contacts who developed disease compared to those who did not. Addi-
tionally, we determined anti-PGL-I IgM levels, which correlated well with Ct qPCR values. 
Notwithstanding this correlation, serology provided added value: when positivity in any 
of the three techniques was considered (NS PCR, SSS PCR or anti PGL-I), all of the contacts 
(n=4) who developed leprosy within the first year after sample collection, were identified. 
In agreement with this, a combination of host and pathogen markers was previously inte-
grated in a machine learning model using qPCR and serological data (antibodies against 
LID-1 or ND-O-LID) (46) to identify prospective leprosy patients among contacts leading 
to an increased sensitivity in diagnosis, particularly in PB leprosy. It is of note that in our 
study, three of the four contacts who developed leprosy were genetically related to the 
index cases in their households, stressing the previously described role of genetic inheri-
tance in the development of leprosy (14-17, 68). For this reason, the association between 
leprosy and the genetics of this Bangladeshi population is currently being studied.

Genotype 1 was identified in all the M. leprae genomes retrieved from Bangladesh, con-
sistent with previous data from (22). In Bangladesh, leprosy was likely introduced through 
the southern Asian route (genotype 1) leading to the spread of M. leprae into the Indi-
an subcontinent, Indonesia and the Philippines (22, 29). Subtype 1D was predominantly 
present in Bangladesh but in addition we detected 1A and identified a new 1B-Bangla-
desh genotype. The presence of multiple subtypes of M. leprae genotype 1 in Bangladesh 
is in line with previous studies in South Asian countries such as India, Nepal, Thailand, 
Indonesia and Pakistan (22, 29). The new 1B-Bangladesh genotype is thus far restricted 
to Bangladesh and two of the four individuals carrying this strain were part of the same 
household whilst the other two did not have any relationship with each other and were 
located in different areas with a distance of up to 56 km between them. This suggests that 
this genotype could be a common subtype in Bangladesh although additional studies 
are required to confirm this. Thus, it is of interest to include the 1B-Bangladesh SNP spe-
cific primers in future epidemiological studies, particularly in other (neighbouring) Asian 
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countries such as India where genotype 1 is widely established (22). 

In contrast to the general belief (3, 22), we observed that subtype 1C does not form an 
independent subtype but actually belongs to subtype 1D. SNP61425 used to distinguish 
genotypes 1A-C is located at esxA encoding the virulence factor ESAT-6 (22). The Esx pro-
tein family also revealed high diversity in the more pathogenic mycobacterium, M. tuber-
culosis (69), and is involved in host-pathogen interaction.  Of note is that ESAT-6 (ML0049) 
is a potent T-cell antigen (70, 71), thus mutations in esxA gene might indicate drift due 
to immune pressure potentially explaining the occurrence of mutations at SNP61425 in 
different genotypes.

In a recent survey in 19 countries during 2009-2015 (72), 8% of the cases presented mu-
tations resulting in antimicrobial resistance and resistance to up to two different drugs 
was detected. In our study, which is the first investigating M. leprae drug resistance in 
Bangladesh, we detected no resistance by WGS, however, a partial missense mutation in 
the codon for Ser456 of the rpoB gene potentially leading to rifampicin resistance (n=1) 
was observed by Sanger sequencing. This could be the result of a mixed infection or an 
emerging mutation of the M. leprae strain occurring in the patient. Silent mutations in the 
rpoB gene were detected in several locations, which indicates that mutations do occur, 
and this may eventually lead to missense mutations conferring antimicrobial resistance. 
However, drug resistance is not only induced by genetic mutations in drug targets, efflux 
systems resulting in antimicrobial resistance have also been described for M. leprae (73). 
This mechanism of drug resistance is unnoticed in genomic tests and needs to be further 
investigated for leprosy especially in the light of the huge efforts recently initiated and 
WHO-endorsed for post-exposure prophylaxis (PEP) using antibiotic regimens (44, 74, 75).

Despite our finding that NS samples were more frequently positive for M. leprae DNA, re-
covery of M. leprae whole genomes from SSS has proven to be more successful than from 
NS. This is due to the higher number of bacteria in SSS of patients. However, the impor-
tance of genotyping NS as well as skin biopsies or SSS to better understand transmission 
has been previously discussed (76), as the nasal respiratory route remains one of the most 
plausible modes of infection (12, 13). In a recent study, skin biopsies and NS of patients 
were compared by VNTR typing and the authors found that out of 38 patients, differences 
between SSS and NS in seven loci were observed in 33 patients (77). Although the M. lep-
rae genomes from SSS and NS analysed in our study were almost identical, we observed 
that genomes obtained from NS harboured more mutations, especially in previously re-
ported (29) hypermutated genes. This could be an indication of in-host evolution in the 
nasal mucosa, mixed infection or mixed colonization. Thus, it may imply that colonization 
occurred with two different strains causing a co-infection or that one is present, likely 
from a later colonization, but does not cause the disease. 
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The presence of mixed infections emphasises once more the importance of monitoring 
asymptomatic carriers, who may contribute to the spread of the pathogen. Therefore, pro-
viding PEP only to the (close) contacts of leprosy patients might not be sufficient to stop 
transmission. Instead, an approach including the entire community but targeting only 
individuals testing positive for M. leprae DNA or host immune markers associated to M. 
leprae infection, would represent a preferred strategy for PEP.

Data availability

Sequence data are available from the NCBI Sequence Read Archive (SRA) under the 
bioprojects PRJNA605605 and PRJNA592722, biosamples SAMN14072760-775 and 
SAMN13438761-771.

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA605605
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Supplementary Material

Table S1. Cohort characterization.

Group Subjects Gender Age RJ Classification BI

MB patients 
BI 2-6*

33 18% Female
82% Male

34 17 LL

15 BL

1 BT

14 BI-6
3 BI-5
5 BI-6
6 BI-5
4 BI-4
1 BI-2

PB/MB 
patients BI 0

27 63% Female
37% Male

31 24 BT
2 TT
1 UD

24 BI-0
3 UD

HHC 250 52% Female
48% Male

30 - -

Group, number of subjects, percentage of female and male, median of age, Ridley-Jopling classifica-

tions and BI of patients are shown. *31 were index cases of the study. UD: Undetermined.

Figure S1. Samples analysed by whole genome sequencing. Number of DNA samples isolated 
from slit skin smears (SSS) or nasal swabs (NS) analysed by whole genome sequencing, samples that 
failed quality checks and samples with a query coverage higher or lower than 5 for Mycobacterium 
leprae. Origin of DNA samples sequenced with a coverage>5 is shown. All samples sequenced were 
collected from multibacillary (MB) patients. For all samples obtained from NS a sample of the same 
subject from SSS was also successfully sequenced.
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Abstract

Background: Leprosy is an infectious disease caused by Mycobacterium leprae affecting 
the skin and nerves. Despite decades of availability of adequate treatment, transmission 
is unabated and transmission routes are not completely understood. Despite the gene-
ral assumption that untreated M. leprae infected humans represent the major source of 
transmission, scarce reports indicate that environmental sources could also play a role as 
a reservoir.

Methodology: We investigated whether M. leprae DNA is present in soil of regions where 
leprosy is endemic or areas with possible animal reservoirs (armadillos and red squirrels). 
Soil samples (n=73) were collected in Bangladesh, Suriname and the British Isles. Presence 
of M. leprae DNA was determined by RLEP PCR and genotypes were further identified by 
Sanger sequencing.

Results: M. leprae DNA was identified in 16.0% of soil from houses of leprosy patients 
(Bangladesh), in 10.7% from armadillos’ holes (Suriname) and in 5% from the habitat of 
lepromatous red squirrels (British Isles). Genotype 1 was found in Bangladesh whilst in 
Suriname the genotype was 1 or 2.

Conclusions: M. leprae DNA can be detected in soil near human and animal sources, sug-
gesting that environmental sources represent (temporary) reservoirs for M. leprae.
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Introduction

Leprosy is a debilitating infectious disease caused by Mycobacterium leprae and Mycobac-
terium lepromatosis that is still considered a major threat in developing countries by WHO, 
remaining persistently endemic in regions in Africa, South America and Asia. Every year 
more than 200,000 new patients are still diagnosed and this new case detection rate has 
been virtually stable over the last decade (1). These facts indicate that multidrug therapy 
(MDT), although effective to treat leprosy, is insufficient to prevent transmission (2).

Granting M. leprae transmission is not completely understood, risk factors for develop-
ment of leprosy have been identified including close contact with untreated, multibacilla-
ry patients (3), human susceptibility genes (4, 5), infection with soil transmitted helminths 
(6), as well as food shortage (7).

The mechanism by which bacteria are transmitted from one organism to another has not 
been unequivocally demonstrated (8). However, based on existing evidence, skin-to-skin 
contact, aerosols as well as shedding of bacteria into the environment subsequently follo-
wed by infection of other individuals remain the most obvious options for human leprosy 
(8, 9). Still these routes provide no explanation for the occurrence of leprosy in individuals 
without known contact to leprosy patients or in areas without any reported new cases (9, 
10).

Through PCR amplification of M. leprae DNA, its presence has been detected in environ-
mental samples such as soil (11-16) and water (17, 18) in areas inhabited by leprosy pa-
tients in Brazil and India. The viability of M. leprae was assessed by its multiplication in 
footpads of wild type mice and showed that M. leprae can remain alive in wet soil for 46 
days (19). Moreover, viability of M. leprae bacilli in soil from India has been studied by 
16S ribosomal RNA gene analysis (20). This study showed that 25% of the soil samples 
collected from patients’ areas contained M. leprae 16S ribosomal RNA, suggesting the pre-
sence of viable M. leprae in the soil.  Additionally, if environment–free living amoebic cysts 
cultured in the laboratory are artificially infected with M. leprae (bacilli:amoebae ratio of 
5–10:1), the bacteria can survive up to 8 months (21).

Recently, M. leprae and M. lepromatosis were identified in red squirrels from the British 
Isles causing lepromatous disease in several animals (22, 23). Phylogenetic analyses de-
termined that the M. leprae strain in squirrels (3I) was related to the lineage circulating in 
Medieval England, suggesting the red squirrels as a contemporary reservoir of the bacilli.

Zoonotic transmission of M. leprae from armadillos has been detected in the southeastern 
United States where wild armadillos and patients were infected with the same genotype 
(3I-2-v1) (24).

Furthermore, although the prevalence of leprosy in nonhuman primates (NHP) seems to 
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be quite low, M. leprae infections have also been reported in NHP (25) carrying M. leprae 
strains closely related to the human strains, suggesting that NHPs transmission can occur 
from human (or human sources like trash), but also among NHPs.

In this study, we aimed to explore whether besides humans and animals, environmental 
sources may function as a reservoir of M. leprae. For this purpose, we investigated the 
presence of M. leprae DNA in soil from regions with varying human leprosy endemicity in 
Bangladesh, Suriname, Brownsea Island and the Isle of Arran (22).

Materials and methods

DNA extraction from soil  

Moist soil samples from 3 regions (Supplementary Table 1) were collected at a depth of 2 
cm (Bangladesh and Suriname) or 8 cm (British Isles) in areas without sun light and sto-
red in 50 ml tubes (Greiner Bio-One, Kremsmünster, Austria): i) in Bangladesh in front of 
the bedroom (right on the doorstep) in the houses of leprosy patients (n=25) and from 
areas without known leprosy patients (n=2); ii) in Suriname (Batavia and Groot Chatillon 
(former leprosy colonies), Pikin Slee and Gujaba) from areas known to be inhabited by 
nine-banded armadillos (n=28) (samples Suriname 2, 3 and 6 from Batavia and Groot Cha-
tillon were previously described (van Dissel et al. submitted) and are presented here for 
reference purposes); iii) in the British Isles in the habitat of Eurasian red squirrels carrying 
M. leprae (Brownsea Island, n=10) and M. lepromatosis (Isle of Arran, n=10).

As a negative control soil was obtained from the surroundings of the Leiden University 
Medical Centre (The Netherlands) and spiked with 108 cells of M. leprae NHPD-63 as posi-
tive control.

DNA was extracted from 10 g of soil using DNeasy PowerMax Soil (Qiagen, Valencia, CA) as 
per manufacturer’s instructions.

PCR amplification of RLEP and LPM244  

To detect the presence of M. leprae DNA in soil, a PCR amplifying an M. leprae-specific re-
petitive sequence (RLEP) was performed. PCR amplification of a 129 bp sequence of RLEP 
(26) was carried by addition of 10 µl 5x Gotaq® Flexi buffer (Promega, Madison, WI), 5 µl 
MgCl2 (25 mM), 2 µl dNTP mix (5 mM), 0.25 µl Gotaq® G2 Flexi DNA Polymerase (5 u/µl), 5 
µl (2 µM) forward and reverse primers (Supplementary Table 2) and 5 µl template DNA in 
a final volume of 50 µl. DNA from M. bovis BCG P3 and M. tuberculosis H37Rv were used 
to assess PCR-specificity. As PCR positive controls DNA from M. leprae Br4923 and Thai-53 
were used.

To detect inhibition of PCR due to remaining soil components, 1 µl of M. leprae DNA was 
added to the aforementioned PCR mixes together with 5 µl template DNA. In samples 
presenting PCR inhibition, 5 µl (2mM) Bovine Serum Albumin (BSA) Fraction V (Roche Di-
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agnostics, Indianapolis, IN) were added to the PCR mixes.

PCR mixes were denatured for 2 min at 95 ºC followed by 40 cycles of 30 s at 95 ºC, 30 s at 
65ºC and 30 s at 72 ºC and a final extension of 10 min at 72 ºC. PCR products (15µl) were 
used for electrophoresis in a 3.5% agarose gel at 130V. Amplified DNA was visualized by 
Midori Green Advance staining (Nippon Genetics Europe, Dueren, Germany) using a Gel 
Doc System (Bio-Rad Laboratories, Hercules, CA).

PCR to detect M. lepromatosis was performed for soil from the British Isles. The primers 
(LPM244) amplify a 244 bp region of the hemN gene not present in M. leprae or other 
mycobacteria (27). PCR was performed as explained above with LMP244 primers (Supple-
mentary Table 2) and an annealing temperature of 53 ºC. M. lepromatosis DNA was used 
as a positive control.

Genotyping

To determine the genotype (1, 2, 3 or 4) of M. leprae, SNP-14676 (locus 1), SNP-1642875 
(locus 2) and SNP-2935685 (locus 3) were amplified and sequenced as described (28) with 
minor modifications: PCRs were performed with 5 µl of template DNA using the afore-
mentioned PCR mixes and forward and reverse primers for loci 1-3 (Supplementary Table 
2) in a final volume of 50 µl. DNA was denatured for 2 minutes at 95ºC, following  45 cycles 
of 30 s at 95ºC, 30 s at 58 ºC and 30 s at 72 ºC and a final extension cycle of 10 min at 72ºC. 
PCR products were resolved by agarose gel electrophoresis as explained above. PCR pro-
ducts showing a band were purified prior to sequencing using the Wizard SV Gel and PCR 
Clean-Up System (Promega, Madison, WI). Sequencing was performed on the ABI3730xl 
system (Applied Biosystems, Foster City, CA) using the BigDye Terminator Cycle Sequen-
cing Kit (Thermo Fisher Scientific, Waltham, MA).

Results

Detection of M. leprae DNA in soil  

To determine whether M. leprae DNA is present in the environment surrounding leprosy 
patients, the habitat of armadillos and red squirrels with leprosy-like disease, soil was col-
lected in each area. PCR amplification of a 129 bp sequence of the RLEP region from M. 
leprae was performed in a total of 75 soil samples from 3 different regions (Supplementary 
Table 1). Control soil samples did not show amplification of the fragment in RLEP PCR, 
whereas the same sample spiked with M. leprae bacilli presented a clear band confirming 
the applicability of the method to isolate, purify and detect M. leprae in soil. PCR amplifica-
tion of 5 µl of M. bovis BCG P3 and M. tuberculosis H37Rv DNA did not show amplification 
of RLEP showing specificity of the PCR for M. leprae DNA.

In Bangladesh, 4 out of 25 collected samples were positive for RLEP PCR (Figure 1, Table 
1; Supplementary Table 3), all of which were collected in houses of leprosy patients with 
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Figure 1. Gel of PCR for RLEP region to detect presence of M. leprae in soil samples. PCR pro-
ducts were electrophoresed in a 3.5% agarose gel. The size of the amplified RLEP sequence is 129 
bp. Lanes 2 to 4 represent soil samples collected in Suriname (Suriname 2, 3, and 6), lanes 5 to 14 
are soil samples collected in Bangladesh (01/65959/00, 01/65922/00, 01/65958/00, 02/65971/00, 
02/22705/00, 01/65945/00, 01/65942/00, 01/65975/00, 01/22711/00 and 01/22723/00), lane 15 is 
DNA of M. leprae Thai-53 strain, lane 16 is a negative PCR control and lanes 1 and 17 are 25 bp Hy-
perLadder (Bioline, Taunton, MA).

high bacillary load (BI 5-6, Figure 2). M. leprae DNA was not detected in the two soil sam-
ples from areas in Bangladesh without any reported leprosy cases (Supplementary Figure 
1).

Table 1. RLEP PCR results for M. leprae DNA derived from soil samples.

Positive Negative

Origin Number % Number %

Bangladesh 4 16.0 21 84.0

Suriname 3 10.7 25 89.3

Brownsea Island 1 10.0 9 90.0

Isle of Arran 0 0.0 10 100.0

RLEP PCR result to detect M. leprae DNA in soil samples from Bangladesh, Suriname, Brownsea Is-
land and Isle of Arran. A positive result is determined by a visible band of 129 bp in an agarose gel.
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In Suriname, samples (n=28) were taken in three different locations inhabited by armadil-
los and M. leprae DNA was detected in 3 samples obtained at former leprosy colonies in 
Batavia and Groot-Chatillon (Figure 1, Table 1; Supplementary Table 4).

Since all PCRs performed with UK samples were negative, we investigated whether PCRs 
were inhibited by compounds in the soil. DNA of M. leprae was added to the PCR mixes 
containing the DNA isolated from all soil samples and inhibition of PCR was determined 
by a negative PCR result. Inhibition was observed in 7 of the 10 soil samples from Brown-
sea Island, 8 out of the 10 from the Isle of Arran and 1 out of the 28 from Suriname. Since 
humic acid in soil can act as a PCR inhibitor (29, 30), 5 µl of 2 mM BSA was added to the 
PCRs with soil samples from the British Isles to overcome inhibition. Indeed, addition of 
BSA to soil-DNA spiked with M. leprae DNA (Br4923 or Thai-53), resulted in PCR-positivity 
for all spiked samples, indicating that BSA can prevent PCR inhibition due to undetermin-
ed soil compounds (data not shown).

Ten soil samples were collected in the surroundings of the infected red squirrels one of 
which was RLEP PCR positive (Table 1 and 2). To determine whether M. lepromatosis DNA 

Figure 2. RLEP PCR positivity in soil samples from Bangladesh and bacillary load (BI) of pa-
tient. Soil samples collected in Bangladesh are represented in the graph by dots and sorted based 
on RLEP PCR results and bacillary load of the patient living in the household where the soil was 
collected.
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Table 2. SNP typing results. 

Locus 1 Locus 2 Locus 3 Genotype

Tamil Nadu (reference strain) C G A 1

Br4923 (reference strain) T T C 4

Suriname 2 UD UD A 1 or 2

Suriname 3 UD UD A 1 or 2

Suriname 6 C UD A 1 or 2

Bangladesh 01/65922/00 UD G UD 1

Bangladesh 01/65958/00 UD G UD 1

Bangladesh 01/22723/00 C G A 1

Polymorphic sites in the genome of M. leprae: locus 1 (SNP-14676), locus 2 (SNP-1642875) and lo-
cus 3 (SNP-2935685) and the corresponding genotype. Nucleic acid corresponding to each poly-
morphic site of M. leprae reference strains Tamil Nadu and Br4923 and soil samples that were succes-
sfully sequenced. When PCR amplification or sequencing of the locus was not successful it is marked 
as undetermined (UD).

Figure 3. SNP analysis of loci 1, 2 and 3 from a representative M. leprae positive soil sample 
collected in Bangladesh. Sequencing results of locus 1 (SNP-146763) top,  reverse sequence of 
locus 2 (SNP-1642875) middle and locus 3 (SNP-2935685) bottom, from soil sample Bangladesh 
01/22723/00 used to determine the genotype of the M. leprae strain identified (genotype 1). SNP 
positions are based on the M. leprae TN strain. Vertical bars indicate the polymorphic base.

was also present in soil from the Isle of Arran with reported M. lepromatosis infection in 
red squirrels, PCRs were performed amplifying a 244 bp region of the hemN gene unique 
of M. lepromatosis (27). None of the 10 soil samples collected resulted in PCR-positivity 
using LPM244 primers.
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Next, for all RLEP PCR positive samples from Bangladesh (n=4), Suriname (n=3) and the 
British Isles (n=1) the PCR-amplified 129 bp RLEP region was sequenced. Sequence alig-
nment with the RLEP region of M. leprae was found for all 8 samples, confirming that M. 
leprae specific DNA can be identified in soil using the above-described procedure.

Genotyping  

Genotypes of the RLEP PCR positive soil samples (n=8) were investigated and determined 
according to the combination of SNPs in loci 1-3 as described by Monot et al. (28) RLEP-po-
sitive soil from Bangladesh were classified as genotype 1 (Table 2) according to the po-
lymorphism in locus 2 or loci 1-3 (01/22723/00, Figure 3). For the soil from Suriname the 
genotype was narrowed down to either 1 or 2 since only sequencing of locus 3 (Suriname 
2, 3 and 6) and locus 1 (Suriname 6) were identified. For the RLEP positive sample from 
Brownsea Island it was not possible to obtain sequence information for any of the poly-
morphic loci to assign a genotype. This was most likely due to the small amount of M.le-
prae DNA in the samples.

Discussion

Human leprosy still poses a considerable health threat in developing countries where 
transmission is generally assumed to take place via aerosol droplets from nasal cavities of 
untreated M. leprae infected individuals to their close contacts (8, 9). However, nonhuman 
animal and environmental sources have also been suggested to play a role in the patho-
gen’s dissemination (9). As paleopathological evidence of leprosy in pre-Columbian Ame-
rica is lacking, leprosy was very likely introduced to the continent by European colonists 
or the African slave route (28) also resulting in transmission to armadillos. However, no-
wadays infected armadillos may even be responsible for new cases in human individuals 
who have never had contact with leprosy patients nor travelled to leprosy endemic areas 
(10, 31).  In addition, another living host that could potentially represent an environmental 
reservoir for M. leprae are amoebae as it has been shown that M. leprae can survive in free 
living amoebae (21). Thus, amoebas or other protists might represent an intermediate 
host which would allow indirect infection with M. leprae through environmental samples.

In this study, M. leprae DNA was identified in soil collected in the houses of leprosy pa-
tients and the habitats of armadillos and red squirrels, suggesting that soil may represent 
a (temporary) reservoir. However, this study did not asses viability of the bacteria and sin-
ce M. leprae is an obligate intracellular pathogen further investigation is needed to eluci-
date the role of the environment in M. leprae transmission.

Understanding how M. leprae is transmitted, and identifying sources of infection is crucial 
to prevent new cases and thus blocking transmission is essential to ultimately eradicate 
leprosy.
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Although human leprosy was eradicated from the British Isles centuries ago, Eurasian red 
squirrels have remained a reservoir for M. leprae, containing a strain closely related to the 
strain present in Medieval England (3I). This indicates that M. leprae may have persisted 
in the environment after the human reservoir disappeared. However, M. leprae DNA was 
not abundantly present in soil, suggesting that the risk of environmental contamination 
is low.

Because the genome of M. lepromatosis contains only one copy of the hemN gene (32) de-
tected by LPM244 whereas 37 copies (33) are present in the RLEP region (34) of M. leprae, 
an equal amount of bacteria would be less well detectable by LPM244 PCR for M. leproma-
tosis than by RLEP PCR for M. leprae. Added to the fact that M. lepromatosis prevalence in 
the squirrel population is low, it is therefore possible that sensitivity was not sufficient to 
detect M. lepromatosis.

In Bangladesh, M. leprae was only found in soil collected in the houses of patients with 
high BI index (Figure 2). At those locations more bacteria are shed and thus the likelihood 
of encountering bacteria in the soil is higher. However, a high BI index of the patient whe-
re the soil sample was collected was not necessarily associated with a positive RLEP PCR 
result. The higher percentage of RLEP positive soil in Bangladesh is likely due to a more 
targeted selection of the sample location in the houses of leprosy patients as well as the 
higher leprosy prevalence.

In previous phylogeographic analysis genotype 1 was identified as the predominant strain 
type in South Asia (35, 36)  and was likely introduced to South Asia from other parts of that 
continent (36). The genotype found in soil samples from Bangladesh (1) is therefore in 
accordance with previous phylogeographic data (35).

In summary, this study demonstrates the presence of M. leprae DNA in soil, contributing 
to a OneHealth view on transmission including humans, animals and the environment. 
Further research is needed, however, to confirm whether M. leprae DNA in soil is derived 
from viable bacteria that can survive in smaller hosts such as helminths or amoebas. Thus, 
strategies aimed at prevention of transmission by administration of post-exposure prop-
hylaxis to infected individuals should, besides human reservoirs of M. leprae, also consider 
environmental sources of (re)infection.
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Supplementary Material

Supplementary Table 1. Origin, number and location of soil samples.

Origin	 Number Area of collection

Bangladesh 	 25 Houses of leprosy patients

Bangladesh 	 2 Area without any reported case of leprosy

Suriname 28 Surroundings of armadillos’ habitats

British Isles     20 Areas frequented by red squirrels infected with M. 
leprae (Brownsea Island) or M. lepromatosis (Arran Isle)

The Netherlands 2 Control soil

Summary of soil collected and brief description of area.

Supplementary Figure 1. Soil sampling sites in Bangladesh. Red markers indicate a negative 
result for RLEP PCR. Green markers indicate presence of M. leprae determined by a positive result for 
RLEP PCR. Orange markers illustrate the soil collected in areas not known to be inhabited by leprosy 
patients. Both soil samples collected in areas not known to be inhabited by leprosy patients were 
negative for RLEP PCR. The figure was drawn in R (v3.4.3) with the package leaflet (v1.1.0.9000) us-
ing maps available under the Open Database License from © OpenStreetMap contributors (https://
www.openstreetmap.org/copyright).
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Abstract

Leprosy is a human infectious disease caused by Mycobacterium leprae or Mycobacterium 
lepromatosis that can also occur in animals and even manifest as zoonosis. Recently, both 
mycobacteria were detected in red squirrels (Sciurus vulgaris) from the British Isles.

To further explore the presence of leprosy-bacilli in North-West Europe, we screened Bel-
gian and Dutch squirrels. Tissue samples from 115 animals tested by qPCR were negative 
for both pathogens. No molecular or pathological evidence was found of the presence of 
these zoonotic pathogens in North-West Europe.
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Introduction

Leprosy, caused by Mycobacterium leprae or Mycobacterium lepromatosis, is a debilitating 
disease occurring in several low- and middle-income countries. Transmission is unabated 
as shown by stable numbers of new cases worldwide (1). Close contact to multibacillary 
patients (2) and, to a lesser extent, infected animals and environmental sources are presu-
med to play a role in transmission (3, 4).

M. leprae and M. lepromatosis can cause leprosy-like disease in several animal hosts, inclu-
ding nine-banded armadillos (4), red squirrels (5) and nonhuman primates (6).

Previously, M. leprae and M. lepromatosis have been detected in Eurasian red squirrels (Sci-
urus vulgaris) from the British Isles (5, 7), where human leprosy has not occurred for cen-
turies. Squirrels of other European countries and Mexico, however, were not positive for 
DNA of these pathogens when screened by PCR (8).

To further explore the presence of M. leprae or M. lepromatosis in continental squirrels 
from North-West Europe we screened squirrels from the Netherlands and Belgium.

Materials and methods

Sample collection

Sixty-one wild red squirrels (Sciurus vulgaris) and one Japanese squirrel (Sciurus lis) were 
found dead in the Netherlands and submitted to the Dutch Wildlife Health Centre (Figu-
re S1). Animals died due to infection with Toxoplasma gondii (n=21), traumatic injuries 
(n=23), or other pathologies (n=18).  Skin lesions consistent with leprosy were not detec-
ted. Red squirrels (n=53) victims of road traffic were collected between 2010 to 2014 in 
Flanders (Table S1), Belgium (9).

Necropsy included macroscopic examination, cytological analysis of liver, spleen, lungs, 
and intestinal contents stained with HemacolorR (Hemacolor quick stain, Merck, Darm-
stadt, Germany), and histological examination.

Small biopsies from liver and spleen were collected in 2 ml tubes and stored at -20 °C until 
further processing.

DNA extraction

Biopsies from spleen [Dutch squirrels (n=62); Belgian squirrels (n=53)] and liver [Belgian 
squirrels only (n=53)] were used for DNA extraction.

DNA extraction was performed on 20 mg tissue using the Qiagen DNeasy Blood and Tis-
sue Kit (Qiagen, Venlo, the Netherlands), according to manufacturer’s protocol.

RLEP and 202 qPCR

A qPCR amplifying an M. leprae-specific repetitive sequence (RLEP) was performed (10). 
For M. lepromatosis primers and probe (202-qPCR) were designed based on criteria for 
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TaqMan PCR reactions to amplify a 168bp fragment in contig 202 which has two copies in 
the genome and is specific of M. lepromatosis. Amplification was carried in a final volume 
of 25 µl by addition of GoTaq™ Probe qPCR Master Mix (Promega, Madison, WI), 22.5 µM 
primers (Table 1), 6.25 µM TaqMan probe (Table 1) and 5.0 µl sample using the following 
profile: 2 min at 95ºC, 40 cycles of 15 s at 95ºC and 1 min at 60ºC. Nuclease-free water was 
used as negative control and M. leprae or M. lepromatosis DNA as positive controls. DNA 
of M. leprae Br4923 and Thai53, M. bovis BCG P3 and M. tuberculosis H37DNA were used to 
assess 202qPCR specificity. A Ct of 38.5 was taken as the limit for positivity.

Statistical analysis was performed in R (version 3.4.1).

Table 1. Primers and probes for RLEP and 202 qPCR.

Primer/probe Sequence 5‘ - 3‘

RLEP qPCR F GCAGCAGTATCGTGTTAGTGAA

RLEP qPCR R CGCTAGAAGGTTGCCGTAT

RLEP qPCR Probe FAM CGCCGACGGCCGGATCATCGA

qPCR 202 F CTGATCGCACACCTTGATGAGAG

qPCR 202 R GTTAGGTTGATCGACATCTTCGGTGC

qPCR 202 Probe VIC CACCACTAGCGCACCACGTCAGACAGGC

Forward (F) primers, reverse (R) primers and probes with dyes used to detect presence of M. leprae 
(RLEP) and M. lepromatosis (202) by TaqMan qPCR.

Results

To study whether leprosy-bacilli are present in Dutch and Belgian squirrels, we performed 
qPCR analysis on 115 red squirrels none of which showed clinical signs of leprosy. DNA 
samples were negative for both RLEP-qPCR (M. leprae) and 202-qPCR (M. lepromatosis). 
Thus, M. leprae- and M. lepromatosis-specific DNA was not detected in the Dutch or Bel-
gian red squirrel populations with a 95% confidence interval (CI) of 0.0 to 4.1%. Part of 
these samples have been tested successfully for the presence of tick-borne pathogens by 
qPCR (9), and 45% were positive for the presence of Bartonella DNA (11).

Discussion

Since the discovery of Eurasian red squirrels suffering from leprosy-like disease in the Bri-
tish Isles (5) there has been an increased interest to screen other squirrels for M. leprae 
and M. lepromatosis. We examined 114 animals from the red squirrel population in the 
Netherlands and Belgium.

In Brownsea Island M. leprae DNA was found in 25 out of 25 red squirrels (8 with lepro-
sy-like lesions) (5). In Scotland and Ireland M. leprae was not detected, but M. lepromatosis 
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was identified. The authors calculated that 21% of the squirrel population without clinical 
signs and all squirrels with clinical signs from the British Isles carried either M. leprae or M. 
lepromatosis.

As recently described (8), in a squirrel population showing no disease manifestations and 
with the same prevalence of leprosy as the British Isles (21%), a sample size of 19 should 
suffice to identify minimally one case with a 95% CI. Since our sample size (53 Belgian 
squirrels, 62 Dutch squirrels) was 2-3-fold larger, we should have identified leprosy-bacilli 
in the Dutch and Belgian squirrel population, if present, in at least the same prevalence as 
in the British Isles. When taking into account also previously tested continental European 
Eurasian red squirrels (n=96, (8)), the prevalence in mainland Europe is less than 2.2% with 
a 95% CI.

Our findings are consistent with previous observation in other European countries (Fran-
ce, Italy, United Kingdom, Germany and Switzerland) and Mexico (8) where M. leprae- or 
M. lepromatosis-specific DNA were not detected. 

Pinnae samples have been reported to be the optimal tissue for molecular screening. 
Spleen and liver have also been successfully used to detect M. leprae and M. lepromatosis 
DNA in squirrels (5), however, the sensitivity might differ from pinnae samples. The lack of 
positive PCR results could be due to a lower prevalence of the leprosy-bacilli in the Dutch 
and Belgian red squirrel population compared to the reference UK population. It is con-
ceivable that, red squirrels in UK could be more susceptible due to reduced immunity as 
a consequence of squirrelpox transmitted by grey squirrels (12). Alternatively, the animals 
could carry a bacillary load below the detection limit, or our tissue sampling might have 
been suboptimal. However, animals with leprosy-related lesions have not been observed 
in these populations suggesting that the absence of the pathogen is a more-plausible 
scenario. As we did not find evidence of the presence of M. leprae or M. lepromatosis, our 
results endorse the recent hypothesis (8) that Eurasian red squirrels in the British Isles are 
the only known wild rodent up to date carrying the leprosy-bacilli.
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Supplementary Material

Figure S1. Distribution of necropsied and tested squirrels in the Netherlands (2015 – 2017). 
Locations of squirrel carcasses found in the Netherlands are indicated in blue circles. Figure de-
signed by Ir. M.G.E. Montizaan.
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Abstract	

Background

Leprosy, a chronic infectious disease caused by Mycobacterium leprae, is often late- or 
misdiagnosed leading to irreversible disabilities. Blood transcriptomic biomarkers that 
prospectively predict those who progress to leprosy (progressors) would allow early diag-
nosis, better treatment outcomes and facilitate interventions aimed at stopping bacterial 
transmission. To identify potential risk signatures of leprosy, we collected whole blood 
of household contacts (HC, n=5,352) of leprosy patients, including individuals who were 
diagnosed with leprosy 4-61 months after sample collection.

Methods

We investigated differential gene expression (DGE) by RNA-Seq between progressors 
before presence of symptoms (n=40) and HC (n=40), as well as longitudinal DGE within 
each progressor. A prospective leprosy signature was identified using a machine learn-
ing approach (Random Forest) and validated using reverse transcription quantitative PCR 
(RT-qPCR).

Findings

Although no significant intra-individual longitudinal variation within leprosy progressors 
was identified, 1,613 genes were differentially expressed in progressors before diagnosis 
compared to HC. We identified a 13-gene prospective risk signature with an Area Under 
the Curve (AUC) of 95.2%. Validation of this RNA-Seq signature in an additional set of pro-
gressors (n=43) and HC (n=43) by RT-qPCR, resulted in a final 4-gene signature, designat-
ed RISK4LEP (MT-ND2, REX1BD, TPGS1, UBC) (AUC=86.4%).

Interpretation

This study identifies for the first time a prospective transcriptional risk signature in blood 
predicting development of leprosy 4 to 61 months before clinical diagnosis. Assessment 
of this signature in contacts of leprosy patients can function as an adjunct diagnostic tool 
to target implementation of interventions to restrain leprosy development.
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Introduction

Leprosy, also known as Hansen’s disease, is still a considerable health threat in pockets of 
several low- and middle-income countries worldwide. The annual number of new cases 
fluctuates around 200,000 people, reflecting a stable trend that has been observed during 
the last decade (1). Affecting the skin and peripheral nerves, leprosy presents as a spec-
trum including several clinical forms paralleling immunity against Mycobacterium leprae, 
the pathogen causing leprosy (2). On one pole of the immunopathological spectrum tu-
berculoid leprosy (TT) is situated, mainly characterized by low amount of bacteria and a 
cell-mediated immune response, and at the other pole lepromatous leprosy (LL) present-
ing high bacterial load, and a humoral response (3, 4). In between these polar forms pa-
tients present borderline leprosy (borderline tuberculoid [BT], borderline borderline [BB] 
and borderline lepromatous [BL]) (5).

Diagnosis still heavily relies on detection of clinical symptoms and early detection of 
leprosy represents a substantial hurdle in present-day leprosy health care. Besides, the 
reduced number of new cases has resulted in unfamiliarity of signs and symptoms of lep-
rosy limiting suspicion and detection of leprosy. Only a small percentage (estimated 5%) 
of people exposed to M. leprae develop the disease (3). In addition, leprosy displays a long 
incubation period (2 to >10 years) (6, 7). These factors contribute to limited awareness of 
the disease among both the public and healthcare providers, hampering the early de-
tection of new cases, and are reinforced by the strong social stigma of leprosy. Detection 
delay not only results in frequent delay of treatment leading to irreversible disabilities, but 
also contributes to perpetuating transmission.

Leprosy is a multi-factorial disease influenced by the infectious agent (dose and frequency 
of exposure) but also by genetics (8-14), nutritional factors (15, 16), living conditions (17, 
18) and individual characteristics (age, sex) (19, 20).  Household contacts (HC) of leprosy 
patients are at highest risk (21-24), and thus a recommendation for use of chemoprophy-
laxis as preventive treatment for contacts of leprosy patients was included in the WHO 
2018 guidelines (25). Given the low proportions of individuals actually developing leprosy 
after M. leprae exposure, biomarkers identifying who will develop disease would be very 
useful to target prophylactic measures.

In the past years, several studies have searched for biomarkers to (early) detect leprosy 
either based on the host immune response (26-31), the pathogen (32-37), or a combina-
tion of both (38-45). Molecular detection by identification of the repetitive element RLEP 
by (quantitative) PCR (33, 46, 47) as well as detection of anti-M. leprae phenolic glycolipid I 
(PGL-I) IgM in blood (28, 29) are methods employed to assist leprosy diagnosis. Neverthe-
less, the sensitivity of these techniques to identify paucibacillary (PB) leprosy is not suffi-
cient due to the low concentrations of bacilli in these patients (26, 44, 45). On the other 
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hand, PCR and anti-PGL-IgM, though useful to detect infection, are inadequate predictors 
of disease amongst HC of leprosy patients, as individuals remaining without disease may 
present positive PCR and/or PGL-I IgM (28, 32, 35, 44, 45). In addition, combinations of 
other host proteins (24) (27) have been shown to be useful to diagnose leprosy and detect 
M. leprae infection, but have not been studied prospectively yet.

Transcriptomic analysis of differential gene expression (DGE) represents an effective ap-
proach to identify new biomarkers for leprosy diagnosis (48). RNA-Seq, a high-throughput 
and unbiased technique which includes the whole transcriptome instead of a selection 
of genes, has been successfully used to prospectively identify correlates of risk for leprosy 
reversal reaction (49), as well as for tuberculosis caused by the closely related bacteria 
Mycobacterium tuberculosis (50-53).

The immune response during leprosy and leprosy reactions has also been investigated 
through transcriptomics (54-63). However, very few studies have employed transcriptom-
ics to identify a biomarker risk signature for leprosy diagnosis: one study described that 
gene expression of LDR and CCL4 in nerve biopsies identified up to 80% of pure neural 
(PN) leprosy patients (64). Likewise, a signature formed by four miRNA was identified us-
ing skin biopsies that could discriminate leprosy patients with 80% sensitivity and 91% 
specificity (54). Although these transcriptomic biomarkers show potential, both are based 
on samples that require invasive techniques (nerve and skin biopsies) and were applied 
when clinical symptoms were already visible.

In contrast to previous work, this study aimed to identify a prospective biomarker signa-
ture that can predict development of leprosy. For this purpose, whole blood samples were 
collected from HC who were followed up for several years and re-sampled in case they de-
veloped leprosy. Transcriptomic differences were investigated between progressors and 
HC who remained without leprosy. Variation in gene expression of those individuals who 
developed leprosy was assessed between the timepoint before leprosy diagnosis and at 
onset of disease. A risk signature for leprosy development can guide post-exposure pro-
phylactic strategies to avoid disease progression, reduce disability and contribute to stop 
M. leprae transmission.

Methods

Sample collection and study design

HC (n=5,352) of newly diagnosed leprosy patients were recruited and a first blood sample 
was collected from April 2013 to April 2018 as part of a field trial (28, 65-67) in four districts 
in the northwest of Bangladesh (Nilphamari, Rangpur, Panchagarh and Thakurgaon). Pa-
tients and HC entered the study through the Rural Health Program of The Leprosy Mission 
International, Bangladesh, based at the Danish Bangladesh Leprosy Mission Hospital in 
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Nilphamari, a referral hospital specialized in the detection and treatment of leprosy. The 
population of the four districts, which was around 7,000,000 at the start of intake, is main-
ly rural, but includes six main towns. The new case detection rate and the prevalence in 
the study area were 1.18 and 0.9 per 10,000 correspondingly (68).

HC were defined as those living in the same house, in a house on the same compound 
and sharing the same kitchen, or direct neighbours (first neighbours). Exclusion criteria 
included previous leprosy, refused informed consent, pregnant women, tuberculosis, chil-
dren younger than 5 years, liver disease or jaundice and temporary residency in the study 
area (67). Some HC in the study received BCG vaccination (n=657) after providing the first 
blood sample. Whole blood from HC was collected in PAXgene tubes at time of diagnosis 
of the index case (t=1) (Figure 1). All contacts were followed up annually and checked for 
the absence of clinical signs and symptoms of leprosy. All individuals were followed up for 
36 months or longer. Follow up is still ongoing. Contacts who were clinically diagnosed 
with leprosy within 4-61 months after recruitment were considered progressors (n=85). 
A second blood sample was collected from progressors at the time of leprosy diagnosis, 
before start with multidrug therapy (t=2) and bacteriological index (BI) was determined. 
Leprosy was diagnosed by a medical officer following the Rural Health Program guide-
lines in accordance to the National Leprosy Control Program (69). Progressors who pre-
sented five or fewer skin lesions and BI 0 were classified as PB and those who presented 
more than five skin lesions were classified as MB (25).

An initial discovery set was drawn from the cohort including 40 HC and 40 progressors 
who were diagnosed with leprosy 4 to 60 months after recruitment. To replicate and val-
idate the results from the discovery set, a validation set was drawn later from the same 
cohort which included 43 HC and 43 progressors who were diagnosed with leprosy 4 to 61 
months after recruitment. Subjects who developed leprosy > 61 months after recruitment 
(available only during the validation analysis) were excluded (n=5). The control HC group 
were optimally matched to the progressors by age, sex, date of recruitment, follow up 
time and BCG vaccination within the study (Table 1).

Ethics Statement

This study was approved by the National Research Ethics Committee (BMRC/NREC/2016-
2019/214) and followed the Helsinki Declaration (version Fortaleza, Brazil, October 2013). 
Participants were informed in the local language about the study objectives, the samples 
and their right to refuse to take part or withdraw without consequences for their treat-
ment. All subjects gave written informed consent before enrolment and treatment was 
provided according to national guidelines (69).
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RNA isolation, library preparation and sequencing

Blood was collected in PAXgene tubes (BD Biosciences, Franklin Lakes, NJ) in Bangladesh 
and sent on dry ice to Leiden University Medical Centre (The Netherlands) for analysis. 
RNA isolation from PAXgene tubes was automated using a QIAcube (Qiagen, Hilden, Ger-
many) and PAXgene Blood RNA kits (Qiagen) according to the manufacturers’ protocol.

RNA concentrations were measured by Qubit RNA BR (Thermo Fisher Scientific, Waltham, 
MA) and integrity was determined by Fragment Analyzer (Agilent, Santa Clara, CA). 

Figure 1. Study design to identify a transcriptomic signature associated with leprosy risk. In 
blue samples used in the discovery set (RNA-Seq) and in green samples used in the validation set 
(reverse transcription quantitative PCR (RT-qPCR)). Progressors are household contacts who devel-
oped leprosy within 4-61 months (Figure S1) after recruitment. t=1 is the timepoint before disease 
and t=2 is the timepoint of leprosy diagnosis. Excluded QC (quality check) RNA refers to samples 
that did not meet RNA quality check for RNA-Seq (RNA integrity number [RIN] ≤ 6) and were not 
used for RT-qPCR (validation set). Excluded QC RNA-Seq refers to samples for which RNA-Seq data 
did not meet the quality requirements with respect to number and distribution of reads (Figure 
S2). Excluded QC RT-qPCR were samples showing outlier Cycle threshold (Ct) values (>15) for the 
reference GAPDH gene (medians of two assays: 9.6 and 7.3). Training and test subsets were used in 
Random Forest to predict leprosy development. *RT-qPCR data of 8 samples (4 progressors and 4 
HC controls) from the discovery set (RNA-Seq) were included in the training subset of the RT-qPCR 
Random Forest to improve the training of the model.
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Samples that passed the quality check (RNA integrity number [RIN] ≥ 6) were considered 
for RNA-Seq. RNA-Seq was performed by GenomeScan (Leiden, The Netherlands): libraries 
were prepared using NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New 
England Biolabs, Ipswich, MA) including poly(A) enrichment. Additionally, globin reduc-
tion was performed using GLOBINclear kit (Thermo Fisher Scientific). Briefly, mRNA was 
isolated from total RNA using the oligo-dT magnetic beads. After fragmentation of the 
mRNA cDNA was synthesized. This was used for ligation with the sequencing adapters 
and PCR amplification of the resulting product. The quality and yield after sample prepa-
ration was measured by Fragment Analyzer. The size of the resulting products was consis-
tent with the expected size distribution.

Clustering and sequencing were performed in a NovaSeq6000 System (Illumina, San Di-
ego, CA) with a 2*150bp paired-end protocol in one single batch to avoid a batch effect. A 
concentration of 1.1 nM of DNA was used.

Gene expression quantitative PCR	

Reverse transcription quantitative PCR (RT-qPCR) was performed using Biomark HD sys-
tem (Fluidigm, South San Francisco, CA). Reverse Transcription Master Mix (Fluidigm) was 
used to convert 40 ng of RNA into cDNA following manufacturer’s instructions. Prior to re-
al-time amplification with the 48.48 Dynamic Array™ integrated fluidic circuit (IFC), a pre-
amplification of 14 cycles was performed using Preamp Master Mix and TaqMan Assays 
(Table S1) according to manufacturer’s instructions. Data was analysed using the software 
Real-Time PCR Analysis (v 4.5.2, Fluidigm).

RNA sequencing analysis

RNA-Seq files were processed using the opensource BIOWDL RNA-Seq pipeline v2.0 
(https://github.com/biowdl/RNA-seq/tree/v2.0.0) developed at Leiden University Medical 
Centre. This pipeline performs FASTQ pre-processing (including quality control, quality 
trimming, and adapter clipping), RNA-Seq alignment and read quantification. FastQC was 
used for checking raw read QC. Adapter clipping was performed using Cutadapt (v2.4) 
with default settings. RNA-Seq reads’ alignment was performed using HISAT2 (v2.1.0) on 
GRCh38 reference genome analysis set. The gene read quantification was performed us-
ing HTSeq-count (v0.9.1) with setting “–stranded reverse”. The gene annotation used for 
quantification was Ensembl version 94. DGE and read normalization is explained in the 
next section, statistics.

Functional analyses were performed using ClueGO plugin (70) to identify Gene Ontology 
(GO) terms and Ingenuity Pathway Analysis (IPA, Qiagen, Hildern, Germany) to establish 
canonical pathways.
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Statistical analysis

Using RNA-Seq data, we performed DGE analysis to identify genes significantly differen-
tially expressed between leprosy progressors at t=1 (n=40) and HC (n=40) and between 
progressors at t=1 and t=2 (n =40). We used an established R package, edgeR (71), exe-
cuted according to their guidelines, and using raw counts normalized for library sizes with 
the Trimmed Mean of the M-values (TMM) method. The first comparison (t=1 vs HC) was 
evaluated in an unpaired design whereas the second comparison (t=1 vs t=2) was eval-
uated in a paired design because the samples were composed of 2 time points from the 
same individuals. We also modelled the difference of gene expression between the time 
points (t=1 vs t=2) as a linear function of the number of months which elapsed between 
the time points. Genes with false discovery rates below 0.05 (adjusted p-values <0.05) 
were classified as differentially expressed.

DGE of RT-qPCR data was measured using Mann-Whitney U test using the package stats 
(version 3.6.3) in RStudio (version 1.2.5033) and genes with p-value below 0.05 were con-
sidered significantly expressed.

Machine learning to predict leprosy progression

Random Forest, a machine learning approach (72), was applied to select gene features 
(chi-squared method) and design a model to predict leprosy progression using gene 
expression data from RNA-Seq and RT-qPCR. For this purpose, the package mlr (version 
2.17.1) (73) was employed in RStudio (version 1.2.5033). Accuracy, sensitivity, specificity 
and Area Under the Curve (AUC) were also obtained using mlr.

The sample set for the RNA-Seq model (discovery set) included leprosy progressors at 
t=1 (n=40) and HC controls (n=40) (Figure 1). After RNA-Seq quality check (read count 
and MDS plot), two samples were excluded and the rest were divided into training (80%, 
n=62) and test (20%, n=16) subsets. An independent sample set (validation set) with 43 
progressors and 43 controls was used for the RT-qPCR model. Samples were also placed 
80% in the training (n=65) and 20% in the test (n=19) subsets (two samples excluded due 
to RT-qPCR quality check). Eight samples (four progressors and four controls) from the 
discovery set were added to the training subset (total training subset=73) for the RT-qPCR 
model to improve training input.

Training subsets were employed to train the models using a leave-one-out cross-valida-
tion (LOOCV) approach and subsequently evaluated in the test subsets. Parameters were 
set to ntree 50-1,000, mtry 1-10, nodsize 10-50, 72 iterations and 5 iterations of cross-vali-
dation. For the RT-qPCR model mtry and iterations were 1-4 and 1,000 respectively.

Using RNA-Seq data, an initial feature selection was performed limiting the model to 8-20 
features. After feature selection lncRNA and pseudogenes were discarded from the se-
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lection set and the model was retrained and re-evaluated using the final set of features 
(n=13). Gene expression in TMM-normalized counts per million mapped reads (CPM) of 
differentially expressed genes (n=1,613) were the input for the RNA-Seq Random Forest 
model (discovery set). ΔCts (Cycle threshold) of differentially expressed genes (Mann-Whit-
ney U test, n=4) were used for the RT-qPCR model (validation set). ΔCts were calculated as 
the difference of Ct of target gene and Ct of the reference gene, where GAPDH (assay ID 
Hs99999905_m1) was the reference gene. Initially, two assays with different primers and 
probes of GAPDH (Hs99999905_m1 and Hs02786624_g1, Table S1) were included in the 
RT-qPCR. Mann-Whitney U test of Ct values showed that GAPDH from assay Hs02786624_
g1 presented significant differences between groups, whilst Ct values obtained from assay 
ID Hs99999905_m1 did not differ significantly between groups (Table S2). Therefore, only 
Ct values from GAPDH assay ID Hs99999905_m1 were used to calculate the ΔCt values.

Role of the funding source

Funding sources had no role in the study design, data collection, data analyses, data inter-
pretation, writing of the report and the decision to submit the manuscript for publication.

Results

Cohort characterization

Between 2013 and 2018 HC of leprosy patients (n=5,123) without any clinical signs and 
symptoms of leprosy were recruited in Bangladesh (Figure 1) and whole blood was col-
lected for RNA isolation. HC who were suspected to have leprosy at recruitment (n=229) 
were excluded from the study. Leprosy progressors were defined as HC who were clinical-
ly diagnosed with leprosy 4-61 months after recruitment (n=85, Figure S1).

RNA quality of samples from progressors with two timepoints present (before disease 
[t=1] and at time of diagnosis [t=2]) was assessed and samples from progressors which 
passed the RNA-Seq quality check (RIN ≥ 6) of both timepoints (n=40) were further anal-
ysed by RNA-Seq (Figure 1). An equal number of HC (n=40) who did not develop disease 
(controls) were matched to progressors by age, sex, time of sample recruitment, follow up 
time and BCG vaccination (Table 1, discovery set). A separate sample set from the same 
area in Bangladesh, including samples from progressors (n=43) before disease (t=1) and 
matched controls (n=43) were used for RT-qPCR (Table 1, validation set).

In the discovery set BT leprosy was reported in 37 of the progressors, one presented TT 
leprosy, one indeterminate (I) and one PN (Table 1). Similarly, the progressors in the vali-
dation set included 40 BT, two TT and one I leprosy patients.

In the discovery set, two individuals in the progressors group and one in the control group 
(one paired control) received BCG vaccination after samples collection at t=1 as part of a 
field trial (65) in Bangladesh. None of the individuals in the validation set received BCG 
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vaccination after sample collection.

Gene expression differences in blood can be observed between leprosy progressors 
and contacts up to 5 years before leprosy diagnosis

RNA-Seq gene expression data from blood of leprosy progressors (n=40) 4-61 months 
before diagnosis (t=1) was compared to HC who did not develop disease (n=40) (Figure 
2A). Initial quality analysis of the RNA-Seq revealed a low number of on-feature unique 
reads for two samples (one progressor at t=1 and one control, Figure S2) which were sub-
sequently excluded and thus 39 samples per group were considered for further analysis 
(Figure 1). From the total of 17,435 genes, we identified 1,613 which were significantly 
differentially expressed (adjusted p-value < 0.05, Figure 2B) between progressors and HC 
using an unpaired analysis with edgeR. 

Figure 2. RNA-Seq differential gene expression analysis of leprosy progressors before clinical 
diagnosis and household contacts. RNA-Seq data of whole blood from leprosy progressors (n=39) 
4-61 months before clinical diagnosis of leprosy (t=1 or First time point) was compared to control 
household contacts (HC/HHC, n=39), after exclusion of one sample per group due to low number of 
on-feature unique reads (Figure S2). A two-groups (unpaired samples) analysis was performed using 
edgeR (71) in R. a) Boxplot of Trimmed Mean of the M-values (TMM)-normalized counts per million 
mapped reads (CPM) per group of the most significantly differentially expressed genes. Y-axis shows 
CPM, expressed in power of 10 (left) or power of 2 (right). Progressors at t=1 are shown in red and 
HC controls in blue. b) Histogram of p-values. Number of genes (y-axis) with a determinate p-value 
(x-axis). c) MA plot showing log2 of fold change (FC) in gene expression (y-axis) and log2 of average 
CPM (x-axis) per gene. In red genes significantly differentially expressed (adjusted p-value < 0.05) 
and in black genes not differentially expressed. C6orf48 is also known as SNHG32 and C19orf60 as 
REX1BD.
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From these, 836 were upregulated and 777 were downregulated in leprosy progressors 
compared to HC (Figure 2C).

Enriched GO terms and pathways were identified in upregulated and downregulated 
genes. Upregulated GO terms and canonical pathways included “cotranslational protein 
targeting to membrane”, “protein targeting to endoplasmic reticulum (ER)”, “protein lo-
calization to endoplasmic reticulum”, “eIF2 signalling”, “mammalian target of rapamycin 
(mTOR) signalling”, “regulation of eIF4 and p70S6K signalling” and “coronavirus patho-
genesis pathway” (Table 2). Within the downregulated genes common GO terms and ca-
nonical pathways were “organelle organization”, “cellular component organization”, “clath-
rin-mediated endocytosis signalling”, “integrin signalling”, “Focal adhesion kinase (FAK) 
signalling” and “p70S6K signalling”.

Gene expression in whole blood does not vary during leprosy development

To identify biomarkers indicative of disease development, we studied longitudinal vari-
ation of gene expression in leprosy progressors between 4-61 months before diagnosis 
and at time of diagnosis. Since the quality check for the RNA-Seq data of one sample at 
t=1 and three samples at t=2 failed due to low amount of aligned on-feature unique reads 
or the sample was an outlier (multidimensional scaling (MDS) plot) (Figure S2 and S3) 
these samples were excluded from the analysis with their paired sample (Figure 1). Thus, 
for a total of 36 progressors longitudinal comparison was feasible. Surprisingly, a paired 
DGE analysis showed no genes that were significantly differentially expressed (adjusted 
p-value < 0.05, edgeR) between timepoint of diagnosis compared to the timepoint before 
diagnosis (Figure S4), indicating that gene expression in blood does not vary intra-indi-
vidually between the pre-clinical (no symptoms) and clinical (symptoms visible) phases 
of leprosy. Similarly, in a separate gene expression analysis we did not find any gene to 
display significant changes of expression level  proportional to the number of months 
which elapsed between the two sample collection moments.

Machine learning identifies gene expression signature predicting leprosy

Next, a machine learning model was applied to select a subset of genes that optimize 
prediction of risk of leprosy development amongst HC. Random Forest was performed 
splitting the samples into training (80%, n=62) and test (20%, n=16) subsets, followed by a 
LOOCV approach and limiting the model to 8 to 20 features/genes. TMM-normalized CPM 
of genes differentially expressed (n=1,613) between progressors and HC in RNA-Seq of 
whole blood were used as input. The model (Table S3, 19-gene RNA-Seq) which included 
19 genes (Table 3, Figure S5), showed a strong predictive potential for leprosy with an ac-
curacy of 87.5% (sensitivity 100.0%, specificity 80.0%) and AUC of 96.7% (Figure 3A, Table 
S4). This set of genes contained protein coding genes but also long non-coding (lnc)RNA 
and pseudogenes.
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Table 3. Gene selection using machine learning approach.

Gene name Ensembl ID Type of RNA

SNHG32 or C6orf48 ENSG00000204387 ncRNA, small nuclear RNA

MT-ND4 ENSG00000198886 protein coding

MT-ND5 ENSG00000198786 protein coding

MT-ND2 ENSG00000198763 protein coding

lnc-IL17RA-36 or AC005301.9 ENSG00000283633 lncRNA

MT-CO1 ENSG00000198804 protein coding

TAOK3 ENSG00000135090 protein coding

REPS1 ENSG00000135597 protein coding

MT-CYB ENSG00000198727 protein coding

TPGS1 ENSG00000141933 protein coding

MMRN1 ENSG00000138722 protein coding

UBC ENSG00000150991 protein coding

MTATP6P1 ENSG00000248527 pseudogene

RP11-385D13.4 ENSG00000266538 lncRNA

REX1BD or C19orf60 ENSG00000006015 protein coding

CCDC85B ENSG00000175602 protein coding

HCG4P12 ENSG00000225864 pseudogene

RNU6-238P ENSG00000200183 pseudogene

AC009303.2 ENSG00000279227 lncRNA

Genes identified by Random Forest to predict leprosy progression amongst household contacts 
of leprosy patients. In bold genes that were included in the final RNA-Seq signature and tested by 
reverse transcription quantitative PCR (RT-qPCR). Underlined the genes present in the final RT-qPCR 
RISK4LEP signature.

To validate the signature in an independent sample set, we aimed at selecting a set of 
genes with commercially available probes for RT-qPCR. For this reason, the lncRNA and 
pseudogenes were excluded (n=6). A new model (Table S3, 13-gene RNA-Seq) was re-
trained and re-evaluated in the reduced 13-gene signature (Table 3, SNHG32/C6orf48, 
MT-ND4, MT-ND5, MT-ND2, MT-CO1, TAOK3, REPS1, MT-CYB, TPGS1, MMRN1, UBC, REX1BD/
C19orf60, CCDC85B) and showed an accuracy of 87.5% with a sensitivity of 88.9%, spec-
ificity of 85.7% and AUC of 95.2% (Figure 3B, Table S4). It is of note that five of these 13 
genes (MT-ND2, MT-ND4, MT-ND5, MT-CO1, and MT-CYB) are mitochondrial genes involved 
in oxidative phosphorylation, and are all down-regulated in leprosy progressors.

In addition, we evaluated whether using genes from previously described tuberculosis 
risk signatures could also predict leprosy. 
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For this purpose a Random Forest was performed with genes from the Sweeney3 (GBP5, 
DUSP3, KLF2) (74), the Suliman2 (ANKRD22, OSBPL10) (51) or the RISK6 (GBP2, FCGR1B, SERP-
ING1, TUBGCP6, TRMT2A, SDR39U1) (52) signatures as input. However, the tuberculosis risk 
signatures showed poor or moderate performance to predict leprosy with AUCs of 51.6%, 
58.7% and 78.3% respectively (Table S4). Thus, the Sweeney3 and Suliman2 signatures 
resemble an algorithm that predicts leprosy randomly. The RISK6 signature, although pre-
senting a reasonably good prediction of leprosy, showed lower performance compared to 
our novel 19-gene (AUC=96.7%) and 13-gene RNA-Seq (AUC=95.2%) signatures.

Figure 3. AUC of leprosy risk RNA-Seq and RT-qPCR signatures in blood. Area Under the Curve 
(AUC) of risk signatures in whole blood to prospectively predict leprosy progressors within house-
hold contacts (HC). The models were build using Random Forest, were trained with 80% of the sam-
ple sets and evaluated in 20%. a) AUC of RNA-Seq 19-gene signature where 8 to 20 features/genes 
were automatically selected by the model from a total of 1,613 features. b) AUC of RNA-Seq 13-gene 
signature based on the 19-gene signature but excluding pseudogenes and lncRNA (n=6). c) AUC of 
reverse transcription quantitative PCR (RT-qPCR) 13-gene signature selected in the RNA-Seq sig-
nature. d) AUC of RT-qPCR 4-gene signature RISK4LEP (final RT-qPCR signature) where only genes 
significantly differentially expressed in the RT-qPCR were selected.
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Validation of a leprosy predictive biomarker signature 

The 13-gene RNA-Seq signature was validated by RT-qPCR in an independent set of sub-
jects. Gene expression of the 13 genes and a reference gene (GAPDH_m1) were tested us-
ing Biomark HD system (Fluidigm), a high-throughput RT-qPCR. Validation was performed 
on a separate set which included 43 leprosy progressors at t=1 and 43 HC controls as well 
as four progressors (at t=1) and four controls from the discovery set that were included 
to improve training of the model. Two outlier samples (one progressor and one control) 
presenting Cts of the reference gene >15 (median 7.3 GAPDH) were excluded from the 
analysis (Figure S6).

Significantly differentially expressed genes were determined using ΔCts (Ct of target gene 
– Ct of reference gene). Four genes, MT-ND2, REX1BD, TPGS1 and UBC (Table 4), presented 
significant differential expression (p-values 0.0483, 0.0101, 0.0004 and 0.0060 respective-
ly, Mann-Whitney U test) between leprosy progressors and controls (Figure 4).

Figure 4. Boxplot showing -ΔCts of 13 genes. Boxplot of -ΔCts (-(Cycle threshold (Ct) target gene 
– Ct reference gene, GAPDH)) obtained by reverse transcription quantitative PCR (RT-qPCR) in whole 
blood. Genes identified in the RNA-Seq signature (n=13) are shown. Leprosy progressors before clin-
ical diagnosis of leprosy are shown in red (t=1, n=47) and household contact (HC) controls in blue 
(n=47). *Genes significantly differentially expressed between the two groups using Mann-Whitney 
U test (MT-ND2, REX1BD, TPGS1 and UBC).
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An RT-qPCR model to predict leprosy risk and validate the RNA-Seq signature was estab-
lished by Random Forest using ΔCts as input. Samples from the discovery set (n=8) were 
only used in the training subset which included 80% of samples (n=73). Thus, the model 
was evaluated in a separate subset from the validation set consisting of 20% (n=19) of the 
sample set. A Random Forest model including the 13 genes (Table S3, 13-gene RT-qPCR) 
showed an AUC of 84.1% (Figure 3C, Table S4) and accuracy of 73.7% (sensitivity 87.5%, 
specificity 63.6%). 

Slightly improved predictive potential for leprosy was observed if Random Forest was per-
formed using only the four genes significantly differentially expressed (Table S3, 4-gene 
RT-qPCR RISK4LEP), showing an AUC of 86.4% (Figure 3D, Table S4), accuracy of 79.0%, 
sensitivity of 87.5% and specificity of 72.7%. From these four genes, REX1BD, TPGS1 and 
UBC were upregulated, whilst MT-ND2 was downregulated in leprosy progressors before 
clinical diagnosis compared to HC (Figure 4). This is in line with the RNA-Seq results in 
the discovery set, except for UBC (Figure 2). However, removing UBC from the signature 
(3-gene signature) and addition of the following gene with lowest p-value (MT-CYB) in 
the 3-gene signature led to decreased performances (Table S4). Addition of demographic 

Table 4. RT-qPCR ΔCts of the 13-gene signature in leprosy progressors and house-
hold contacts. 

Gene p-value ΔCt progressors ΔCt HC ΔΔCt FC Log2FC

CCDC85B 0.840901 12.32 12.48 -0.16 1.12 0.16

MMRN1 0.654911 7.73 7.88 -0.15 1.11 0.15

MT-CO1 0.594361 -2.22 -2.31 0.09 0.94 -0.09

MT-CYB 0.054951 -1.50 -1.90 0.40 0.76 -0.40

MT-ND2 0.048303 -1.03 -1.26 0.23 0.85 -0.23

MT-ND4 0.062337 -1.64 -1.90 0.26 0.84 -0.26

MT-ND5 0.159386 -0.94 -1.17 0.24 0.85 -0.24

REPS1 0.298712 4.24 4.40 -0.16 1.12 0.16

REX1BD 0.010086 2.92 3.18 -0.27 1.20 0.27

SNHG32 0.238032 1.77 2.03 -0.26 1.20 0.26

TAOK3 0.178822 4.26 4.30 -0.04 1.03 0.04

TPGS1 0.000448 5.20 5.62 -0.42 1.34 0.42

UBC 0.005958 -1.07 -0.89 -0.18 1.13 0.18

P-values of Mann-Whitney U test of reverse transcription quantitative PCR (RT-qPCR) ΔCts (Cy-
cle threshold (Ct) of target gene – Ct of reference gene) between leprosy progressors (n=47) and 
household contact (HC) controls (n=47). In bold genes significantly differentially expressed (p-value 
<0.05). Median of ΔCts per group, ΔΔCt (median ΔCt progressors – median ΔCt HC), Fold Change 
(FC, 2–∆∆Ct) for progressors and log2 of Fold Change (log2FC).
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variables (sex, age and Ridley-Jopling (5) classification of the index leprosy contact) into 
the 4-gene or a reduced 2-gene (TPGS1 and UBC) signature did not improve the perfor-
mance either (Table S4). Therefore, the 4-gene RT-qPCR risk signature, which we named 
RISK4LEP, is preferred to predict leprosy development in HC due to the improved perfor-
mance and the lower number of genes required (Table 3).

Discussion

Leprosy diagnosis is often ascertained after the occurrence of clinical symptoms, which 
may already coincide with the presence of irreversible tissue damage. Early diagnosis and 
prompt treatment are critical to reduce leprosy-associated disabilities and block M. leprae 
transmission. However, a sensitive diagnostic test with potential to predict the develop-
ment of leprosy is not available.

To identify a transcriptomic risk signature for leprosy, this study investigated gene expres-
sion differences by RNA-Seq between HC of leprosy patients in Bangladesh who later de-
veloped leprosy and those who remained without clinical sign and symptoms. Initially a 
13-gene signature that could predict leprosy development was identified using Random 
Forest, a machine learning approach. Subsequently, the signature was adapted and vali-
dated in a separate set by RT-qPCR. Validation of the signature in a new sample set (valida-
tion set) showed that reducing the signature to four genes improved prediction of leprosy 
in this sample set. The RISK4LEP signature allowed discrimination of leprosy progressors 
with a sensitivity of 87.5%, a specificity of 72.3% and an AUC of 86.4%. This 4-gene signa-
ture identified leprosy progressors amongst individuals exposed to leprosy bacilli from 
4 to 61 months before clinical diagnosis, thus representing the first transcriptomic risk 
signature to prospectively predict leprosy progressors at an asymptomatic stage. This sig-
nature is unique for leprosy and does not overlap with known tuberculosis risk signatures. 
Since leprosy has a long incubation time and low disease prevalence, more than 5,000 
samples had to be collected during 8 years to obtain samples of 85 individuals before and 
at disease onset. As such this is the first study of its kind in leprosy research.

The RISK4LEP predictive signature is composed by four genes: MT-ND2, REX1BD, TPGS1 
and UBC. MT-ND2 encodes a subunit (core subunit 2) of the mitochondrial NADH:Ubiqui-
none Oxidoreductase (75). MT-ND2 together with MT-ND6 are the essential subunits form-
ing the mitochondrial membrane respiratory chain NADH dehydrogenase which plays a 
critical role in oxidative phosphorylation. One of the functions of mitochondrial reactive 
oxygen species resulting from oxidative phosphorylation is to regulate immunity. MT-ND2 
is under-expressed in leprosy progressors, hence presenting a disadvantage to successful 
elimination of M. leprae (76). Little is known of REX1BD and TPGS1: REX1BD encodes the 
Required For Excision 1-B Domain Containing Protein and TPGS1, Tubulin Polyglutamylase 
Complex Subunit 1, is a gene related to microtubule binding and tubulin-glutamic acid 
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ligase activity that may act in the targeting of the tubulin polyglutamylase complex (75). 
UBC is one of the four genes encoding the human ubiquitin involved in several pathways 
such as protein degradations, DNA repair, cell cycle regulation, kinase modification, endo-
cytosis and regulation of other cell signalling. It has been previously reported as having 
a high degree of connectivity in a protein-protein interaction network with differentially 
expressed genes in patients with active tuberculosis (77). The ubiquitin system is involved 
in the innate immune response in tuberculosis and has been suggested as a potential tar-
get for host-directed therapy, indicating that UBC might play a role in the innate response 
against M. leprae as well. Moreover, variants in the regulation regions of the PRKN gene 
(previously known as PARK2), which is part of the ubiquitin system, have been associated 
with susceptibility to leprosy (14). PRKN codes a ubiquitin ligase that is essential for auto-
phagy of mycobacteria and damaged mitochondria (78, 79).

Our data show that differences in gene expression could be observed up to 61 months 
before the disease manifests (Figure S1). In contrast, intra-individual expression remains 
stable in individuals between the pre-symptomatic phase and time of diagnosis. This in-
dicates that differences in expression of some genes in blood of leprosy progressors pre-
cede appearance of symptoms.

Further exploration of the pathways that could be responsible for the observed differenc-
es in gene expression between leprosy progressors and controls showed that genes over-
expressed in leprosy progressors are involved in translation pathways and cotranslation 
of membrane and ER proteins. EIF2, eIF4 and p70S6K signalling pathways, overexpressed 
in leprosy progressors, are downstream pathways to the mTOR pathway which also dis-
played higher levels in progressors and regulates protein translation, gene expression, 
metabolic processes, immune receptor signalling and migratory activity (80, 81). Likewise, 
in several other diseases such as cancer, type 2 diabetes, rheumatoid arthritis and viral 
infections the mTOR pathway is deregulated (80, 82). In general, antigen recognition ac-
tivates the mTOR signalling pathway as a result of which naïve CD4+ T-cells differentiate 
into Th1, Th2 and Th17 (81). This process may thus lead to a higher expression of mRNA 
related to Th1, Th2 and Th17 in leprosy patients compared to healthy individuals as previ-
ously observed (83). Interestingly, upregulation of the coronavirus pathogenesis pathway 
was also observed in leprosy progressors. This could be caused by activation of the inflam-
matory and autophagy regulation pathways in individuals infected with coronaviruses as 
well as BT leprosy patients (84, 85).

Downregulated gene expression in leprosy progressors was observed and occurred in or-
ganelle and cellular component organization pathways as well as integrin and FAK signal-
ling pathways. FAK is a tyrosine kinase downstream of integrin growth factor. Nuclear FAK 
regulates transcription of inflammatory signalling, immune escape, angiogenesis and p53 
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(86). Moreover, overexpression of FAK has been linked to advanced cancer and metastasis 
(86, 87). Although FAK inhibitors are currently being tested for use in cancer treatment, 
the FAK signalling pathway has never been studied in leprosy. Hence the significance of 
under-expression in leprosy progressors before diagnosis as observed in this study re-
quires further investigation.

Recently, Leal-Calvo and Moraes performed a comprehensive reanalysis of nine publicly 
available microarrays of leprosy patients from variable origin. The authors found DGE in 
skin development processes including genes such as AQP3, AKR1C3, CYP27B1, LTB, VDR 
and keratinocyte biology with CSTA, DSG1, KRT14, KRT5, PKP1 and IVL (88). None of the 
genes identified by that study were, however, found in our analysis. This could be due to 
the fact that this reanalysis mainly investigated DGE between different leprosy types (BT vs 
LL), ENL reaction and LL or LL and healthy controls, whereas our study included mostly BT 
leprosy patients and HC. Moreover, RNA was obtained from skin biopsies or cell cultures 
instead of whole blood. Consequently, comparison of their results with the present work 
is limited and while possible biomarker genes were identified in the microarray reanalysis, 
application for diagnosis would be restricted to patients with visible symptoms as well as 
requiring more invasive samples (skin biopsies or cell culture). In contrast, the prospective 
4-gene signature RISK4LEP identified in this study is measured in whole blood.

Similarly, other transcriptomic studies described leprosy biomarkers associated with lep-
rosy but after occurrence of symptoms and using skin biopsies (54, 64, 89, 90). Serrano-Coll 
and colleagues showed that RT-qPCR of Oct-6 identified multibacillary (MB) patients 
(n=30) in Colombia with an AUC of 83.0% (89). However, S-100 immunohistochemistry 
alone showed a better AUC (96.0%). Pinto et al. investigated the expression of non-coding 
RNAs in leprosy patients (5 TT and 6 LL) from Brazil (90) and found five P-element-induced 
wimpy testis (PIWI)-interacting RNAs (piRNAs) that classified leprosy patients with an AUC 
of 90.0%. Jorge et al. established a non-coding RNA signature consisting of four miRNA, 
that discriminated leprosy patients (6 LL and 6 TT; AUC=87.3%) in Brazil (54). Furthermore, 
Guerreiro and colleagues using nerve biopsies of PN leprosy patients (n=28) identified 
a transcriptomic signature based on a classification tree including LDR and CCL4 which 
could ascertain 80% of PN leprosy patients (64). Although CCL4 and LDR were not sig-
nificantly differentially expressed in our study, we also found lower expression levels of 
mitochondrial genes involved in the oxidative phosphorylation pathway in blood of lep-
rosy progressors, in line with their findings in M. leprae-infected Schwann cells and nerve 
biopsies of Brazilian leprosy patients. This reduction may be caused by down-regulation of 
mitochondrial genes by mycobacteria during M. leprae infection to inhibit apoptosis and 
promote intracellular bacterial survival (91).

We found moderate prediction (AUC=78.3%) of leprosy when the RISK6 genes (GBP2, FC-
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GR1B, SERPING1, TUBGCP6, TRMT2A, SDR39U1) were used as input in the Random Forest 
with RNA-Seq data. This is likely due to similarities in the immune response to mycobacte-
ria in leprosy and tuberculosis patients (92). In line with this, FCGR1A and GBP genes were 
previously found to be upregulated in leprosy patients or during leprosy reactions in and 
outside Bangladesh (49, 55, 93).

It has been previously reported that RNA profiles in blood of leprosy patients are differ-
ent from those derived from skin (63). Although transcriptomic analysis in skin of leprosy 
patients provide deeper insight into leprosy pathogenesis, the aim of this study was to 
identify leprosy predictive biomarkers, preferably measurable in rapid diagnostic tests. 
Thus, whole blood is a preferred biosample because it can be collected relatively easily 
and translated into field-friendly tests applying fingerstick blood (52).

In summary, the RISK4LEP signature described here, offers potential for the develop-
ment of a point of care test allowing the identification of leprosy progression among HC 
in blood years before symptom development. Since the present study was performed in 
Bangladesh, additional, longitudinal studies are required to determine whether this sig-
nature predicts leprosy progression in endemic populations from different origins. More-
over, since the majority of the Bangladeshi patients who developed leprosy during this 
study developed BT leprosy, similar studies will also need to provide information on the 
performance of the signature to predict occurrence of LL types. It is tempting to speculate 
that this signature could identify early forms of BT leprosy, thus preventing the more se-
vere LL types from developing.

Nevertheless, the novel RISK4LEP signature predicts development of (BT) leprosy up to 
61 months before clinical diagnosis. Such signatures, when properly validated in other 
populations as well, can be applied for targeted preventive treatment and reduction of M. 
leprae transmission among HC.
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Supplementary Material

Table S1. Primers and probe Assay IDs.

Gene name Ensembl ID Assay ID

SNHG32 or C6orf48 ENSG00000204387 Hs00382553_m1

MT-ND4 ENSG00000198886 Hs02596876_g1

MT-ND5 ENSG00000198786 Hs02596878_g1

MT-ND2 ENSG00000198763 Hs02596874_g1

MT-CO1 ENSG00000198804 Hs02596864_g1

TAOK3 ENSG00000135090 Hs00937694_m1

REPS1 ENSG00000135597 Hs01016191_m1

MT-CYB ENSG00000198727 Hs02596867_s1

TPGS1 ENSG00000141933 Hs00293366_m1

MMRN1 ENSG00000138722 Hs01113299_m1

UBC ENSG00000150991 Hs00824723_m1

REX1BD or C19orf60 ENSG00000006015 Hs00215835_m1

CCDC85B ENSG00000175602 Hs00255227_s1

GAPDH ENSG00000111640 Hs99999905_m1

GAPDH ENSG00000111640 Hs02786624_g1

Assay IDs (Thermo Fisher Scientific) per gene for forward primers, reverse primers and probes with 

dye (FAM-MGB) used to measure gene expression with Biomark HD (Fluidigm).

Table S2. RT-qPCR median Ct values in leprosy progressors and HC controls at recruitment 

into the study (t=1).

Gene p-value Ct progressors Ct HC

CCDC85B 0.520371 19.74 19.69

GAPDH_g1 0.017288 9.88 9.27

GAPDH_m1 0.407393 7.33 7.22

MMRN1 0.764781 15.09 15.04

MT-CO1 0.225810 4.91 4.83

MT-CYB 0.028590 5.61 5.17

MT-ND2 0.023773 6.09 5.57

MT-ND4 0.033548 5.48 5.17

MT-ND5 0.079548 6.18 6.09
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REPS1 0.605180 11.60 11.47

REX1BD 0.567703 10.23 10.40

SNHG32 0.897977 8.99 9.01

TAOK3 0.758857 11.52 11.46

TPGS1 0.176301 12.49 12.68

UBC 0.616087 6.32 6.32

P-values of Mann-Whitney U test of reverse transcription quantitative PCR (RT-qPCR) Cycle thres-
hold (Ct) values between household contacts (HC) who progressed to leprosy (progressors; n=47) 
and household contacts who remained without leprosy during follow-up (HC; n=47). Median of Ct 
values per group (Ct progressors, Ct HC). GAPDH_g1 corresponds to assay ID Hs02786624_g1 and 
GAPDH_m1 to assay ID Hs99999905_m1. t=1 represents timepoint of recruitment into the study, 
when no clinical signs or symptoms were present.

Table S3. Hyperparameters of the Random Forest models. 

Random Forest Model ntree mtry nodesize

19-gene RNA-Seq 527 4 22

13-gene RNA-Seq 380 1 30

13-gene RT-qPCR 200 2 41

4-gene RT-qPCR 202 1 38

Hyperparameters obtained for the Random Forest models. ntree: number of trees to grow; mtry: 
number of variables randomly sampled as candidates at each split; nodesize: minimum size of ter-
minal nodes. RT-qPCR: quantitative reverse transcription PCR.

Table S4. Overall results of the signatures.

Signature AUC AUC CI Accuracy Sensitivity Specificity

19-gene RNA-Seq 96.7% 88.9-100.0% 87.5% 100.0% 80.0%

13-gene RNA-Seq* 95.2% 84.9-100.0% 87.5% 88.9% 85.7%

13-gene RT-qPCR 84.1% 64.7-100.0% 73.7% 87.5% 63.6%

4-gene RT-qPCR RISK-
4LEP

86.4% 69.9-100.0% 79.0% 87.5% 72.7%

3-gene RT-qPCR 84.7% 65.9-100.0% 68.4% 87.5% 54.6%

4-gene v2 RT qPCR 78.4% 55.9-100.0% 63.2% 75.0% 54.6%

4-gene RT-qPCR + sex 
+ age + RJ 

79.0% 56.7-100.0% 73.7% 75.0% 72.7%

2-gene RT-qPCR + sex 
+ age + RJ 

72.1% 48.0%-96.3% 63.2% 75.0% 54.6%

TB Sweeney3 RNA-Seq 51.6% 17.2-79.7% 56.3% 33.3% 85.7%

TB Suliman2 RNA-Seq 58.7% 25.9-91.5% 68.8% 77.8% 57.1%

TB RISK6 RNA-Seq 78.3% 55.0-100.0% 62.5% 100.0% 40.0%
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Area Under the Curve (AUC), confidence interval (CI) of AUC, accuracy, sensitivity and specificity of 
the RNA-Seq, reserves transcription quantitative PCR (RT-qPCR) and tuberculosis (TB) risk signatures 
to predict leprosy development. The 4-gene signature refers to RISK4LEP which includes MT-ND2, 
REX1BD, TPGS1 and UBC genes. The 3-gene signature includes MT-ND2, REX1BD and TPGS genes. 
The 4-gene signature v2 includes MT-CYB, MT-ND2, REX1BD and TPGS1 genes. The 2-gene signature 
includes TPGS1 and UBC genes. RJ: Ridley-Jopling (5) classification of the index leprosy contact. *Ex-
clusion of 3 BCG vaccinated individuals (1 pair and 1 progressor) showed a similar performance of 
the model (AUC 92.6%).

Figure S1. Months between samples at recruitment (t=1) and leprosy diagnosis (t=2) for le-
prosy progressors. Number of leprosy progressors (y-axis) and number of months elapsed bet-
ween recruitment (t=1) and leprosy diagnosis (t=2) (x-axis).

Figure S2. RNA-Seq read count. Read count of whole blood RNA samples (n=120) for quality con-
trol. The number of reads are shown per sample and color indicates different categories: reads with 
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low alignment mapping quality score (too_low_aQual), reads in the SAM file without alignment 
(not_aligned), reads which could not be assigned to any feature (no_feature), reads which could 
have been assigned to more than one feature and hence were not counted for any feature (ambi-
guous), reads with more than one reported alignment (alignment_not_unique), reads which could 
be assigned to a feature (on_feature). Samples with a low on-feature read count (yellow) were exclu-
ded from differential gene expression analyses.

Figure S3. RNA-Seq Multidimensional scaling (MDS) plots. MDS plots of RNA-Seq read count of 
whole blood RNA samples (n=120) where each circle represents a sample. a) One sample (MDS_out-
lier, in pink) presented abnormal values showing as an outlier and was excluded from differential 
gene expression analyses. The rest of the samples (not applicable (NA) in grey and low on-feature 
in blue) clustered together. b) MDS plot after normalization and exclusion of one outlier in plot A. 
Samples from leprosy progressors 4-61 months before clinical diagnosis of leprosy (t=1, first) are 
shown in pink, progressors at timepoint of leprosy diagnosis (t=2, second) in green and household 
contact (HHC) controls in blue. c) Bar plot with the percentage of variance explained by each MDS 
component. d) Pairwise MDS plot of the first 4 dimensions (components) after normalization and 
exclusion of one outlier. Samples from leprosy progressors 4-61 months before clinical diagnosis of 
leprosy (t=1, first) are shown in black, progressors at timepoint of leprosy diagnosis (t=2, second) in 
red and controls in green.
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Figure S4. RNA-Seq differential gene expression of leprosy progressors before clinical diag-
nosis (t=1) and at leprosy diagnosis (t=2). RNA-Seq data of whole blood from leprosy progressors 
(n=36, after exclusion of samples with low quality control outcome, Figure S2 and S3) 4-61 months 
before clinical diagnosis of leprosy (t=1, first) was compared to timepoint of leprosy diagnosis (t=2, 
second). A two-groups (paired samples) analysis was performed using edgeR (71) in R. a) Boxplot 
of Trimmed Mean of the M-values (TMM)-normalized counts per million mapped reads (CPM) per 
group of the most significantly differentially expressed genes. Y-axis shows CPM, expressed in po-
wer of 10 (left) or power of 2 (right). First timepoint is shown in red and second timepoint in blue. 
b) Histogram of p-values. Number of genes (y-axis) with a determinate p-value (x-axis). c) MA plot 
showing log2 of fold change (FC) in gene expression (y-axis) and log2 of average CPM (x-axis) per 
gene. In red genes significantly differentially expressed (adjusted p-value < 0.05) and in black genes 
not differentially expressed.

Figure S5. Importance of the RNA-Seq features. A Random Forest model with 1613 features was 
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fused with chi-squared feature selection strategy and the 19 most informative genes were selected 
for further analysis.

Figure S6. Heatmap of reverse RT-qPCR Ct. Heatmap depicting normalized reverse transcription 
quantitative PCR (RT-qPCR) Cycle threshold (Ct) values (z-scores) of different genes for leprosy pro-
gressors at t=1 (purple) and controls (green). Higher gene expression (lower Ct values) is shown in 
dark purple and lower gene expression (higher Ct values) in dark orange. No amplification is shown 
in white.
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Abstract

Early diagnosis of leprosy is challenging, particularly its inflammatory reactions, the major 
cause of irreversible neuropathy in leprosy. Current diagnostics cannot identify which pa-
tients are at risk of developing reactions. This study assessed blood RNA-expression levels 
as potential biomarkers for leprosy.

Prospective cohorts of newly diagnosed leprosy patients, including reactions, and healthy 
controls were recruited in Bangladesh, Brazil, Ethiopia and Nepal. RNA-expression in 1,090 
whole blood samples was determined for 103 target genes for innate- and adaptive im-
mune profiling by dual color Reverse-Transcription Multiplex Ligation-dependent Probe 
Amplification (dcRT-MLPA) followed by cluster analysis.

We identified transcriptomic biomarkers associated with leprosy disease, different leprosy 
phenotypes as well as high exposure to Mycobacterium leprae which respectively allow 
improved diagnosis and classification of leprosy patients and detection of infection. Im-
portantly, a transcriptomic signature of risk for reversal reactions consisting of five genes 
(CCL2, CD8A, IL2, IL15 and MARCO) was identified based on cross-sectional comparison of 
RNA-expression. In addition, intra-individual longitudinal analyses of leprosy patients be-
fore, during and after treatment of reversal reactions, indicated that several IFN-induced 
genes increased significantly at onset of reaction whereas IL15 decreased.

This multi-site study, situated in four leprosy endemic areas, demonstrates the potential 
of host transcriptomic biomarkers as correlates of risk for leprosy. Importantly, a prospec-
tive five-gene signature for reversal reactions could predict reversal reactions at least 2 
weeks before onset. Thus, transcriptomic biomarkers provide promise for early detection 
of these acute inflammatory episodes and thereby help prevent permanent neuropathy 
and disability in leprosy patients.
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Introduction

Leprosy is a chronic infectious disease caused by Mycobacterium leprae, a bacillus with tro-
pism for skin and peripheral nerves. Despite decades of programs using multidrug thera-
py (MDT), leprosy remains persistently endemic or re-emerging in some regions where it 
predominantly affects poor and marginalized people. A featuring aspect regarding lepro-
sy diagnosis is the plateauing annual new case detection rates of roughly 200,000 world-
wide (1). The pathology of leprosy is complex as it presents as a spectral disease in which 
immunity against M. leprae matches the clinical manifestations after infection with the 
bacterium. At one pole of the spectrum, the disease manifests as tuberculoid leprosy (TT), 
characterized by strong pro-inflammatory cellular immunity including Th1 and Th17 cells 
(2, 3), granuloma formation and elimination of bacteria. At the other pole, lepromatous 
leprosy (LL) is characterized by humoral immunity against M. leprae along with Th2 cells 
but almost no protective cell mediated immunity, allowing accumulation of high num-
bers of bacilli around foamy macrophages (4-8). Nonetheless, the majority of individuals 
present unstable borderline phenotypes (BT, BB and BL) between the two poles (5).

A major challenge in leprosy control is the prevention of permanent disability due to nerve 
damage. Although leprosy is curable by MDT, nerve damage cannot always be avoided. 
Dynamic and unpredictable episodes of increased inflammation, leprosy reactions, can 
occur before, during and even after treatment, with a higher likelihood to occur in adults 
than in children (9, 10). These immunological complications are the principal cause of 
leprosy-associated irreversible neuropathy and are experienced by 30-50% of leprosy pa-
tients one or more times, mostly in the unstable borderline lepromatous patients with 
substantial bacterial loads (11). Two types of reactions are recognized: reversal reactions 
or type 1 (RR) and erythema nodosum leprosum (ENL). RRs are caused by changes in the 
host immune response against M. leprae which is upgrading from borderline to the TT 
pole characterized by an enhanced cell-mediated immunity, inflammation (12, 13). These 
reactions can occur spontaneously but are also linked to shifts from Th2 to Th1, e.g. oc-
curring during anti-helminth treatment of co-infected leprosy patients (14-17), HIV highly 
active antiretroviral therapy (HAART) and at the end of extensive anti-TNF-α therapy (10, 
13) and even BCG vaccination (18).

Prompt diagnosis and treatment of reactions significantly favors successful recovery (9, 
19). Unfortunately, reactions are often late- or misdiagnosed, in part due to decreased 
expertise within integrated health services (19) which urges the need for new, diagnostic 
tools. Delays in diagnosis of reactions directly translate into negative clinical outcomes, 
as associated neuropathy not properly diagnosed or treated within the first 6 months of 
symptoms will likely become permanent (20) alongside the disabilities it may later initiate 
via recurrent ulcers and other related pathologies (21). Despite recent scientific progress 
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with respect to complement (22, 23) and serum-proteins, particularly CXCL10 (IP-10), as 
biomarkers associated with onset of reactions (15-17, 24-26), discovery of accurate, clini-
cally useful prognostic biomarkers remains elusive, leaving early diagnosis of reactions a 
currently unmet need.

Since host transcriptomic biomarkers reflect early stages of or ongoing biological process-
es, they have been widely used to profile the host transcriptome for diagnostics for tu-
berculosis (TB) (27-30). Moreover, multicomponent host biomarker signatures have been 
described that predict development of disease in retro- and prospective cohorts (31, 32). 
In this respect dual color Reverse-Transcription Multiplex Ligation-dependent Probe Am-
plification (dcRT-MLPA) has proven to be a valuable tool for monitoring gene expression 
profiles in large cohorts (29, 33). Techniques such as RNA-Seq and microarray are costly, 
technically challenging and require high RNA concentrations which limits their applica-
tion for large cohorts. Therefore, a selection of genes related to immune-mediated inflam-
matory pathways, which play a role in the immunopathology of leprosy can be assessed 
by dcRT-MLPA (29, 34).

Many reactions occur during MDT, with the highest rates reported within the first 6 
months of treatment (11, 19, 35). To identify transcriptomic signatures for applications 
to surveillance of leprosy reactions, whole blood RNA of leprosy patients was monitored 
during MDT. To accommodate worldwide applicability, this study was executed in four 
prospective cohorts in Asia, Africa and South America. Improved knowledge on longitu-
dinal fluctuations of RNA-expression associated with reactions will promote identification 
of patients with imminent reactions leading to timely interventions that can impact nerve 
damage in affected individuals.

Materials and methods

Participants

Patients and controls were recruited on a voluntary basis between February 2008 and 
March 2015 (Table 1) in four leprosy endemic populations: in Bangladesh (Internation-
al Centre for Diarrhoeal Disease Research Bangladesh, Dhaka), Brazil (National Reference 
Centre for Sanitary Dermatology and Leprosy, Uberlandia and Leprosy Laboratory, Oswal-
do Cruz Institute, Oswaldo Cruz Foundation (FIOCRUZ), Rio de Janeiro), Ethiopia (ALERT 
hospital and Health Centre, Addis Ababa) and Nepal (Mycobacterial Research Laborato-
ries, Kathmandu). Leprosy was diagnosed based on clinical, bacteriological and histolog-
ical observations and classified by skin biopsies according to Ridley-Jopling (36). Clinical 
monitoring for reactions was performed during monthly clinic visits. Participant informa-
tion was collected with emphasis on standardizing data collection and definition of re-
actions between all cohorts (37, 38). Endemic controls (EC) were living in the same area 
without known contact with leprosy or TB patients and were assessed for the absence of 
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clinical signs and symptoms of leprosy and TB. Staff of leprosy or TB clinics and laboratory 
staff were excluded. Healthy household contacts (HHC) were defined as adults living in 
the same household as leprosy patients for at least the preceding six months.

Table 1. Samples of participants included in cross-sectional analysis.

Site Category1 RR Timepoint num-
ber

Bangladesh EC na na 61

  BB/BL/LL (MB) no LR t=0 no LR t=0 62

  BB/BL/LL (MB) no LR t= end no LR t=end 26

  TT/BT (PB) no LR t=0 no LR t=0 36

  TT/BT (PB) no LR t =end no LR t=end 9

  BB/BL/LL (MB) RR t=0 RR t=0 5

  BB/BL/LL (MB) RR t= x RR t=x 30

  BB/BL/LL (MB) RR t= end RR t=end 42

TT/BT (PB) RR RR t=0 or=x, or =end 9

ENL/Neuritis ENL/Neuritis t=0 or=x, or =end 11/0

  HHC na na 38

Brazil EC na na 46

  BB/BL/LL (MB) no LR t=0 no LR t=0 26

  BB/BL/LL (MB) no LR t= end no LR t=end 20

  TT/BT (PB) no LR t=0 no LR t=0 52

  TT/BT (PB) no LR t =end no LR t=end 38

  BB/BL/LL (MB) RR t=0 RR t=0 17

  BB/BL/LL (MB) RR t= x RR t=x 20

  BB/BL/LL (MB) RR t= end RR t=end 20

TT/BT (PB) RR RR t=0 or=x, or =end 28

ENL or Neuritis ENL/Neuritis t=0 or=x, or =end 22/18

  HHC na na 14

Ethiopia EC na na 51

  BB/BL/LL (MB) no LR t=0 no LR t=0 83

  BB/BL/LL (MB) no LR t= end no LR t=end 9

  TT/BT (PB) no LR t=0 no LR t=0 16

  TT/BT (PB) no LR t =end no LR t=end 1

  BB/BL/LL (MB) RR t=0 RR t=0 2

  BB/BL/LL (MB) RR t= x RR t=x 36

  BB/BL/LL (MB) RR t= end RR t=end 12
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Recruitment

Newly diagnosed, untreated leprosy patients without clinical reactions were enrolled 
and blood was drawn before initiation of multidrug (MDT) therapy (t=0) as previously 
described (15). Patients with reactions within initiation of three months of therapy were 
excluded. Patients were often diagnosed with RR at first clinic visits, leading to a low fre-
quency of untreated cases without RR at their first visits that subsequently developed RR 
during this study. If patients presented with reactions after more than three months of 
MDT, blood was drawn again before initiation of anti-reactional therapy (t=x). Patients di-
agnosed with RR at their first clinic visits were also recruited (t=x) but blood was collected 
after completion of MDT and/or after steroid therapy (t=end). For patients with RR this 
was done at least one month after completion of steroid therapy. Patients were assessed 
for absence of reactions one year after t=end. For patients showing clinical signs of reac-
tions within three months after t=end, this time point was excluded from analyses. Thus, 
analyses included two samples of each patient without reactions [before (t=0) and after 

TT/BT (PB) RR RR t=0 or=x, or =end 6

ENL or Neuritis ENL/Neuritis t=0 or=x, or =end 11/1

  HHC na na 33

Nepal EC na na 42

  BB/BL/LL (MB) no LR t=0 no LR t=0 14

  BB/BL/LL (MB) no LR t= end no LR t=end 5

  TT/BT (PB) no LR t=0 no LR t=0 19

  TT/BT (PB) no LR t =end no LR t=end 8

  BB/BL/LL (MB) RR t=0 RR t=0 6

  BB/BL/LL (MB) RR t= x RR t=x 12

  BB/BL/LL (MB) RR t= end RR t=end 7

TT/BT (PB) RR RR t=0 or=x, or =end 29

ENL or Neuritis ENL/Neuritis t=0 or=x, or =end 2/0

  HHC na na 6

Nether-
lands

NEC first time point na na 19

  NEC second time points na na 10

total 1090
1EC: endemic control; BB/BL/LL: borderline borderline/ borderline lepromatous/ lepromatous leprosy; TT/
BT: tuberculoid leprosy/ borderline tuberculoid leprosy; LR: leprosy reaction; RR: reversal reaction; NEC: 
non-endemic control; na: not applicable; t=0: time point of enrolment before initiation of multidrug 
(MDT) therapy; t=x: time point of LR; t=end: time point of completion of MDT and/ or steroid therapy.
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treatment (t=end)] and three of each patient who developed RR [in the absence of clinical 
signs of reactions, ≥2 months before RR diagnosis (t=0); at RR diagnosis, before steroid-
-treatment (t=x); after RR, at least one month after ending steroid-treatment (t=end)]. Pa-
tients with leprosy relapse and pure neural leprosy were excluded from the analysis.

Ethics

This study was performed according to the Helsinki Declaration. Written informed con-
sent was obtained before enrolment. Patients received treatment according to national 
guidelines. Ethical approval of the study-protocol was obtained through Ethical Review 
Committee of ICDDR,B  (#PR-10032; #PR-2007-069); Brazilian National Council of Ethics in 
Research (CONEP) and the Fiocruz Ethical research Council CEP (# 555/10) or UFU Research 
Ethics Committee (#499/08); National Health Research Ethical Review committee Ethiopia 
(NERC # RDHE/127-83/08); Nepal Health Research Council (NHRC #751).

RNA isolation

RNA from PAXgene tubes was extracted using PAXgene Blood RNA kits (BD Biosciences, 
Franklin Lakes, NJ) according to the manufacturers’ protocol. RNA yield was determined 
by a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).

Dual color Reverse-Transcription Multiplex Ligation-dependent Probe Amplificati-
on (dcRT-MLPA) assays

dcRT-MLPA assay was performed as previously described (33, 39). In short, for each target-
-specific sequence, a specific RT primer was designed located downstream of the half-pro-
be target sequences (Sigma-Aldrich, Saint Louis, MO). RNA (2.5 µl of a 50 ng/µl solution) 
was reverse transcribed with 1x MMLV reverse transcriptase buffer, dNTPs (0.4 mM of each 
nucleotide), and 80 nM of the target-specific RT primers in a final volume of 4.5 µl. After 
heating for 1 min to 80°C and incubation for 5 min at 45°C, 30U MMLV reverse transcrip-
tase (Promega, Madison, WI) was added and incubated for 15 min at 37°C before heat in-
activation of the enzyme for 2 min at 98°C. Subsequently, half-probes (6 nM) were added 
to the reaction, heat denatured for 1 min at 95°C followed by hybridization for 16 h at 
60°C. Ligation of the annealed half-probes was performed for 15 min at 54°C by ligase-65 
followed by heat inactivation for 5 min at 98°C. Ligation products were amplified by PCR.  
Thermal cycling conditions encompassed: 33 cycles of 30s/95°C, 30s/58°C, and 60s/72°C, 
followed by 1 cycle of 20min/72°C. PCR products were diluted 1:10 in HiDi formamide con-
taining 400 HD ROX size standards and analyzed on an Applied Biosystems 3730 capillary 
sequencer in GeneScan mode (Applied Biosystems, Foster City, CA). MLPA reagents were 
from MRC-Holland (Amsterdam, The Netherlands).

Data were analyzed using GeneMapper software 5 (Applied Biosystems). The areas of each 
assigned peak (in arbitrary units) were exported for further analysis in R-Project, normali-
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zed to GAPDH and log2 transformed. Signals below the threshold value for noise cut-off 
(peak area ≤ 7.644) were assigned the threshold value for noise cut-off. Pathway analysis 
was performed using Ingenuity Pathway Analysis (Qiagen, Hildern, Germany).

Statistical analyses dcRT-MLPA

Wilcoxon signed-rank test was applied for paired samples. For cross-sectional comparis-
ons of different test groups at comparable time points, a Mann–Whitney test was used. 
P-values were corrected for multiple comparisons using the Benjamini-Hochberg method 
(40). To classify BL/LL patients according to their likelihood to develop RR a logistic re-
gression model was fitted with RR (yes/no) as outcome (dependent variable), and gene 
expression values at time t=0 as covariates (risk factors). Genes were grouped based on 
correlation of their expression using a hierarchical clustering analysis (average linkage) 
based on absolute correlation difference. The global test (version 5.32.0) (41) in R (version 
3.4.1) was performed on these groups. Genes that were significant differently expressed 
between the test groups (inheritance < 0.05) after multiple testing correction, constituted 
a biomarker signature for prediction of RR. To avoid overfitting, the biomarker signature 
was evaluated using a leave-one-out cross-validation (LOOCV): during the training of the 
model, one subsample (n-1) was reserved in each iteration for evaluation of the accuracy 
of the model on a sample excluded from the training set. The gene selection for the pre-
dictive signature was redone at every fold. The predictive biomarker signature was thus 
assessed in observations, which were not used to build the model. To evaluate the risk 
of developing RR, the cut-off for gene expression was determined based on the Youden 
Index. A score of 0 or 1*(weight of gene) was given per gene based on the association to 
RR (as indicated by the cut-off). The weight of gene was based on the results from the 
global test. All the scores from the significant genes were added and divided by the sum 
of weights to calculate the risk to develop RR. Area Under the Receiver Operating Charac-
teristic curve (ROC-AUC) was calculated using GraphPad Prism (version 7.02).

Results

Prospective cohorts

To identify correlates of risk (CoR) for leprosy and RR, blood of 1,090 samples was obtained 
longitudinally in Bangladesh, Brazil, Ethiopia and Nepal (Table 1-2).

Leprosy-specific RNA-profiles

We first analyzed gene expression in ex vivo blood samples of newly diagnosed leprosy 
patients (irrespective of classification) without reactions (n=359) from Bangladesh, Brazil, 
Ethiopia and Nepal compared to EC from these regions (n=200). To this end, 103 target ge-
nes associated with innate and adaptive immunity (29, 33, 39) were analyzed by dcRT-ML-
PA (Table S1). A substantial variety (36 genes) was observed to significantly differ between 
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patients and EC at all sites. Expression of 13 genes was upregulated and 23 genes were 
downregulated in patients compared to EC (Table S2). When comparing leprosy patients 
to HHC (Table S3), 16 genes showed significantly different expression for leprosy patients 
(increased: FCGR1A, IL6, IL15, LRKK2, MBP, MSR1, PACRGv1, TLR1, TLR4; decreased: CAMTA, 
CD3E, CTLA4, CXCL13, GATA3, LAG3, TFGB). Importantly, whilst most of these genes were 
also differently expressed in leprosy patients compared to EC, MBP, MSR1, TLR1, CAMTA, 
CXCL13 and TFGB were differentially expressed in leprosy patients exclusively when com-
pared to HHC. Such genes are potential CoR for leprosy in contacts of leprosy patients who 
are highly exposed to M. leprae. Being part of innate/adaptive and macrophage signaling 
pathways (42), these genes, are not restricted to leprosy but are also relevant in rheuma-
toid arthritis and Crohn’s disease (Table S4).

Table 2. Demographics and clinical characteristics of reactional patients recruited longitudi-

nally§.

# area RJ LR BI* PGL-I* sex age*

1 Bangladesh BL RR 2+ 0.95 male 36

2 Bangladesh BL RR 2+ 0.27 female 39

3 Bangladesh BL RR 0 1.82 male 36

4 Bangladesh BL RR 2+ 1.17 male 32

5 Brazil BL RR 3.2+ 0,43 male 35

6 Brazil BL RR 2.42+ 0.07 male 29

7 Brazil BL RR 4.28+ 1.02 female 42

8 Nepal BT RR 0.25+ 0.07 female 40

9 Ethiopia BB RR 0 0.15 male 33

10 Netherlands BL RR 5+ 1.83 male 17

§Blood samples were collected from 10 patients at 3 time points: at diagnosis of leprosy in the absence 
of any clinical signs of reactions, at diagnosis of reactions and after treatment; * at recruitment before 
treatment.

RJ: Ridley Joplin classification; LR: Leprosy Reaction; RR: reversal reaction. 

BI: bacterial index; PGL-I: OD at 450nm in anti-PGL-I antibody ELISA (threshold for positivity: OD450 = 0.2).

RNA-profiles for leprosy classification

To identify genes applicable for classification of different types of leprosy, the 103 target 
genes (Table S1) were assessed similarly by dcRT-MLPA in blood from newly diagnosed, 
untreated BL/LL (n=228) as well as TT/BT (n=131) leprosy patients from the four-different 
leprosy endemic populations. After correction for multiple comparisons (40) seven genes 
remained significantly different. Expression levels of IL2 and TLR6 were increased in TT/
BT compared to BL/LL whereas CD46, CXCL10, FCGR1A, HDAC2 and TLR4 expression levels 
were increased in BL/LL (Figure 1; Table S5).
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Figure 1. Transcriptional profiles of BL/LL and TT/BT patients without reactions.
Gene expression levels of 103 target genes were assessed by dual-color RT-MLPA performed on ex 
vivo RNA isolated from whole blood of newly diagnosed, untreated BL/LL (n=228; black circles) and 
TT/BT (n=131; grey circles) leprosy patients without reactions from Bangladesh, Brazil, Ethiopia and 
Nepal. Log2-transformations of peak areas (normalized to the housekeeping gene GAPDH) of genes 
that were significantly differentially expressed between BL/LL and TT/BT are shown on the y-axis. 
Raw p-values were calculated using the Mann–Whitney test and adjusted for multiple comparisons 
using the Benjamini-Hochberg correction (40). 

*: adjusted p-values <0.05; **: adjusted p-values <0.01; (see Table S5).

RNA-profiles associated with exposure to M. leprae

Since HHC of leprosy patients have a higher risk to develop leprosy than the general po-
pulation in an endemic area (43), biomarker profiles indicating this risk could help deci-
sion making on who needs preventive antibiotic treatment (44). These genes represent 
potential transcriptomic tools to identify individuals substantially exposed to M. leprae. 
Thus, RNA-expression profiles of HHC (n=83) were compared to EC (n=200) (Table S6). 
We identified 10 differentially expressed genes with either significantly higher expression 
in HHC (Figure 2; FOXP3, TGFB and CCL3) or in EC (CCR6, GZMA, HDAC2, IL22RA1, PTPRCv2, 
TLR1 and TLR7).
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 Transcriptomic risk factors for development of RR

To assess whether RNA-expression levels can be used as a predictive tool for reactions 
during MDT, cross-sectional comparison of gene expression levels was performed for 
samples at the time of leprosy diagnosis in the absence of clinical signs of reactions (t=0). 
Gene expression from BL/LL patients who developed RR ≥2 months later in the study 
(n=30) was compared to BL/LL patients who did not develop reactions at all (n=184) using 
the Mann–Whitney test. Transcriptomic profiles of the two groups of BL/LL patients resul-
ted in a decreased expression of CTLA4 and GATA3 at diagnosis in patients who would later 
develop RR (Figure 3), whereas nine genes (CCL2, IL2, IL15, IL18, MARCO, PHEX, TLR2, TLR6 
and TLR10) were significantly increased (Figure 3; Table S7).

Next, we also determined the biomarker signature with the least number of genes and the 
highest discriminatory power to categorize BL/LL patients according to their likelihood 
to develop RR   using the global test (41) (Figure 4; p=1.28*10-5). Four genes (CCL2, IL2, 
IL15 and MARCO) remained significantly (inheritance < 0.05) associated with occurrence 

Figure 2. Transcriptional profiles of healthy household contacts and endemic controls.
Gene expression levels of 103 target genes were assessed by dual-color RT-MLPA performed on ex 
vivo RNA isolated from whole blood of healthy household contacts (HHC; n=83; black circles) and 
endemic controls (EC; n=200; grey circles) from Bangladesh, Brazil, Ethiopia and Nepal. Log2-trans-
formations of peak areas (normalized to GAPDH) of genes significantly differentially expressed bet-
ween HHC and EC are shown on the y-axis. Raw p-values were calculated using the Mann–Whitney 
test and adjusted for multiple comparisons using the Benjamini-Hochberg correction (40).

*: adjusted p-values <0.05; **: adjusted p-values <0.01; (see Table S6).
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of RR at the time of recruitment, whereas CD8A was negatively associated with RR (Figure 
3B). Although expression of CD8A was not statistically significant using Mann–Whitney, it 
contributed significantly to the transcriptomic global test-signature. From the five genes 
CCL2 contributed most to the model (Figure 4B).

Figure 3. Identification of biomarker risk signature for developing reversal reactions.
Gene expression levels of 103 target genes were assessed by dual-color RT-MLPA performed on ex 
vivo RNA isolated from whole blood from BL/LL patients who developed reversal reactions (RR) at 
least two months later during the study (n=30; grey circles) and BL/LL who did not develop reac-
tions (n=184; black circles) from Bangladesh, Brazil, Ethiopia and Nepal. Samples were analyzed at 
t=0: in the absence of clinical signs of reactions. Log2-transformations of peak areas (normalized for 
GAPDH expression) of genes with significantly different expression between both groups (at t=0) 
are shown on the y-axis. (A) Genes with a significant (p-value <0.05) different expression only using 
the Mann-Whitney test are show. P-values were adjusted for multiple comparisons using the Benja-
mini-Hochberg correction (40) (see Table S7). (B) Genes with a significant different expression in the 
global test and Mann-Whitney or the global test only are shown.
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Figure 4. Identification of a minimal biomarker risk signature for developing reversal reacti-
ons.
Biomarker signature to assess the risk of BL/LL patients to develop reversal reactions (RR). Gene ex-
pression data obtained by dual-color RT-MLPA of RNA isolated from whole blood of BL/LL patients 
from Bangladesh, Brazil, Ethiopia and Nepal at t=0 were analyzed using the global test cluster ana-
lysis(41). The global test is a cluster analysis based on absolute correlation difference and average 
linkage developed for data sets in which many covariates (or features) have been measured for 
the same subjects, together with a response variable. Graphs (A-B) indicate genes that are higher 
expressed in future RR patients (red) or in non-reactional BL/LL patients (green). In (A) all genes 
analyzed are shown and in (B) figure only significant branches are shown. Table (C) shows values for 
the 5 genes that were statistically significant after correction for multiple testing (inheritance <0.05), 
representing the output signature of the global test shrinkage model.
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To evaluate the prediction a LOOCV was performed in which in every iteration a subsam-
ple (n=1) was excluded in the global test to evaluate the model performance on unseen 
samples. The overall classifying ability of the biomarker-signature is indicated as a ROC-
-AUC=0.80 (Figure S1).  Thus, transcriptomic profiles can prospectively differentiate, at the 
time of leprosy diagnosis in the absence of any clinical symptoms of reactions, patients 
who will develop RR.

Longitudinal transcriptomic changes: monitoring RR onset and treatment

Cross-sectional analysis of gene expression at different time points amongst patients with 
RR showed only a significant increase in IL10 at RR compared to before RR (Supplementary 
results; Tables S8-S9; Figures S2-S3).

Since RNA-expression levels of genes may vary over time, RNA-expression was also as-
sessed longitudinally at three time points in whole blood of 10 leprosy patients (Table 
2) developing RR during the study (Figures 5, S4-S5). This included besides 103 immune-
-associated genes, 38 IFN-induced genes (Table S1) previously identified as markers for 
mycobacterial disease (45-49). Expression of ten genes (CXCL10, FCGR1A, IFI16, IFI44, IFI35, 
IFI44L, IFI6, IFIH1, IL15 and OAS1) significantly differed when comparing time points before 
RR vs at RR as well as at RR vs after RR. All genes except IL15 consistently increased with de-
velopment of RR, and normalized after treatment, whereas IL15 decreased at onset of RR 
(Figure 5). Most of the genes identified longitudinally are directly connected to the genes 
identified as predictive markers before clinical symptoms of RR (Figure S6).

Five genes (IL10, PRF1, CCL2, CCL3 and BMP6) were significantly different only at onset of 
RR compared to before RR (Figure S4), while nine (IFITM3, IFIT3, GBP5, GBP1, GBP2, OAS3, 
STAT1, STAT2 and TAP1) only displayed a significant effect upon treatment (Figure S5).

These data indicate that onset of RR can be monitored, based on differential expression of 
inflammatory genes in whole blood, allowing early detection and subsequent treatment 
of RR. Thus, helping to reduce irreversible nerve damage and associated disabilities. 

Discussion

In the current state of leprosy elimination, reactions persist as a major problem since pa-
tients remain at risk due to M. leprae antigens that can persist for years post-MDT. RRs 
can occur at any time during, before or after MDT (12) and although several factors have 
been associated with reactions, the underlying mechanism is not completely known (10). 
Genetic susceptibility to reactions but also treatment for other diseases or co-morbidities 
have been suggested to play a role by causing an immunological shift from Th2 to Th1 
(10, 13-17). In addition, Th17 cells have been proposed to play a role in RR pathogenesis 
as well (50). Still, no validated biomarker signature is available at the moment. The imple-
mentation of diagnostics tests for reactions in leprosy health care could make significant 
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Figure 5. Intra-individual longitudinal expression of patients who developed RR.
Direct ex vivo RNA-expression values were assessed by dual-color RT-MLPA on whole blood of 10 
leprosy patients who developed RR during this study. Blood was analyzed at three time points: in 
the absence of any clinical signs of reactions and at least two months before RR (t=0), at RR diagnosis 
before steroids (t=x) or after MDT and at least one month after end of steroids, in the absence of re-
actions (t=end). Log2-transformations of peak areas (normalized for GAPDH expression) are shown 
on the y-axis. Wilcoxon signed-rank test was performed. Genes with a significant difference (p-value 
<0.05) in expression between before RR-at RR and at RR-after RR are shown.
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differences in clinical outcomes and help reduce nerve damage. Transcriptomic biomar-
ker signatures provide indications as to how immune responses are oriented and instruc-
ted to develop reactions (31, 32). Due to the available samples set we have focused on the 
analysis of biomarkers for RR, biomarkers for CoR of leprosy, leprosy classification and M. 
leprae exposure have also been investigated.

This is the first multi-site, prospective study analyzing unstimulated whole blood-derived 
RNA-expression profiles of four endemic populations using dcRT-MLPA, a focused gene-
-expression profiling platform for monitoring gene expression in large cohorts (29, 34). We 
showed that host RNA-expression levels discriminate various stages of disease thereby 
offering potential for leprosy diagnostics. Since differentiating high exposure to M. leprae 
and early leprosy is difficult using serum proteins (51), the here identified transcriptomic 
biomarkers provide potential to identify cases among contacts in high endemic regions. 
A limitation of the current study is the lack of follow-up of HHC in order to validate the 
identified biomarkers of M. leprae infection as CoR for leprosy. However, this is currently 
addressed in ongoing studies. Moreover, validation in an independent cohort will provide 
more evidence on whether transcriptomic signatures may be applied to guide prophylac-
tic strategies by discriminating contacts highly exposed to M. leprae and at risk of develo-
ping disease.

We have identified genes differentially expressed between leprosy patients and EC or 
HHC. Whilst most of the genes overlap between the two comparisons, some genes dis-
criminate leprosy patients from HHC exclusively (MBP, MSR1, TLR1, CAMTA, CXCL13 and 
TFGB). Thus, these genes could be correlated to development of disease. Additionally, we 
observed that a classification of leprosy patients is possible using transcriptomics since 
a set of genes were increased in BL/LL patients (CD46, CXCL10, FCGR1A, HDAC2 and TLR4) 
and TT/BT showed a higher expression of IL2 and TLR6.

Importantly, we identified a five-gene CoR signature (CCL2, CD8A, IL2, IL15, MARCO) for 
RR differentiating those developing RR ≥2 months prior to clinical symptoms. CCL2, was 
downregulated in leprosy patients without reactions compared to EC, in line with lower 
CCL2 expression observed in nerves of leprosy patients compared to patients with non-le-
prous peripheral neuropathy (52). We observed a higher expression of CCL2 in future RR 
patients compared to patients who did not develop RR, as well as a longitudinal increase 
during RR onset. Similarly, a Brazilian study analysing 90 immune related genes, showed 
that CCL2 had the highest fold change in expression levels between leprosy patients with 
and without RR (53) and increased CCL2 expression in RR patients has also been described 
in other studies (35, 54). CCL2 is associated with excessive deposit of extracellular matrix 
and macrophage recruitment (55) which can be due to an increase of M. leprae antigens 
presented to the immune system after MDT. This leads to activation of pro-inflammatory 
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cytokines and attraction of CD4+ T cells as confirmed by the similarly increased IL2 expres-
sion in future RR patients. Upregulation of IL2 and IL15, as well as downregulation of CTLA4 
and GATA3 decreases regulation of Th2 and the lack of regulation leads to exacerbation 
of Th1, which is common in RR. Higher expression of MARCO in future RR patients is also 
in line with increased antigen presence. Differences in the expression of this scavenger 
receptor were also identified in several other diseases such as giant cell arteritis (56), en-
thesitis-related arthritis (57) and lupus (58) suggesting a general role for antigenic trig-
gers in respective disease etiology. IL15 which encodes a cytokine important for cytotoxic 
T-cell proliferation and increases GZMB expression (59), was higher expressed in future RR 
patients, but decreased during RR in the longitudinal analysis. Upregulation of IL15 in pa-
tients who will develop RR may lead to an increase of cytotoxic T-cells and tissue destruc-
tion. CD8A is found on cytotoxic T lymphocytes, macrophages and dendritic cells leading 
to tissue damage in leprosy (60). Even though we did not find significant difference in the 
expression before and at RR, previous longitudinal analysis showed increased expression 
at RR onset (39). Thus, the decreased expression of CD8A as observed here in future RR 
patients when they still lack reactional symptoms (cross-sectional comparison) may indi-
cate the number of CD8+ cells like cytotoxic T cells are increasing during RR development.

To evaluate the role of reaction-associated biomarkers as etiological and early-disease-
-prediction targets, temporal associations are implicit to indicate the utility of novel bio-
markers for application in diagnostic tests. In this multi-site study, RNA-expression was 
therefore also analyzed longitudinally: before, during reaction and after treatment. IFN-in-
duced genes (IFI44, IFI35, IFI44L, IFI6, IFIH1, CXCL10 and FCGR1A) showed high expression 
at RR which decreased during reactional treatment; whereas IL15 expression decreased 
at RR. These biomarkers corresponding with increased inflammation can be useful when 
monitoring patients during their monthly dose of rifampicin helping to timely detect inci-
pient RR. However, larger longitudinal cohorts should be studied prospectively to confirm 
our findings.

Previously, using longitudinal analysis of blood and skin samples of one leprosy patient 
who developed RR, a candidate blood-derived CoR for RR was identified composed of 
genetic host factors associated with T-cell cytotoxicity, regulation, vasculogenogenesis 
and IFN-signaling (15). An interferon-dominant signature has also been identified for 
TB, first in 2010 (45) and in multiple subsequent studies (47, 49, 61). In line with our fin-
dings, higher levels of CXCL10 have also been reported in association with episodes of 
RR (16, 54). FCGR1A can differentiate between active and latent tuberculosis, suggesting 
a major role in the immune response against mycobacterial diseases (34). Both CXCL10 
and FCGR1A showed higher RNA expression during reaction as well as in BL/LL patients 
compared to TT/BT patients. These markers of innate immunity (CXCL10) and infection 
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(FCGR1A) thus are increased in two different phases in leprosy associated either with M. 
leprae-specific T cell anergy and high bacterial load (BL/LL) or with a highly inflammatory 
state (RR). CXCL10 is associated with Th1 responses occurring during RR (7, 13, 16). Ho-
wever, CXCL10-producing monocytes are induced during mycobacterial infections (62), 
in line with the observed increased expression in BL/LL patients with high bacillary load. 
Therefore, monitoring transcriptomic changes in an individual is relevant as one marker in 
various conditions may reflect a different disease process.

In this study 103 target genes for innate- and adaptive immune profiling were investi-
gated in view of the immune mediated nature of the pathology of leprosy which stron-
gly correlates with individuals’ immune responses against the bacterium. This selection 
could limit the discovery of novel genes that could potentially be used as biomarkers for 
RR. However, in contrast to studies focused at identification of disease mechanisms, for 
diagnostic purposes only a limited amount of discriminating genes is sufficient, leaving 
out genes which strongly correlate and hence do not have added value to the signature. 
Further in- depth transcriptomic analysis of the samples described in this study have been 
performed by RNASeq in a separate study with the aim to identify additional genes provi-
ding increased insight into mechanisms and pathways involved in RR (63).

Although geographic differences were observed, our study showed that in prospective 
analysis of 4 different leprosy endemic areas, several genes are associated with onset of 
reactions at each site. Further analysis of the diagnostic signatures in extended cohorts 
worldwide need to be performed to validate the performance of the genes signature.

Transcriptomic analyses have shown that TB (31, 32) disease can be characterized by 16 
(64) to as few as 2-4 genes (28). A gene set signature of reversal reaction consisting of 44 
genes was previously described for the Vietnamese population using M. leprae-sonica-
te stimulated whole blood (35). Their set signature included pro-inflammatory regulator 
genes such as CCL2 or IL1A in RR. We observed a decreased expression of IL1A after treat-
ment for RR, however we did not find significant differences in patients who later deve-
loped RR compared to patients who did not have a reaction. We did not find significant 
differences either in other genes of that set such as IL1B, IL6, IL23A, CCL3 or CCL4. Another 
study instead using PBMC of leprosy patients with and without reactions identified a role 
for complement-associated genes (54). They also found that CCL2 and MARCO, which are 
part of our signature biomarker, were differentially expressed in RR patients, as well as 
an interferon γ significant upregulation during RR, which is in line with the increased ex-
pression of IFN-signaling genes we found longitudinally and our RNAseq data (63), which 
shows an enrichment at timepoint of reaction for both IFN- γ and IFN-β pathways.

The here identified biomarker signature is based on unstimulated whole blood and identi-
fies development of RR ≥2 months prior to clinical symptoms using a five-gene signature 
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across four leprosy endemic populations on 3 different continents. Unstimulated whole 
blood and a signature with a small number of markers is more suitable for a point-of-care 
(POC) use as a field-friendly test.  Early diagnosis and treatment of reactions are currently 
the primary research targets for reducing permanent neuropathy and disability develop-
ment in future patients. The ability to predict reactions ≥2 months before development 
of clinical symptoms, using POC diagnostic tests detecting transcriptomic biomarkers for 
RR, would represent momentous advancements in global leprosy health care. Next steps 
include prospective evaluation and translation to clinically useful tools that can be im-
plemented by clinicians. The challenge for the academic community and industry is to 
develop innovative methods to translate multi-transcript signatures into low-cost tests for 
leprosy diagnostics, suitable for use in health facilities in leprosy endemic areas.
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Supplementary Material

Supplementary Figure S2: Difference in gene expression in cross sectional samples between time 
points: before RR and at RR. Gene expression data obtained by dcRT-MLPA of RNA isolated from 

Supplementary Figure S1: AUC 5-biomarker signature to predict RR.
Performance of a 5-biomarker signature defined by global test and composed of gene expression 
data of CCL2, CD8A, IL2, IL15 and MARCO to predict RR. And out-of-bag approach was used to assess 
the risk of developing RR in which a sample was excluded from the training set on each iteration. 
Receiver operator characteristics (ROC) curve is shown for the accuracy of the biomarker signature. 
The true positive rate (sensitivity) is plotted against the false positive rate (1-specificity). AUC: area 
under the curve.
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unstimulated whole blood of RR patients from Bangladesh, Brazil, Ethiopia and Nepal at t=0 (n= 
41) and at clinical onset of RR (n=129, t=x). Log2-transformations of peak areas (normalized to the 
housekeeping gene GAPDH) of genes that were significantly different are shown on the y-axis. Raw 
p-values were calculated using the Mann–Whitney test and adjusted for multiple comparisons us-
ing the Benjamini-Hochberg correction (40). 

Supplementary Figure S3: Difference in gene expression in cross sectional samples between time 
points: at RR and after treatment. Gene expression data obtained by dcRT-MLPA of RNA isolated 
from unstimulated whole blood of RR patients from Bangladesh, Brazil, Ethiopia and Nepal at clini-
cal onset of RR (n=129, t=x) and after treatment (n=110, t=end). Log2-transformations of peak areas 
(normalized to the housekeeping gene GAPDH) of genes that were significantly different are shown 
on the y-axis. Raw p-values were calculated using the Mann–Whitney test and adjusted for multiple 
comparisons using the Benjamini-Hochberg correction (40).
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Supplementary Figure S4: Set of genes showing significant differences in expression levels du-
ring longitudinal follow-up before RR and at RR. Gene expression was assessed by dcRT-MLPA on ex 
vivo RNA of 10 leprosy patients who developed RR during this study. Blood was analyzed at 3 time 
points: in the absence of any clinical signs of reactions and at least two months before RR (t=0, in 
green), at RR diagnosis before steroids (t=x, in red) or after MDT and at least one month after end 
of steroids, in the absence of reactions (t=end, in purple). Log2-transformations of peak areas (nor-
malized for GAPDH expression) are shown on the y-axis. Wilcoxon signed-rank test was performed. 
Significant differences (p-value <0.05) between gene expression before RR and at RR are indicated.
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Supplementary Figure S5: Set of genes showing significant differences in expression levels during 
longitudinal follow-up between RR and after RR. Gene expression levels were assessed by dcRT-ML-
PA on ex vivo RNA of 10 leprosy patients who developed RR during this study. Blood was analyzed 
at 3 time points: in the absence of any clinical signs of reactions and at least two months before 
RR (t=0, in green), at RR diagnosis before steroids (t=x, in red) or after MDT and at least one month 
after end of steroids, in the absence of reactions (t=end, in purple). Log2-transformations of peak 
areas (normalized for GAPDH expression) are shown on the y-axis. Wilcoxon signed-rank test was 
performed. Significant differences (p-value <0.05) between gene expression before RR and at RR 
are indicated.
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Supplementary Figure S6: Relationship of the genes identified as predictive CoR in RR and differ-
ently expressed longitudinally. Data were analyzed by Ingenuity Pathway Analysis (65) (QIAGEN Inc., 
https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis) showing the con-
nections between the genes identified as predictive CoR for RR before clinical symptoms and genes 
with a significantly different expression in RR patients longitudinally. Genes identified in the longi-
tudinal analysis are depicted with pink lines and genes identified as predictive CoR for RR in gray.
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Abstract

Introduction: The association between leprosy risk or protection and host genetics has 
been investigated in the last years. However, due to intrinsic genetic variations between 
different populations the impact of genetic variants in leprosy development might vary 
across populations.

Methods: In this study we investigated the effect in leprosy of 13 genetic markers located 
in 11 genes in the population of Bangladesh. These markers were found to be associa-
tion with leprosy in Prata Village (Brazil). We performed a family-based analysis using 60 
parent-affected child trios, followed by a case-control study consisting of 210 cases and 
189 endemic controls. Genotypes for the 13 markers were determined by TaqMan SNP 
genotyping.

Results: Significant association was found in the family-based study between leprosy and 
three single nucleotide polymorphisms (SNPs), rs1801224, rs13001714, and rs1801582, 
located in CUBN, IL1RL1, and PRKN genes respectively. These findings did not replicate in 
the case-control sample.

Conclusion: Variants in the CUBN, IL1RL1 and PRKN genes were associated with leprosy 
risk or protection in Bangladesh. Although replication in the case-control sample was not 
successful, the results presented in this study validated the association of these genes 
with leprosy as identified in Prata Village.
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Introduction

Leprosy is a chronic infectious and neurological disease caused by Mycobacterium leprae 
that leads to an impairment of both the immune and peripheral nerve systems (1). The 
prevalence of this disease has globally decreased over the years as a result of treatment 
with multidrug therapy, which consists of a combination of rifampicin, clofazimine and 
dapsone. However, it still poses a significant threat to public health, especially in low- and 
middle-income countries, bearing more than 200.000 new cases annually (2). Leprosy pre-
sents different clinical manifestations depending on the immune response, ranging from 
few skin lesions with undetectable bacilli and strong cell-mediated immunity, correspon-
ding to tuberculoid (TT) leprosy, to multiple lesions with high bacillary load and strong 
humoral immunity, corresponding to lepromatous (LL) leprosy. Between these two poles, 
borderline patients (BT, BB, BL) display variable degrees of TT and LL features that may 
develop into either of the two types (3, 4).

It is widely accepted that clinical leprosy, as an outcome of exposure to M. leprae, is like-
ly to require a combination of pathogen burden as well as environmental and genetic 
susceptibility factors, meaning that the sole exposure to the pathogen is not enough to 
trigger the disease manifestations. Over the past century, more than 30 loci throughout 
the human genome have been associated with leprosy phenotypes, proving that the host 
genetic background strongly influences leprosy susceptibility and pathogenesis (3, 5).

The first positional candidate genes to harbor leprosy susceptibility were located at the 
10p13, 6q25-27 and 6p21 chromosomal regions, described in Indian and Vietnamese po-
pulations, which included variants of the three classes of human leukocyte antigen (HLA) 
(6, 7). A subsequent high-resolution linkage disequilibrium (LD) mapping of the 6p21.3 
region led to the identification of a functional single nucleotide polymorphism (SNP) in 
the HLA class III gene LTA as a risk factor for early-onset leprosy in the Vietnamese and 
North Indian populations (8, 9). Moreover, SNPs in MRC1, CUBN and NEBL genes, located 
in the 10p13 region, were found to be associated with MB leprosy also in the Vietnamese 
and Indian populations (6, 10, 11). Fine-mapping association studies performed to investi-
gate further the 6q25-q27 region, showed that two SNPs located at the regulatory region 
shared by PACRG and PRKN (formerly known as PARK2) genes were strongly associated 
with leprosy (7, 12). The first genome-wide association study (GWAS) (13), which was per-
formed on a Chinese population, identified NOD2 polymorphisms, among others, to be 
associated with leprosy. Variants of IL23R were correlated with leprosy in Vietnamese and 
Chinese populations (14, 15) and an increased number of copies of this receptor were 
found in Indian leprosy patients (16).

Although the combination of different molecular strategies and study designs has led to 
the identification of several genes associated with leprosy, there are some incongruous 
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findings. These may be explained by diverse genetic backgrounds amongst populations 
or intrinsic differences between studies. Thus, it remains critical to further investigate and 
validate the association of genetic markers with leprosy in the different leprosy endemic 
areas. The aim of the present work was to test for validation, in a population sample from 
Bangladesh, of the association between leprosy and 13 genetic variants located in 11 ge-
nes (ADO, BCL10, CCDC88B, CUBN, DEC1, IL1RL1, IL12RB2, IL23R, LTA, NOD2 and PRKN), all 
previously associated with an increased risk of leprosy development in different indepen-
dent studies and populations (13, 15, 17, 18), including the Prata Village, an isolated for-
mer leprosy colony in Brazil (manuscript in preparation). The association between host ge-
netics and leprosy has been understudied in Bangladesh, a country presenting areas with 
high leprosy endemicity. To date only one study has addressed host genomics of leprosy 
in Bangladesh, studying the N248S SNP in the Toll-like receptor 1 (TLR1) gene (19). Here, 
we further explored genetic associations with leprosy in Bangladesh through a family-ba-
sed design formed by parent-affected offspring trios and a subsequent case-control study 
conducted with an independent sample.

Materials and methods

Study design and ethics statement

The family-based sample consisted of 60 family trios (Figure 1): leprosy patients (n=60) 
and both progenitors (n=118, including a multi-case family), recruited in Bangladesh (Ta-
ble 1, family set). In addition, markers identified in the family-based sample were tested in 
a case-control set (Figure 1) which included leprosy patients (n=210) and unrelated ende-
mic controls (EC) (n=189) from the same population (Table 1, case-control set).

Subjects from both sets were recruited in four districts of Bangladesh (Nilphamari, Rang-
pur, Panchagar and Thakurgaon) according to the Helsinki Declaration (2008 revision) and 
the study was approved by the National Research Ethics Committee (BMRC/NREC/2016-
2019/214). Participants were informed about the study objectives and their right to refu-
se to take part or withdraw without consequences for their treatment. All subjects gave 
informed consent before enrollment and all patients received treatment according to na-
tional guidelines.

Blood samples were collected from all individuals in heparin tubes and were later transfer-
red onto three different whole blood assays (WBA) containing different stimuli (M. leprae 
whole cell sonicate, M. leprae ML0840 recombinant proteins or no stimulus). Serum was 
removed and used for immunological analysis (data not shown) and the remaining was 
used for human genomic DNA isolation.
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DNA isolation

DNA isolation from WBA was performed using QIAamp DNA Blood Midi Kit (Qiagen, Hil-
den, Germany) or was automatized with Maxwell RSC Whole Blood DNA Kit (Maxwell, San 
Diego, CA) according to manufacturer’s instructions. Starting sample volume for the QI-
Aamp Kit was 2 ml and elution was performed using 200 μl of elution buffer (provided in 
the kit). For the Maxwell Kit starting volume was 300 μl and 60 μl of elution buffer (provi-
ded in the kit) was used.

SNP selection and genotyping

The genetic markers (n=13) selected for the present study were previously identified to be 
associated with leprosy susceptibility in an exon-sequencing-based study involving a Bra-
zilian population from the Prata Village (manuscript in preparation). A list of 39 non-HLA 
class I and II candidate genes previously described to be associated with leprosy in inde-
pendent populations of distinct ethnic backgrounds and candidate genes identified by 
GWAS (13, 15, 17, 18) were genotyped in leprosy patients from the Prata Village. Up to 19 

Figure 1. Study design to identify genetic markers associated with leprosy in Bangladesh. 
Schematic representation of the individuals recruited, experimental and analytical steps of the stu-
dy. Samples excluded due to no amplification of any of the selected markers (family set markers 
tested =13, case-control set markers tested=3). TDT: Transmission disequilibrium test. ED: Endemic 
control.
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genes were identified to be associated with leprosy and a selection of 13 genetic markers 
was made to be tested in the present study depending on whether the variation (i) caused 
an amino-acid change, (ii) was predicted to be deleterious in silico, (iii) was predicted as an 
eQTL, or (iv) explained (through LD) previous leprosy association findings. To analyze the 
selected SNPs, real-time quantitative PCR (qPCR) was performed using TaqMan Genotyp-
ing (Thermo Fisher Scientific, Waltham, MA). Mixes contained 20 ng of purified DNA, 0.5 µl 
of TaqMan SNP Genotyping Assay (Thermo Fisher, including forward and reverse primers 
and two TaqMan probes labeled differently, with VIC and FAM dyes, Table S1) and 5 µl of 
TaqMan Genotyping Master Mix in a final volume of 10 µl. The qPCR was performed by 
QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems, Foster City, CA) starting 
with 10 minutes at 95ºC for the polymerase activation and then running 40 cycles of a 
15 seconds at 95ºC, and one minute at 60ºC. Post-PCR reading was performed following 
manufacturer’s instructions and the fluorescence measurements were collected. Geno-
types were determined with Thermo Fisher Cloud Genotyping Application (Thermo Fisher 
Scientific) by analyzing the allelic discrimination plots.

Table 1. Characteristics of leprosy affected offspring in the family set and subjects in the 

case-control set.

Family set, leprosy affect-
ed offspring (n=60)

Case-control set, (n=399)

Group BT patients 
(n=50)

BL/LL pa-
tients (n=10)

BT patients 
(n=143)

BL/LL 
patients 
(n=67)

Endemic 
controls 
(n=189)

Age 
(median)

21 26 35 35 36

Sex (n) 12 females
38 males

1 female
9 males

66 females
77 males

8 females
59 males

115 females
74 males

RJ classifi-
cation (n)

50 BT 3 BL
7 LL

143 BT 37 BL
30 LL 

-

BI (n) 43 BI-0
7 BI-und

2 BI-4
2 BI-5
6 BI-6

143 BI-0 1 BI-2
3 BI-3
21 BI-4
24 BI-5
18 BI-6

-

Characteristics of leprosy affected offspring in the family set and characteristics of leprosy patients 
and controls in the case-control set, including median age in years, number of females and males, 
Ridley-Jopling classification (borderline tuberculoid [BT], borderline lepromatous [BL] or leproma-
tous leprosy [LL]) and bacteriological index (BI). BI-und: bacteriological index undetermined.



-138-

Chapter 7

Statistical analysis

Family-based association analyses were performed using FBAT v2.0.4Q (20) and PLINK 
v1.90b6.18 (21), by evaluating the transmission disequilibrium test (TDT). Hardy-Wein-
berg equilibrium (HWE) and LD were estimated using Haploview Software (version 4.2) 
(22). Comparative analysis between cases and controls were performed using a common 
logistic regression adjusted by sex. Analysis was carried out using R v4.0.4 (23) with the 
package SNPassoc (24).

Results

The genotyping success rate was >95 % for all tested markers except rs1801225 and 
rs224082. These two markers were excluded from the analysis due to MAF <0.05 for 
rs1801225 and to the presence of numerous no amplifications (79.2%) for rs224082 SNP, 
leading to insufficient data for analysis. The distributions of genotypes for the 11 genetic 
markers were in HWE and no LD has been detected between the markers.

Family-based association analysis included BT leprosy (n=50, 83%) and BL/LL leprosy 
(n=10, 17%) offspring (Table 1). TDT following the dominant model showed significant 
association of allele C of marker rs1801582 at PRKN gene (p-value=0.047) with leprosy 
per se (Table 2). Two markers indicated leprosy protection: allele G of marker rs1801224 at 
CUBN (p-value=0.045) and allele G of marker rs13001714 at IL1RL1 (p-value=0.016). Ano-
ther marker (rs1041973) at IL1RL1 showed a tendency to leprosy protection for allele A 
(p-value=0.100), although not statistically significant.

The three markers showing evidence for association with leprosy in the family-based 
analysis (rs1801582, rs1801224 and rs13001714) were tested in a replication case-control 
sample set (Figure 1) including endemic controls (n=189) and leprosy patients (n=210) of 
which 143 (68%) presented BT leprosy and 67 (32%) BL/LL leprosy. Significant differences 
(p-value=5.31·10-7, Mann-Whitney U test) in the sex of individuals included in the case and 
control groups were observed, with a higher number of males in the case group. No dif-
ference was observed in the age of individuals in the case and control groups, however, a 
significant difference in the age was found between patients in the case group and index 
patients in the family set (p-value=2.97·10-13, Mann-Whitney U test). Association analysis, 
adjusted by sex, did not show significant association of any of the three markers with le-
prosy in the case-control sample set. However, rs13001714 marker at IL1RL1 gene (Table 
3) showed a tendency for association with a p-value of 0.133 in the dominant model. As-
sociation analysis separating the cases based on the type of leprosy (BT or BL/LL) did not 
reveal any further association signal with these phenotypes (data not shown).
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Table 2. Association between leprosy per se and Single-Nucleotide Polymorphisms in the fam-

ily set from Bangladesh.

Gene Marker Region Allele AF IF p-valuea

BCL10 rs1060846 1p22.3 A 0.396 41 0.741

CCDC88B rs542907 11q13.1 A 0.438 32 0.450

CUBN rs1801224 10p13 G 0.429 33 0.045

DEC1 rs2285316 9q33.1 G 0.308 39 0.139

IL1RL1
rs1041973 2q12.1 A 0.104 21 0.100

rs13001714 G 0.329 37 0.016

IL12RB2 rs10489627 1p31.3 G 0.292 40 0.167

IL23R rs10889677 1p31.3 A 0.637 20 0.806

LTA rs1041981 6p21.33 A 0.254 33 0.176

NOD2 rs3135499 16q12.1 C 0.204 27 0.768

PRKN rs1801582 6q26 C 0.746 13 0.047

Results of gene markers (n=11) from 10 genes analyzed in 60 family trios formed by case-parents. 

Characteristics for each marker are shown: corresponding candidate gene, chromosomic region, 
allele, allele frequency (AF), number of informative families (IF), and p-value (in bold p-values <0.05).
a Results of the transmission disequilibrium test (p-value) are shown for the dominant model.

Table 3. Case-control replication analysis of markers associated with leprosy in the fami-

ly-based analysis in Bangladesh.

Gene Marker Geno-
type

Cases Controls OR
(95% CI)a

p-valuea

CUBN rs1801224 GG+GT 136 (0.67) 124 (0.67) 0.89 (0.57 – 
1.39)

0.611

TT 67 (0.33) 60 (0.33)

IL1RL1 rs13001714 GG+AG 130 (0.62) 102 (0.54) 1.37 (0.91 – 
2.07)

0.133

AA 80 (0.38) 87 (0.46)

PRKN rs1801582 GG+GC 103 (0.50) 86 (0.55) 1.11 (0.74-1.67) 0.619

CC 104 (0.50) 103 (0.45)

Association analysis in leprosy cases (n=210) and controls (n=189) following a common logistic re-
gression adjusted by sex. Number and frequencies of cases and controls presenting each genotype. 
OR: odds ratio. CI: confidence interval.
a Results of the association analysis (p-value and OR) are shown for the dominant model.
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Discussion

The numerous studies that investigated the relationship between human genetics and 
leprosy over the past century have provided evidences that genetics play a significant 
role in susceptibility to leprosy phenotypes, including leprosy per se, clinical forms of di-
sease and the occurrence of leprosy reactions (3, 12, 13, 25). Nevertheless, differences 
in the pattern of association of genetic variants and leprosy are found between distinct 
populations, emphasizing the importance to replicate and validate genetic associations 
in populations from diverse ethnic backgrounds. Thus far, only one study has been con-
ducted in the Bangladeshi population, investigating the association with leprosy of gene-
tic polymorphisms in one gene, TLR1 (19). Analysis revealed that homozygous S248 was 
significantly associated with leprosy per se, whereas the heterozygous SN genotype was 
found to be protective against leprosy. In the present work, we further explored genetic 
associations with leprosy in Bangladesh by replicating the analysis of 13 SNPs previously 
associated with leprosy in the Prata population.

Using a family-based sample from Bangladesh we identified three markers (rs1801224, 
rs13001714 and rs1801582) associated with leprosy in the CUBN, IL1RL1 and PRKN genes. 
A second marker in the IL1RL1 gene (rs1041973) showed borderline evidence for associ-
ation. Since no LD between genes was detected, this suggests two independent asso-
ciation signals between leprosy an IL1RL1. Replication of the results in the case-control 
sample was not successful, although suggestive evidence for association was observed 
for rs13001714 (p-value = 0.133). The lack of validation was possibly due to the observed 
difference in the age of leprosy onset between the two samples (cases in the family-based 
set were younger adults than those in the case-control), the slightly higher percentage 
of BL/LL leprosy cases in the case-control sample, or lack of power in the relatively small 
case-control sample. Family-based studies overcome population stratification since sub-
jects present a common genetic composition (26). Thus, when the case-control sample is 
small and/or potentially harboring cryptic population stratification, family-based studies 
are advantageous.

In line with our results in the family-based sample, rs10904831, located in the same gene 
as rs1801224 (CUBN), shows a significant association with MB leprosy in the Vietname-
se population (10). Interestingly, previous genome-wide scans conducted in India and 
Vietnam, identified a PB susceptibility locus in chromosome 10p13 (6, 7) where CUBN is 
located, suggesting that this region may be involved in leprosy polarization. CUBN enco-
des cubilin, a receptor for intrinsic factor-vitamin B12 complexes (27). It was shown that 
Rv1819c, an homolog of the M. leprae protein ML2084 in Mycobacterium tuberculosis, is 
involved in vitamin B12 uptake (28). Thus, the host’s cubilin is possibly competing with 
mycobacterial proteins during infection (10). Association between leprosy per se and IL-
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1RL1 was previously found in a Chinese population in the 2q12.1 region, where a cluster is 
formed by IL1RL1 and IL18 receptor genes (29). IL1RL1 encodes the receptor of IL-33 which 
is present in Th2 cells and is responsible for the expression of Th2 cytokines (30). The con-
nection of IL1RL1 with its ligand leads to the activation of nuclear factor-kB (NF-kB), which 
is essential for mycobacterial immunity (13). Finally, in the Vietnamese and Brazilian po-
pulations, variants in the PRKN gene have been identified as major leprosy susceptibility 
locus (7, 12). PRKN codes Parkin, a protein part of the E3 ubiquitin ligase complex, which is 
involved in Parkinson’s disease as well as the immune response to mycobacteria and other 
intracellular pathogens (31, 32). Parkin regulates the autophagy of damaged molecules, 
intracellular pathogens or organelles such as mitochondria (mitophagy) (33). Parkin-me-
diated xenophagy (bacterial autophagy) eliminates mycobacteria and is crucial to inhibit 
replication of M. tuberculosis in macrophages (32). In addition, Parkin is involved in other 
immunity pathways by regulating IL-6 and MCP-1/CCL2 levels (31).

Thus, the three genes identified to be associated with leprosy in this study are either in-
volved in controlling the immune response or the manifestation of different clinical forms 
of the disease.

In summary, our results in the family-based sample provide additional evidence of the 
association with leprosy of markers rs1801224, rs13001714 and rs1801582, located in the 
CUBN, IL1RL1 and PRKN genes, previously identified in Prata Village (manuscript in prepa-
ration) as well as other ethnically distinct populations (12, 13, 15, 17, 18). Further ongoing 
studies in additional endemic populations will contribute to the validation of the 13 ge-
netic markers investigated in this study. The association of the here described markers 
with leprosy in the Bangladeshi population aids the identification of a leprosy-risk genetic 
profile that could be applied in targeted preventive strategies in Bangladesh, potentially 
in combination with other biomarkers, to enhance early diagnosis of leprosy.
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Supplementary Material

Table S1. Predesigned TaqMan SNP Genotyping Assays from Thermo Fisher. 

Gene name Marker Assay ID Gene alias

ADO rs224082 C____609393_20 EGR2

BCL10 rs1060846 C___2720591_10 C1orf52, 
LOC646626

CCDC88B rs542907 C___2983453_10 RPS6KA4

CUBN rs1801224 C___3135085_10 -

CUBN rs1801225 C___3135052_20 -

DEC1 rs2285316 ANFVVYA -

IL1RL1 rs1041973 C___1226160_1_ -

IL1RL1 rs13001714 ANGZPH7 -

IL12RB2 rs10489627 C__27853925_10 -

IL23R rs10889677 C__11283764_10 -

LTA rs1041981 C___7514870_20 TNF, LTB, 
LOC100287329

NOD2 rs3135499 C__31758802_10 -

PARK2 rs1801582 C___8701299_10 PRKN

Assay IDs (Thermo Fisher Scientific) per marker including primers and probes used for genotyping.
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Leprosy is a multifactorial disease that still affects more than 200.000 new cases per year. 
An early diagnosis is decisive to reduce and avoid leprosy-associated disabilities, however, 
leprosy is often late- or mis-diagnosed and clinical symptoms are visibly present at diagno-
sis. Furthermore, transmission of Mycobacterium leprae is still not completely understood, 
although it is clear that the major source of transmission is via human-to-human contact 
likely involving the respiratory route. To tackle transmission, One Health approaches could 
be advantageous, since not only humans but other animals and the environment may 
play a role as M. leprae reservoirs. In this thesis, pathogen transmission in leprosy patients 
as well as their household contacts (HC) was explored (Figure 1). In addition, possible an-
imal and environmental reservoirs of M. leprae or Mycobacterium lepromatosis were inves-
tigated. Next, we searched for transcriptomic host biomarkers that could predict leprosy 
or leprosy reactions before occurrence of symptoms, and genomic biomarkers to identify 
individuals at higher risk of developing leprosy. Identification of predictive biomarkers 
will in due course lead to a prompt treatment, preventing leprosy-associated irreversible 
disabilities as well as reducing M. leprae transmission.

Figure 1. Summarizing overview of thesis.
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Mycobacterium leprae genomics: what’s new?

The low mutation rate of M. leprae (18 ± 30 mutations per 1,000 years (1)) enables the 
study of ancient transmission routes and ultimately facilitates the identification of the or-
igin of leprosy (2). Although initially leprosy was described to have originated in Eastern 
Africa or the Middle East with M. leprae genotype 2 or 1 (3), recent studies identified gen-
otype 3K-0, also known as branch 0, as the most ancestral M. leprae linage (1, 4, 5). This 
linage is found in modern East Asia and the Middle East (6, 7) and ancient Europe (8). Thus, 
currently two hypotheses of the origin of leprosy are considered: Western Eurasia or East 
Asia and the Middle East. Since only a limited number of M. leprae genomes from these 
locations have been sequenced, future studies will further validate or confront these hy-
potheses. Phylogenomic studies of M. leprae are valuable to identify the origin of leprosy, 
but they are also a tool to study transmission. 

Over the years M. leprae whole genomes have been retrieved from modern leprosy pa-
tients (3, 4, 6) and animals (9-13), as well as ancient skeletons (1, 14-17) establishing a 
genotype classification consisting of four genotypes: 1-4 (3). These genotypes were later 
further divided into 16 subtypes: A-P (6, 11). M. leprae genotype 1 is predominant in Asia, 
however, recently it was also identified in the South of Africa (Madagascar and Comoros) 
(5). In Bangladesh, a leprosy endemic country, only one study had investigated M. leprae 
genomics including only four Bangladeshi patients by whole genome sequencing (WGS) 
and genotype 1 was identified (6).

In chapter 2, M. leprae genome diversity in Bangladesh was explored more extensively. 
Several subtypes of genotype 1 (1A, 1C and 1D) were identified, but most importantly, 
we characterized a new subtype that is thus far unique for Bangladesh, namely subtype 
1B-Bangladesh. This new subtype clusters separately from the rest of genotype 1 sub-
types and is phylogenetically positioned between subtypes 1B and 1A (Figure 2). In the 
four districts investigated in the study (Nilphamari, Rangpur, Panchagar and Thakurgaon) 
located in the North of Bangladesh, M. leprae subtype 1D was the most widely distributed 
throughout the entire territory while subtypes 1A and 1B-Bangladesh were only found 
in the eastern region. More studies covering other leprosy endemic areas, are needed to 
determine whether the new 1B-Bangladesh subtype is exclusive of Bangladesh or is also 
present in neighboring countries such as India. Thus, specific primers to detect genotype 
1B-Bangladesh were designed in chapter 2 which we suggest to include in future M. lep-
rae genotyping studies.

In addition to identifying a new subtype, WGS phylogenetic analysis including the new M. 
leprae Bangladeshi strain as well as previously sequenced strains (1, 4, 18), demonstrated 
that the formerly described genotype 1C does not in fact constitute a separate subtype. 
The position previously used to differentiate genotype 1C (61425) located at esxA gene, is 
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not phylogenetically informative and the single nucleotide polymorphism (SNP) found in 
1C can also be observed in genotypes 3I and 2E. Genotype 1C is actually distributed along 
the 1D genotype and does not form a separate cluster. Thus, in chapter 2, it is described 
how the M. leprae genotype classification is updated and concluded that M. leprae geno-
type 1 is composed by subtypes 1A, 1B, 1B-Bangladesh and 1D.

 Figure 2. Updated Mycobacterium leprae phylogenomic tree. From Avanzi et al 2020 (5).

A separate study further investigated genotype 1D and two subgroups were identified: 
1D-1 and 1D-2 (Figure 2) (18). Strains belonging to 1D-2 were mostly found in East Asia 
whereas 1D-1 strains were retrieved from West Africa and South America. The genotype 
previously classified as genotype 1C is actually part of the 1D-2 subgroup. Additionally, a 
new genotype was also described that is specific for Madagascar and Comoros, 1D-Mal-
agasy.

The low mutation rate of M. leprae, the standard use of multidrug treatment, and the con-
straints to perform drug resistance profiling due to the fact that M. leprae can’t be cul-
tured in microbiological culture media, have limited the reports of antimicrobial resistant 
M. leprae (19). Currently, mutations at certain positions in rpoB, folP1 and gyrA genes are 
surveilled for resistance to rifampicin, dapsone and ofloxacin respectively (20). In Bangla-
desh, antimicrobial resistant M. leprae has thus far not been reported (19), although this 
could be due to understudy of drug resistance profiles. We identified in a sample isolated 
from a nasal swab (NS), a mutation in the rpoB gene in 50% of the sequence that leads to 
an amino acid change in a position essential to determine antimicrobial resistance (20). 
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This is probably due to a mixed infection with a resistant strain or an in-patient M. leprae 
emerging mutation. Intra-host variation was found particularly in DNA retrieved from NS 
and mutations were often located in ml1512 and ml1750 genes, which were previously 
reported as hypermutated (4) and encode a ribonuclease J and a putative nucleotide cy-
clase.

In addition, several silent mutations were found in three different locations of the rpoB 
gene, indicating that mutations are definitely taking place in genes associated with anti-
microbial resistance. We suggest increasing drug resistance surveillance in Bangladesh to 
identify potentially hidden antimicrobial resistant M. leprae strains, particularly in the light 
of the currently WHO endorsed PEP therapy for household contacts of newly diagnosed 
leprosy patients (21).

Leprosy bacilli transmission: One Health approach

Leprosy is not exclusive to humans, as red squirrels (9), armadillos (11, 12) and non-hu-
man primates (13, 22) can become naturally infected with M. leprae or M. lepromatosis as 
well. Moreover, other environmental sources such as soil (23-29) and water (29-31) have 
also been identified. A strategy to reduce transmission needs to incorporate not only hu-
man healthcare, but other potential sources as well. Thus, to understand the leprosy bacilli 
transmission patterns, a One Health approach may provide additional insight. This could 
be particularly of interest in areas where leprosy is not endemic (anymore) but cases are 
still found sporadically (11, 32). But also in areas where people are in frequent contact with 
proven animal sources of leprosy (33).

M. leprae transmission is still not completely understood and although skin-to-skin contact 
or aerosol transmission are the suggested transmission routes (34, 35), transmission is still 
subject of debate. In chapter 2, we observed that leprosy patients, but also asymptomatic 
individuals may carry M. leprae. A 33.3% M. leprae PCR positivity in NS of leprosy patient 
with bacillary index (BI) 0 was found, whereas in asymptomatic HC of leprosy patients with 
high BI (BI ≥ 2), PCR positivity was 18.0%. In addition, 36.8% of HC showed presence of 
anti-M. leprae phenolic glycolipid I (PGL-I) IgM in serum. This indicates that asymptomatic 
HC may play a parallel role contributing to M. leprae transmission, although nasal carriage 
is transient and dependent on the season (36). Future studies are needed to validate the 
viability of the bacteria in the nasal cavity and determine if the number of bacteria carried 
by asymptomatic contacts is comparable to that of leprosy patients with BI 0, paucibacil-
lary. Using WGS, we observed direct transmission between two leprosy patients from the 
same household, who presented identical M. leprae genomes and between two leprosy 
patients with the same genotype including a strain-specific SNP. Unfortunately, M. leprae 
DNA recovery from slit skin smears (SSS) and NS of leprosy patients with BI 0 and HC is 
challenging and M. leprae genetic material is not sufficient to perform WGS or extensive 
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Sanger sequencing. This is a strong limitation to study M. leprae transmission, particularly 
in asymptomatic individuals from whom biopsies are not available. SSS and NS are, how-
ever, less invasive than biopsies and useful samples to characterize M. leprae from leprosy 
patients with BI ≥ 2.

Humans are not the only reservoir of the leprosy bacilli and since other source of infection 
could play a major role in transmission, we investigated other potential environmental 
and animal reservoirs. In chapter 3, we evaluated whether M. leprae or M. lepromatosis 
were present in soil from Bangladesh, Suriname and the British Isles. We identified M. lep-
rae DNA in soil from the houses of leprosy patients in Bangladesh and from armadillos’ 
holes at former leprosy colonies in Suriname. However, M. leprae DNA was only identi-
fied in a small number of samples and in low concentrations. In Bangladesh, the M. leprae 
genotype identified in the soil was the same that was found in the samples isolated from 
leprosy patients (genotype 1). This suggests that the M. leprae strains identified in the soil 
were originally shed from leprosy patients, but further subtyping would be necessary to 
confirm the association. M. leprae DNA in soil is very limited and in low concentration, 
therefore, extensive subtyping could not be performed. Additionally, M. lepromatosis was 
detected in soil obtained around an area where M. lepromatosis infected squirrels are lo-
cated in the Isle of Arran.

Although we did not assess the viability of M. leprae in soil, it was previously described 
that viable bacteria can survive in wet soil for 46 days (37) and in free living amoebae in a 
laboratory up to 8 months (38). Moreover, small insects such as the kissing bug (Rhodnius 
prolixu) or ticks could be a vector for M. leprae, since viable M. leprae bacilli were found in 
the faeces of artificially-infected kissing bugs and induced transmission to rabbits was 
observed using M. leprae-infected tick larvae (39, 40). Thus, indirect transmission via envi-
ronmental samples such as soil or water needs to be taken into account when the source 
of M. leprae is unknown and humans or animals infected with the leprosy bacilli are pres-
ent. Nevertheless, the low concentration of M. leprae or M. lepromatosis DNA found in soil 
suggests that environmental contamination as a source of infection is not to be expected. 
More research is needed to further evaluate the viability of the leprosy bacilli in soil and 
determine the impact of environmental reservoirs as transmission sources. However, the 
scarce amount of DNA in such samples presents a challenge for epidemiological studies 
to investigate the role of these reservoirs.

Squirrels are among the small group of the animals presenting a leprosy-like disease 
caused by the leprosy bacilli. In the British Isles red squirrels infected with M. leprae or 
M. lepromatosis were identified (9, 41-43). The M. leprae strain identified in the squirrels 
was closely related to the strain circulating in humans in the Middle Ages, when leprosy 
disappeared in humans in the British Isles. Thus, possibly indicating that red squirrels or 
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an intermediary vector acquired M. leprae or M. lepromatosis during the Middle Ages and 
it persisted in the red squirrels as a reservoir. In chapter 4, we investigated whether Dutch 
and Belgian squirrels were carriers of the leprosy bacilli. We examined 114 squirrels by 
quantitative PCR (qPCR) and we did not detect M. leprae or M. lepromatosis DNA in any of 
the animals. This is in line with previous findings in France, Germany, Switzerland and Italy 
where PCR showed no presence of the leprosy bacilli either (10). Combining the results of 
this study with our data we concluded that if the leprosy bacillus is present in continental 
Europe, the prevalence in squirrels is 0 to 2.2% with a 95% confidence interval (CI). Thus, 
up to the present time, squirrels infected with M. leprae or M. lepromatosis have only been 
identified in the British Isles.

Transmission of the leprosy bacilli from red squirrels to humans has not been reported 
and due to limited squirrel-human interaction in the areas where squirrels with leprosy 
were found and the geographical limitations of Islands, zoonotic transmission and trans-
mission to other areas should not be a cause of major concerns. However, in the south of 
United States, high prevalence of M. leprae infection in nine-banded armadillos infected 
with M. leprae was observed (11, 12, 44-47) and potential zoonotic transmission due to 
contact with armadillos was found (11, 12). Leprosy patients and wild armadillos were 
infected with M. leprae genotype 3I-2-v1, which is closely related to the variant circulating 
in Europe during the Middle Ages. In Brazil, a study observed that armadillo hunters and 
those who process or eat armadillo meat have a higher rate of leprosy (33), although other 
studies did not find an associations between armadillo meat consumption and leprosy 
(48, 49). The observed zoonotic transmissions between armadillos and humans highlights 
the necessity to not only investigate M. leprae and M. lepromatosis transmission between 
humans but incorporate animal and environmental reservoirs in strategies to effectively 
reduce transmission and ultimately eradicate leprosy.

Predicting leprosy and leprosy reactions: the potential of transcriptomic 
biomarkers

Early diagnosis of leprosy and leprosy reactions is crucial to avoid leprosy-associated dis-
abilities which cause lifelong disabilities and stigma. Currently, diagnosis still heavily relies 
on appearance of clinical symptoms and prospective biomarkers are not available. Tran-
scriptomic biomarkers aid the development of diagnostic tools by identifying differen-
tial gene expression in patients or individuals at risk of disease. In tuberculosis research, 
transcriptomic biomarkers have been successfully employed to predict active disease (50-
52). Studies investigating potential biomarkers for leprosy diagnosis (53-59) are limited 
and do not predict the disease in individuals exposed to the leprosy bacilli. In addition, 
the starting materials used in previous studies are skin or nerve biopsies, which requires 
performing an invasive technique. In chapter 5, we aimed to develop a predictive tran-
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scriptomic signature in blood that could assess whether an individual intensely exposed 
to M. leprae would develop leprosy. For this purpose, HC of leprosy patients (n=5,352) 
in Bangladesh have been followed up since 2013 and blood samples were collected at 
recruitment and if individuals developed leprosy (n=85). Gene expression differences be-
tween leprosy progressors and HC who remained without symptoms were studied using 
RNA-Seq. Minimal longitudinal intra-individual variation was found in gene expression 
of leprosy progressors between the pre-symptomatic phase and the time of clinical di-
agnosis of leprosy. This demonstrates that gene expression differences between healthy 
individuals and those who will develop leprosy can be observed months before clinical 
symptoms are visible.

A 4-gene transcriptomic signature, designated RISK4LEP, was identified and validated 
in Bangladesh. This RNA signature could identify HC of leprosy patients who developed 
leprosy before symptoms are visible and 4 to 61 months before clinical diagnosis. A ma-
chine learning algorithm, random forest, was used to identify the signature which was 
validated by reverse transcription quantitative PCR (RT-qPCR). RISK4LEP is formed by 4 
genes: MT-ND2, REX1BD, TPGS1 and UBC. Interestingly, MT-ND2, which encodes a mito-
chondrial NADH dehydrogenase, together with other mitochondrial genes involved in ox-
idative phosphorylation such as MT-ND4, MT-ND5, MT-CO1, and MT-CYB presented lower 
expression in individuals who would develop leprosy. Previous studies have also reported 
a lower expression of mitochondrial genes involved in oxidative phosphorylation during 
M. leprae infection (59, 60) as well as association of leprosy with genetic polymorphisms 
in mitochondrial genes (61, 62). This reduction caused by M. leprae, promotes intracellu-
lar bacterial survival through decreased oxidative stress and inflammasome activation as 
well as inhibition of apoptosis and xenophagy (60, 63, 64). Thus, individuals who present a 
lower expression of these genes face complications to efficiently eliminate M. leprae (65). 
Other pathways such as the mTOR signaling pathway and the coronavirus pathogenesis 
pathway were upregulated in leprosy progressors. The mTOR pathway which, among oth-
er functions, plays a role in immune receptor signaling and migratory activity, has also 
been found to be deregulated in rheumatoid arthritis, type 2 diabetes, cancer and other 
viral infections  (66, 67). The upregulation of the coronavirus pathogenesis pathways is 
likely due to an activation of the inflammatory and autophagy regulation pathways which 
are observed both in coronaviruses infections and BT leprosy (68, 69).

The RISK4LEP signature, which was validated in an independent sample set from Bangla-
desh, presented a good predictive value with an Area Under the receiver operating char-
acteristic Curve (AUC) in the validation set of 86.4%. This RNA signature was developed 
and validated using samples from mostly-BT Bangladeshi leprosy patients and their HC. 
Further research is needed to validate this signature in other populations, particularly in 
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South American and African countries, as well as to determine the efficiency of the signa-
ture to predict leprosy in the lepromatous (LL) pole. Additionally, future research should 
also include the use of the signature for monitoring efficient treatment of leprosy by fol-
low up of patients during MDT.

Transcriptomic biomarkers to predict reversal reactions

Leprosy reactions are episodes of increased inflammation occurring unpredictably before, 
during or after multidrug treatment (MDT) (70, 71). These reactions are the main cause of 
leprosy-associated irreversible neuropathy and 30-50% of leprosy patients suffer an epi-
sode, mostly borderline lepromatous patients with substantial bacterial loads (72). Reac-
tions are often late- or misdiagnosed (73), which may result into permanent neuropathy 
(74) or disabilities caused by ulcers and other recurrent pathologies (75). In chapter 6, we 
employed transcriptomics to identify a 5-gene signature which predicted leprosy rever-
sal reactions (RR) ≥2 months before onset in leprosy patients from four endemic areas: 
Bangladesh, Brazil, Ethiopia and Nepal. In addition, a selection of genes differentially ex-
pressed between leprosy patients and HC and between different types of leprosy patients 
were identified. However, in comparison to chapter 5, where an unbiased selection was 
performed through RNA-Seq, in chapter 6 gene expression was assessed for 103 genes 
using dual color Reverse-Transcription Multiplex Ligation-dependent Probe Amplification 
(dcRT-MLPA). Moreover, the RISK4LEP signature predicts leprosy in HC before symptoms 
have occurred whilst the leprosy reaction risk signatures in chapter 6 were identified in 
patients at clinical diagnosis of leprosy. 

The 5-gene RR signature is formed by CCL2, CD8A, IL2, IL15 and MARCO. CCL2 activates 
pro-inflammatory cytokines and attracts CD4+ T cells (76) whilst IL2 and IL15 decrease Th2 
regulation and increase Th1. A previous study, had also identified a gene set signature for 
RR (77). This signature was identified in the Vietnamese population using M. leprae-soni-
cate stimulated whole blood, however, it included a high number of genes (n=44) which 
hinders its application in point of care (POC) tests. Applying our 5-gene RR signature in a 
POC test, would allow reduction of reaction-associated neuropathy. This 5-gene RR signa-
ture prospectively identified RR in four different leprosy endemic areas. Further validation 
in extended leprosy endemic populations will determine if the signature can be applied 
worldwide to prospectively detect RR and prevent irreversible nerve damage due to lep-
rosy reactions.

Analysis of longitudinal (intraindividual) gene expression before, during and after RR 
identified an upregulation of IFN-induced genes during RR: IFI44, IFI35, IFI44L, IFI6, IFIH1, 
CXCL10 and FCGR1A. Expression of IFN-induced genes decreased after reaction treatment. 
RNA-Seq transcriptomic analysis of the longitudinal samples described in chapter 6 was 
performed in a separate study to provide further information about the mechanisms and 
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pathways associated with RR (78). RNA-Seq data showed an increased expression of IFN- 
γ and IFN-β pathways due to the host antimicrobial response during RR. This is in line 
with the observed upregulation of IFN-signaling genes we found longitudinally using 
dcRT-MLPA. Moreover, an alternative RR signature consisting of 434 genes was identi-
fied in the RNA-Seq analysis, which in addition to the IFN-signaling genes included other 
genes involved in the antimicrobial response against mycobacteria such as the guanylate 
binding protein (GBP) family.

Potential application of transcriptomics in POC diagnostic tests

Early diagnosis and treatment of leprosy and leprosy reactions are the main topics that 
need to be addressed to reduce leprosy-associated disabilities. Implementation of POC 
diagnostic test, particularly predictive tests, for leprosy and leprosy reactions could sub-
stantially improve the clinical outcome of leprosy patients and would signify an advance 
in leprosy health care. In addition, biomarker signatures are of interest for targeting inter-
vention strategies such as post-exposure prophylaxis with single dose rifampicin.

Transcriptomic biomarkers are often identified using unbiased approaches that include a 
large quantity of tested genes such as RNA-Seq or microarrays. These methods are useful 
for the identification of biomarkers, however, they are not field friendly techniques, en-
tailing high costs, the use of specialized equipment and requiring significant expertise 
to interpret the results. Thus, after identification of differentially expressed genes, a small 
selection is employed in transcriptomic signatures for which expression levels are studied 
using quantitative RT-qPCR or similar targeted techniques.

Skin biopsies, nerve biopsies or cell culture are often used to study the pathogenesis of 
M. leprae since gene expression at the site of infection provides more thorough evidence. 
However, for a POC diagnostic test, easy-to collect samples such as urine or blood are 
preferred. Collecting capillary blood by finger stick blood is less burdensome and cost-
ly and requires less skills than collecting venous blood or SSS. Thus, the use of capillary 
blood facilitates the implementation of POC tests. Recently, a transcriptomic signature 
for tuberculosis, RISK6, was evaluated in venous and capillary blood (52). Small volumes 
of capillary blood showed similar performance (equivalent AUC) of the signature as when 
venous blood was used (79). In addition, proteomic POC test with lateral flow strips utiliz-
ing luminescent up-converting reporter particles have been developed for leprosy using 
capillary blood (80, 81). Other samples such as urine or saliva have also been employed 
in host transcriptomic diagnostic tests, particularly for the highly inflammatory leprosy 
reactions, and cancer and could be further considered in the future for leprosy diagnostics 
as well (82-84).

POC diagnostic tests might also be applied longitudinally to monitor transcriptomic 
changes. This is relevant to predict reactions in leprosy patients, since one marker may 
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reflect different disease mechanisms or stages at different time points. As an example, 
IL15 was found to be higher expressed in leprosy patients before occurrence of RR with a 
successive longitudinal decrease leading to RR (chapter 6). Thus, longitudinal follow up 
of leprosy patients utilizing POC test may expose patterns useful to predict certain devel-
opments such as leprosy reactions or monitoring treatment efficiency.

The future challenge that transcriptomic biomarkers face is the evaluation and translation 
of transcriptomic signatures into POC tests that can be applied by clinicians in the field. 
For this purpose and to ensure implementation in endemic areas, novel, easy to interpret 
and economic methods need to be developed and implemented (85).

Leprosy host genetics in Bangladesh

Over the years it has been shown that host genetic variation plays an important role in 
leprosy outcome, including the clinical type of leprosy and occurrence of reactions (86-
89). Results are not always replicated in different studies and conditions may vary, leading 
to incongruous findings. Thus, it remains important to validate genetic associations with 
disease susceptibility, particularly across populations from different ethnic backgrounds.

In chapter 7, we found three genetic markers (rs1801224, rs13001714 and rs1801582) 
that were associated with leprosy in a family study analysis in Bangladesh, using a target-
ed approach based on SNPs identified in the Prata Village (Brazil) (manuscript in prepara-
tion) as well as previous studies (87, 90-92). Although the results were not replicated in a 
separate control-case set from the same area in Bangladesh, our results are a validation of 
the association of these SNPs with leprosy in a distinct population.

The identified genetic markers are located at CUBN, IL1RL1 and PRKN (formerly known 
as PARK2) genes. Cubilin, coded by CUBN is a crucial receptor for uptake of vitamin B12 
(93). Obligate pathogens require vitamin B12 from their host to survive. M. leprae pro-
tein ML2084 is a homolog of Rv1819c, a Mycobacterium tuberculosis protein responsible 
for vitamin B12 uptake (94). It is to be expected that human cubilin is competing for the 
same substrate with mycobacteria, thus genetic variations in the CUBN gene likely impact 
this function (95). IL1RL1 encodes the receptor of IL-33, IL-1 receptor ST 2 (96, 97). IL-33 
receptor activates the nuclear factor-kB (NF-kB) and MAP kinases. In addition, IL1RL1, ex-
pressed in Th2 cells, drives production of Th2 associated cytokines IL-4, IL-5, and IL-13. 
These processes are crucial for the inflammatory response and mycobacterial immunity 
(87, 96). Parkin, encoded by PRKN, is a part of the multiprotein E3 ubiquitin ligase (98). 
Parking regulates autophagy of mycobacteria and damaged mitochondria and inhibits 
mycobacterial replication (99, 100). Interestingly, PRKN (presenting a SNP associated with 
leprosy in chapter 7) together with UBC, which was identified in chapter 5 to be part of 
the leprosy predictive RISK4LEP signature, are part of the ubiquitin system. The ubiquitin 
system is involved in the innate immune response to mycobacteria as shown for tubercu-
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losis (101). It appears that both, genetic variants of PRKN and differential gene expression 
of UBC, have a role in leprosy development, emphasizing the importance of the ubiquitin 
system in response to M. leprae infection.

Genetic variants associated with susceptibility to leprosy can be incorporated into a ge-
netic profile to assess individuals exposed to M. leprae who present a higher risk of de-
veloping leprosy. Thus, the combination of demographic characteristics, pathogen de-
tection, transcriptomic, and/or proteomic biomarkers and genetic markers can lead to 
a multifactorial leprosy signature applicable to early diagnosis of leprosy and/or guide 
intervention strategies.

Concluding remarks

In this thesis we combined the study of M. leprae with host transcriptomic and genetic 
biomarkers as a tool to understand and reduce transmission as well as early detect lepro-
sy.  We detected M. leprae in HC of leprosy patients as well as soil from several locations, 
indicating that both sources may play a role in transmission. In Bangladesh, we identified 
a new M. leprae genotype and determined the distribution of M. leprae genotypes in four 
districts. We proposed a new classification of genotype 1C and observed differences be-
tween M. leprae strains isolated from NS or SSS. We showed that Dutch and Belgian squir-
rels do not carry the leprosy bacilli, therefore, limiting the disease in squirrels to the British 
Isles (9). We presented evidence that a One Health approach bears value to identify new 
reservoirs, although further studies are necessary to determine the extent of the role of 
these reservoirs in transmission.

Moreover, we identified the first host transcriptomic signature in leprosy, RISK4LEP, that 
predicts leprosy among HC before clinical symptoms are visible. We described a 5-gene 
transcriptomic signature that could predict occurrence of leprosy reactions in leprosy pa-
tients. Validation of these signatures in different populations will confirm their potential to 
predict leprosy (reactions) in general. In addition, genetic markers associated with suscep-
tibility to leprosy were also validated in Bangladesh. These SNPs could be implemented in 
combination with other biomarkers into a leprosy signature to assess individuals at higher 
risk of developing leprosy. The next challenges in leprosy diagnostics will be to implement 
these signatures in easy to interpret and field-friendly POC tests.
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Leprosy is a multifactorial chronic disease caused by Mycobacterium leprae or Mycobac-
terium lepromatosis that affects the skin and nerves. More than 200.000 new cases are 
diagnosed per year; thus, transmission is still ongoing. The most likely way of transmission 
is the respiratory route form human-to-human; however, transmission is still not clearly 
understood. Early diagnosis of leprosy is crucial to reduce and avoid transmission as well 
as leprosy-associated disabilities, which are also a cause of stigma. Currently, diagnosis 
is performed based on clinical signs and symptoms and late- or mis-diagnosis are not 
uncommon.

In this thesis, we combined the study of pathogen transmission with host transcriptomic 
and genomic biomarkers. To explore M. leprae transmission a One Health approach was 
followed, where human, animal and environmental samples were studied.

In chapter 2, M. leprae transmission in multibacillary leprosy patients as well as their hou-
sehold contacts (HC) was studied in Bangladesh. We observed that M. leprae was not only 
present in leprosy patients, but also in asymptomatic individuals. Particularly in the nasal 
cavities, with up to 18% of asymptomatic HC showing presence of M. leprae DNA and 
36.8% with phenolic glycolipid I (PGL-I) IgM in serum.

M. leprae whole genomes have been retrieved over the years and a genotype classification 
was established consisting of four genotypes (1-4) and 16 subtypes (A-P). In chapter 2, M. 
leprae genome diversity in Bangladesh was explored and several subtypes of genotype 1 
(1A, 1C and 1D) were identified with subtype 1D being the most prevalent. Importantly, 
we describe a new subtype, 1B-Bangladesh, only found in Bangladesh up until now. Mo-
reover, we demonstrated that the subtype 1C does not constitute a separate subtype and 
is part of genotype 1D.

In chapter 3, we investigated whether soil could be a potential reservoir of the leprosy 
bacilli. We identified M. leprae DNA in soil from the houses of leprosy patients in Bangla-
desh and from armadillos’ holes at former leprosy colonies in Suriname. Additionally, M. 
lepromatosis was detected in soil obtained around an area where M. lepromatosis infec-
ted squirrels are located in the Isle of Arran. Nevertheless, the low concentration of M. 
leprae or M. lepromatosis DNA found in soil suggests that environmental contamination as 
a source of infection is not very likely.

Leprosy is not exclusive to humans, as red squirrels, armadillos and non-human primates 
can become naturally infected with M. leprae or M. lepromatosis. Squirrels infected with M. 
leprae or M. lepromatosis were identified in the British Isles. In chapter 4, we investigated 
whether Dutch and Belgian squirrels were carriers of the leprosy bacilli. We examined 114 
squirrels by quantitative PCR (qPCR) and we did not detect M. leprae or M. lepromatosis 
DNA in any of the animals. This is in line with previous findings in France, Germany, Swit-
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zerland and Italy where PCR showed no presence of the leprosy bacilli either. Thus, up to 
the present time, squirrels infected with M. leprae or M. lepromatosis have only been iden-
tified in the British Isles. Transmission of the leprosy bacilli from red squirrels to humans 
has not been reported and due to limited squirrel-human interaction in the areas where 
squirrels with leprosy were found and the geographical limitations of islands, zoonotic 
transmission and transmission to other areas should not be a cause of major concerns. 
Nevertheless, it remains necessary to keep vigilant and include the study of animal and 
environmental reservoirs in strategies to effectively stop transmission.

Next, we searched for transcriptomic host biomarkers that could predict leprosy or lepro-
sy reactions before occurrence of symptoms. In chapter 5, we aimed to develop a predic-
tive transcriptomic signature in blood that could assess whether an individual intensely 
exposed to M. leprae would develop leprosy. Gene expression differences between lepro-
sy progressors and HC who remained without symptoms were studied using RNA-Seq. 
Minimal longitudinal intra-individual variation was found in gene expression of leprosy 
progressors between the pre-symptomatic phase and the time of clinical diagnosis of le-
prosy. This indicates that gene expression differences between healthy individuals and 
those who will develop leprosy can be observed months before clinical symptoms are visi-
ble. A 4-gene transcriptomic signature, designated RISK4LEP, was identified and validated 
in Bangladesh. This RNA signature could identify HC of leprosy patients who developed 
leprosy before symptoms were visible, 4 to 61 months before clinical diagnosis. A machine 
learning algorithm, random forest, was used to identify the signature which was validated 
by reverse transcription quantitative PCR (RT-qPCR). RISK4LEP is based on the expression 
of 4 genes: MT-ND2, REX1BD, TPGS1 and UBC.

Leprosy reactions are episodes of increased inflammation occurring unpredictably before, 
during or after multidrug treatment (MDT). Reactions are often late- or misdiagnosed, 
which may result into permanent neuropathy or disabilities caused by ulcers and other 
recurrent pathologies. In chapter 6, we employed dual color Reverse-Transcription Mul-
tiplex Ligation-dependent Probe Amplification (dcRT-MLPA) to identify a 5-gene signa-
ture which predicted leprosy reversal reactions (RR) ≥ 2 months before onset in leprosy 
patients from four endemic areas: Bangladesh, Brazil, Ethiopia and Nepal. The 5-gene RR 
signature is formed by CCL2, CD8A, IL2, IL15 and MARCO. Applying our 5-gene RR signature 
in a POC test, would allow reduction of reaction-associated neuropathy.

Finally, in chapter 7, we investigated genomic biomarkers to identify individuals at higher 
risk of developing leprosy. Three genetic markers (rs1801224, rs13001714 and rs1801582) 
were associated with leprosy in a family study analysis in Bangladesh. These markers were 
previously described to be associated with leprosy in the Prata Village. Although the re-
sults were not replicated in a separate control-case set from the same area in Bangladesh, 
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our results are a validation of the association of these SNPs with leprosy in a distinct po-
pulation. The described genetic markers are located at CUBN, IL1RL1 and PRKN (formerly 
known as PARK2) genes. Genetic variants associated with susceptibility to leprosy can be 
incorporated into a genetic profile to identify individuals exposed to M. leprae who pre-
sent a higher risk of developing leprosy.

The combination of demographic characteristics, pathogen detection, genetic and/or 
transcriptomic biomarkers can be applied in a multifactorial leprosy signature applicable 
for early diagnosis of leprosy and/or to guide intervention strategies. Identification of pre-
dictive biomarkers will in due course lead to prompt treatment, preventing leprosy-asso-
ciated irreversible disabilities as well as reducing M. leprae transmission.
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Lepra is een multifactoriële chronische ziekte, veroorzaakt door Mycobacterium leprae of 
Mycobacterium lepromatosis, die de huid en zenuwen aantast. Meer dan 200.000 nieu-
we patiënten worden gediagnostiseerd per jaar; transmissie vindt dus nog steeds plaats. 
De meest waarschijnlijke transmissie route is de respiratoire route van mens op mens; 
Echter, de manier waarop transmissie plaats vindt is nog steeds niet helemaal bekend. 
Vroege lepra diagnose is cruciaal om transmissie en handicaps geassocieerd met lepra te 
verminderen en vermijden, deze handicaps zijn ook vaak de oorzaak van stigma. Op dit 
moment is de diagnose gebaseerd op klinische symptomen, waarbij late of misdiagnose 
regelmatig voorkomt.

In deze thesis hebben we de studie van pathogeen transmissie gecombineerd met host 
transcriptomic en genomische biomarkers. Om  M. leprae transmissie te onderzoeken is 
een One Health benadering toegepast, waarin menselijke, dierlijke en omgevingssamples 
zijn bestudeerd.

In hoofdstuk 2 is M. leprae transmissie in multibacillaire lepra patiënten en hun huishoud 
contacten (HC) bestudeerd in Bangladesh. We observeerde dat M. leprae niet alleen aan-
wezig was in lepra patiënten, maar ook in asymptomatische individuen. Vooral in de neus-
holten was M. leprae DNA aanwezig in de asymptomatische HC (tot 18%) en in serum 
werd in 36.8% anti-phenolic glycolipid I (PGL-I) IgM gedetecteerd.

M. leprae whole genomes zijn verkregen gedurende de tijd en een aan de hand daarvan 
is een genotype classificatie bepaald, bestaande uit 4 genotypes (1-4) en 16 subtypes (A-
P). In hoofdstuk 2 is de diversiteit van het M. leprae genoom in Bangladesh onderzocht 
en meerdere subtypes van genotype 1 (1A, 1C and 1D) werden geïdentificeerd, waarbij 
subtype 1D het meest prevalent was. Van belang is de beschrijving van een nieuw subty-
pe, 1B-Bangladesh, dat tot nu toe alleen nog maar in Bangladesh werd gevonden. Boven-
dien hebben we laten zien dat subtype 1C geen afzonderlijk subtype vormt maar onder-
deel is van genotype 1D.

In hoofdstuk 3 hebben we onderzocht of aarde een potentieel reservoir voor de lepra 
bacterie kan zijn. We identificeerde M. leprae DNA in de aarde van huizen van lepra pati-
ënten in Bangladesh en van armadillo holen in voormalige lepra koloniën in Suriname. 
Daarnaast werd M. lepromatosis gedetecteerd in aarde verkregen rond een gebied waar 
M. lepromatosis geïnfecteerde eekhoorns voorkomen in the Isle of Arran. Desalniettemin, 
de lage concentratie M. leprae of M. lepromatosis DNA die werd gevonden in aarde sugge-
reert dat milieu contaminatie als een bron van infectie niet heel waarschijnlijk is. 

Lepra komt niet exclusief voor in mensen, aangezien rode eekhoorns, armadillos and 
niet-humane primaten ook natuurlijk geïnfecteerd kunnen raken met M. leprae or M. le-
promatosis. Eekhoorns geïnfecteerd met M. leprae or M. lepromatosis zijn geïdentificeerd 



-171-

Nederlandse samenvatting

op de Britse eilanden. In hoofdstuk 4 hebben we onderzocht of Nederlandse en Belgi-
sche eekhoorns dragers waren van de lepra bacterie. We onderzochten 114 eekhoorns 
met quantitative PCR (qPCR) en detecteerden in geen enkel dier M. leprae or M. lepromato-
sis DNA. Dit is in de lijn der verwachting met eerdere bevindingen in Frankrijk, Duitsland, 
Zwitserland en Italië, waar PCR ook niet de aanwezigheid van de lepra bacterie liet zien. 
Dus, tot nu toe, zijn eekhoorns geïnfecteerd met M. leprae or M. lepromatosis alleen nog 
maar geïdentificeerd op de Britse eilanden. Transmissie van de lepra bacterie van rode 
eekhoorns op mensen is nog niet beschreven en vanwege gelimiteerde interactie tussen 
de mens en de eekhoorn in de gebieden waar eekhoorns met lepra zijn gevonden en de 
geografische limitatie van de eilanden, is er geen reden tot grote zorg voor zoönose en 
transmissie naar andere gebieden. Desalniettemin blijft het noodzakelijk om waakzaam 
te blijven en om de studie naar dierlijke en omgevingsreservoirs te includeren in strate-
gieën om de transmissie effectief te stoppen.

Vervolgens  zochten we naar transcriptomic host biomarkers die lepra of lepra reacties 
zouden kunnen voorspellen voordat de symptomen verschijnen. In hoofdstuk 5 hadden 
we als doel om een voorspellend transcriptomic signature in bloed te ontwikkelen dat 
zou kunnen aangeven of een individu, die intensief werd blootgesteld aan M. leprae, le-
pra zou gaan ontwikkelen. Gen expressie verschillen tussen lepra progressors en HC die 
geen symptomen ontwikkelden werden bestudeerd, gebruik makend van RNA-Seq. Mi-
nimale longitudinale intra-individuele variatie werd gevonden in gen expressie van lepra 
progressors tussen de pre-symptomatische fase en het tijdspunt van klinische diagno-
se. Dit geeft aan dat gen expressie verschillen tussen gezonde individuen en degene die 
lepra gaan ontwikkelen al geobserveerd kunnen worden maanden voordat de klinische 
symptomen zichtbaar zijn. Een 4-genen transcriptomic signature, RISK4LEP genoemd, 
werd geïdentificeerd en gevalideerd in Bangladesh. Dit RNA signature kon HC (van lepra 
patiënten) die lepra ontwikkelden identificeren voordat de symptomen zichtbaar waren, 
4 tot 61 maanden voor de klinische diagnose. Een machine learning algoritme, random 
forest, werd gebruikt om het signature te identificeren dat vervolgens werd gevalideerd 
met reverse transcription quantitative PCR (RT-qPCR). RISK4LEP bestaat uit de expressie 
van 4 genen: MT-ND2, REX1BD, TPGS1 and UBC.

Lepra reacties zijn episodes van verhoogde inflammatie die onvoorspelbaar voorkomen 
voor, tijdens of na multi-drug treatment (MDT). Reacties worden vaak te laat of fout ge-
diagnosticeerd, wat zou kunnen resulteren in permanente neuropathie of handicaps 
veroorzaakt door zweren en andere terugkerende pathologie. In hoofdstuk 6, hebben 
we dual color Reverse-Transcription Multiplex Ligation-dependent Probe Amplification 
(dcRT-MLPA) toegepast om een 5-genen signature te identificeren dat  lepra reversal re-
actions (RR) kon voorspellen ≥ 2 maanden voor de start in lepra patiënten uit vier en-
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demische gebieden: Bangladesh, Brazil, Ethiopia and Nepal. Het 5-genen RR signature 
wordt gevormd door CCL2, CD8A, IL2, IL15 en MARCO. Het toepassen van ons 5-genen RR 
signature in een POC test zou kunnen leiden tot een reductie van reactie-geassocieerde 
neuropathie. 

Tenslotte hebben we in hoofdstuk 7 genomische biomarkers onderzocht om individuen 
te kunnen identificeren die een hoger risico hebben om lepra te ontwikkelen. Drie gene-
tische markers (rs1801224, rs13001714 and rs1801582) waren geassocieerd met lepra in 
een familie studie analyse in Bangladesh. De associatie van deze markers met lepra was 
eerder beschreven in de Prata Village. Hoewel de resultaten niet gerepliceerd werden in 
een control-case set uit dezelfde regio in Bangladesh, zijn onze resultaten wel een valida-
tie van de associatie van deze SNPs met lepra in een andere populatie. De beschreven ge-
netische markers zijn gelokaliseerd in de genen CUBN, IL1RL1 en PRKN (voormalig bekend 
als PARK2). Genetische varianten geassocieerd met susceptibiliteit voor lepra kunnen wor-
den geïncorporeerd in een genetisch profiel om individuen te identificeren die een hoger 
risico hebben om lepra te ontwikkelen  na blootstelling aan M. leprae. 

De combinatie van demografische kenmerken, genetische en/of transcriptomic biomar-
kers, en pathogeen detectie kan worden gebruikt in een multifactorieel lepra signature 
toepaspaar voor vroege diagnostiek van lepra en/of om interventie strategieën te bege-
leiden.  Identificatie van voorspellende biomarkers zal te zijner tijd leiden tot een snellere 
behandeling, waarbij lepra-geassocieerde handicaps kunnen worden voorkomen en ook 
de transmissie van M. leprae kan worden verminderd.
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