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Chapter 1

Leprosy, still not eliminated

Leprosy is one of the oldest recorded human diseases (1). Mycobacterium leprae (M.
leprae), the causative agent of leprosy, was spread by human migration throughout the
world and most likely originated in the Far East (2). More recently, a new mycobacterial
species causing leprosy, M. lepromatosis, was also identified (3, 4). These pathogens mainly
affect the peripheral nerves leading to various degrees of neuropathy which can result
in severe lifelong disabilities. In the mid-1980s the introduction of multidrug therapy
(MDT) significantly reduced the prevalence of the disease, from 5.4 million cases at that
time to 202,185 newly reported cases in 2019 (5). Of the new cases, 80% are accounted
for by Brazil, India and Indonesia (6). However, the number of new cases has remained
fairly stable in the past decade, not showing a relevant decline anymore (7). A possible
reason is that the initial huge drop in prevalence resulted in a reduction of leprosy control
activities, especially since the World Health Organization (WHO) declared that leprosy
was eliminated as a public health problem in 2000 (8). The prevalence of leprosy at
global level is indeed less than 1 per 10,000, but several hot spots in endemic countries
have remained (8, 9). The reduced knowledge to recognize the signs and symptoms of
leprosy frequently leads to delayed diagnosis, resulting in large numbers of undetected
cases (10). This is not only the situation in endemic countries, especially in non-endemic
countries the possibility of symptoms being signs of leprosy is often overlooked. For
example, in the United Kingdom in 80% of the cases leprosy was not suspected at the
first visit resulting in an average diagnostic delay of 1.8 years (11). As migration rates
are increasing, leprosy cases will again emerge in parts of the world where leprosy is
not prevalent anymore in the native population. This situation urges to raise awareness
that leprosy is a communicable disease that despite all the efforts is still prevalent today.

Clinical presentation of leprosy

Recognition of the often subtle clinical signs is of major importance for leprosy diagnosis. A
case of leprosy can be defined as an individual that has one of the three cardinal signs (12):
- Definite loss of sensation in a hypopigmented or reddish skin patch

- Thickened or enlarged peripheral nerves with a loss of sensation and/or weakness
in the muscles supplied by the nerve

- The presence of acid-fast bacilli in slit-skin smears (SSS). The acid-fast bacilli,
resistant to decolorization by acids during laboratory staining procedures,
in SSS are counted using a microscope and expressed as the bacteriological
index (Bl). The Bl indicates the extent of bacterial load on a logarithmic scale.
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These cardinal signs are based on clinical symptoms, SSS and histopathology. However,
several dermatological diseases (i.e. psoriasis, sarcoidosis, dermal leishmaniasis)
show similar clinical manifestations (13), resulting in the possibility of leprosy being
overlooked by clinicians. As severe disabilities, like the loss of digits, can be prevented
by early and adequate treatment (MDT), diagnosis of leprosy at an early stage is
vital. As a result, leprosy disease heavily impacts the affected individuals and their
family, not only their economic but also their social status as leprosy still leads to
social stigma (14). Prevention of these disabilities can therefore have great impact.

Another factor that complicates the diagnosis of leprosy is the spectral presentation, which
is determined by the host’s immune response. The spectrum spans from T helper-2 (Th2)
immunity concomitant with large numbers of bacteria as well as antibodies against M.
leprae antigens in multibacillary (MB) leprosy, to paucibacillary (PB) leprosy characterized
by strong pro-inflammatory, T helper-1 (Th1) as well as helper 17 (Th17) immunity leading
to bacterial control (15, 16). Besides adaptive immunity, cells of the innate immune systems
also display a polar response to M. leprae. Macrophages of PB patients can restrict bacterial
disseminationviaanIL-15induced antimicrobial program, whichis dependent on vitamin D
(17).In MB patients, IL-10 induces a scavenger receptor program which enables M. leprae to
persist in macrophages. The phagocytosis of mycobacteria and oxidized lipids is increased
inthese macrophages, which leads to foam cell formation (18, 19). Both innate and adaptive
immune responses of the host thus contribute to the spectral presentation of leprosy.

The WHO classification of this spectrum is based on the number of lesions (PB <5
lesions or MB >5 lesions) and determines the treatment regimen (20). MB cases must
be treated for 12 months with MDT (Dapsone, Rifampicin and Clofazimine) and PB
cases for 6 months (Dapsone and Rifampicin). In case SSS are available any patient
with a positive skin smear is classified as MB, irrespective of the clinical picture

A more detailed five-part classification system based on histopathology was developed
by Ridley and Jopling (21). On one end of the spectrum tuberculoid leprosy (TT) is defined
as an individual with a single lesion that has well-developed epithelioid granulomas and
rare acid-fast bacilli. At the other end lepromatous leprosy (LL) is defined as an individual
with multiple lesions in which foamy macrophages and large numbers of bacilli can be
identified. The majority of patients, however, present with the borderline phenotypes;
borderline tuberculoid (BT), mid-borderline (BB) and borderline lepromatous (BL). In these
phenotypes the bacterial load correlates with the histological features, BT being more
closely related to TT patients and BL to LL patients. The two classification systems coexist as
the WHO classification can be applied in resource-limited settings, but if biopsy diagnosis
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Chapter 1

and microscopic classification is available the Ridley-Jopling classification is preferred. In
general, BT/TT leprosy corresponds to PB leprosy and BL/LL leprosy to MB leprosy (Figure 1).

WHO

Rldlc.ay BB

Jopling

Reactions

Skin lesions -
Bacterial index [ N
CMI (Th1) B
HI (Th2) [ N

Figure 1: The leprosy spectrum. Leprosy is a spectral disease ranging from patients with few
lesions, low bacterial loads and strong Th1-cell-mediated responses (Cell-mediated immunity (CMI))
to patients with multiple lesions, high bacterial loads and predominantly Th2 antibody responses
(Humoral immunity (HI)). Two classification systems are used to describe this spectrum, the WHO
classification categorizes patients as multibacillary (MB) or paucibacillary (PB). The Ridley-Jopling
classification categorizes patients in five groups: Lepromatous leprosy (LL), borderline lepromatous
(BL), mid-borderline (BB), borderline tuberculoid (BT) or tuberculoid leprosy (TT). Characteristics of
both classification systems are shown as a gradient ranging from low (green) to high (red). Type 1
leprosy reactions (T1R) most frequently occur in borderline leprosy patients, whereas type 2 leprosy
reactions (T2R) only occur in BL/LL patients.

The borderline states are immunologically unstable and susceptible to the occurrence
of leprosy reactions. These are exacerbated inflammatory episodes that affect the
peripheral nerves and are the main cause of leprosy-associated disabilities (22). Two
types of reactions can develop, type 1 (T1R; reversal reaction) or type 2 reactions
(T2R; erythema nodosum leprosum) (figure 1). TIR are delayed hypersensitivity
reactions associated with the development of M. leprae antigenic determinants and
an increase in cell-mediated immune responses in the lesions (23). In relation to the
leprosy spectrum, T1R can cause a clinical conversion from the MB to the PB side (18).
T2R are induced by antigen-antibody complexes to M. leprae antigenic determinants.
Disposition of these immune complexes in the circulation and in tissues is manifested
by the infiltration of neutrophils. T2R predominantly occur in BL/LL patients with
high bacillary loads and have systemic effects, including high fever and oedema (24).
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The diverse clinical presentation together with the similarity of symptoms to other
dermatological diseases complicate the diagnosis of leprosy. Moreover, it can take up
to 20 years after M. leprae infection before clinical symptoms develop (25, 26), leaving
these infected individuals unnoticed for many years as the diagnosis relies on clinical
symptoms only. Diagnostic tools that can confirm leprosy diagnosis and/or identify
M. leprae infected individuals in a pre-clinical stage could therefore be of great help to
initiate either therapeutic or prophylactic treatment. However, to achieve elimination
of leprosy it is vital to not only treat adequately but also prevent transmission (27).

Transmission of M. leprae

The rather stable number of new cases reported yearly, with 7.6% being children in 2018
(7), indicates that the transmission of M. leprae is still ongoing. Although the exact mode
of M. leprae transmission is not completely understood, it is assumed that M. leprae is
mostly transmitted from person to person via a respiratory route. Contacts closest to
leprosy patients have the highest risk of acquiring the infection, especially from patients
with high bacillary loads (28-30). In combination with the observed presence of M. leprae
DNA in nasal swabs (NS) of contacts (31), human to human transmission through aerosols
is the most likely route of transmission. The long incubation period of M. leprae (25, 26)
and the fact that M. leprae cannot be cultured in vitro (32, 33) complicates the unravelling
of M. leprae transmission. The main questions regarding M. leprae transmission are (34):

1. What is the route of entry/exit of M. leprae in humans? How M. leprae migrates in

humans from the port of entry to the site of initial lesion and subsequently to the
point of exit is unknown.

2. Do asymptomatic carriers of M. leprae contribute to transmission? It is unknown
to what extent undiagnosed patients, patient contacts and other inviduals living

in endemic areas spread the bacterium. The presence of M. leprae DNA in NS of
healthy household contacts of patients (31) supports a role for asymptomatic
carriers in transmission.

3. Do animal and environmental reservoirs contribute to transmission? Recent

reports demonstrated the presence of M. leprae in water and soil (35, 36) as well
as in amoeba (37) pointing towards an environmental reservoir for M. leprae.
Evidence for zoonotic leprosy has been found in the Southern United States and
Brazil, where armadillos and humans were infected with the same M. leprae strain
(38). Frequent consumption of or contact with armadillos also increased the risk
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for M. leprae infection (39). Moreover, M. leprae DNA has been detected in non-
human primates (40) and in red squirrels (41), also in areas where leprosy in
humans is already absent for centuries ndicating that animals can serve as a
reservoir for M. leprae. To what extent these animal and environmental reservoirs
contribute to the perpetuating transmission in humans needs to be elucidated.

A vaccine that effectively prevents transmission is not available. Bacillus Calmette-Guerin
(BCG)isroutinely administered, which is a vaccine for tuberculosis (TB) included in neonatal
immunization schemes in many parts of the world. BCG reduces the risk of leprosy when
administered at birth (42). The pooled reduction risk is 55%, but effectiveness was variable
between studies (42) and the immune response to BCG wanes over time (43). Several
trials have examined BCG revaccination in endemic populations of individuals vaccinated
at birth, with varying results (44-47). Until a vaccine that can interrupt transmission is
available, research on transmission patterns is vital to gain insight in M. leprae transmission.

Examination of the transmission patterns by molecular epidemiology is difficult due to the
lowdegreeofgeneticdiversityofM.leprae(33).1tisestimated thatM.lepraehasapproximately
one single nucleotide polymorphism (SNP) per 28,000 basepairs (48), which is much lower
thanforinstance Mycobacterium tuberculosis (M. tuberculosis, the causative agent of TB) with
1SNP per200basepairs (49). Two methods for strain typing of M. lepraehave been described:

- Variable number tandem repeat (VNTR) typing: Typing based on polymorphic
DNA regions known as short tandem repeats. VNTRs differ in the number of
repeat sequences due to mutations occurring during DNA replication (50). Based
on this number of repeats in certain loci M. leprae strain typing can be performed
using PCR to assess transmission patterns (51).

- SNP typing: Strain typing based on polymorphic SNP sites. Comparing multiple
M. leprae strains from different sites globally identified 4 SNP types and 16
subtypes (48, 52). The 16 subtypes showed a strong geographical association and
reflected human migration routes.

The emergence of whole genome sequencing techniques allowed more extensive
analysis of M. leprae strains (1, 2), enabling further characterization and identification of
new lineages beyond the earlier identified 16 subtypes (2, 53, 54). As M. leprae cannot
be grown in culture, for all of these methods sufficient M. leprae DNA needs to be
present, which is especially difficult in patients’ contacts where few bacilli are present
but also in patients with low bacillary loads (PB) (2, 53). Complete mapping of M. leprae
transmission patterns based on molecular epidemiology therefore remains difficult.
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Risk factors

Despite the continuous transmission of M. leprae in endemic areas, the majority of exposed
individuals (approximately 90% (55)) is naturally immune to infection. Several risk factors
contribute to the establishment of M. leprae infection or disease, a particularly important
factor being genetic predisposition. Before Gerhard Armauer Hansen discovered M.
leprae to be the cause of leprosy in 1873 (56), leprosy was believed to be a hereditary
disease (57). The host genetic background contributes more to leprosy susceptibility than
bacterial variability (33). Advancement in molecular techniques boosted the number of
host genes and variants identified as leprosy risk factors (i.e. in host defense pathways),
which are extensively reviewed by Fava et al. (58). Even though all close contacts of leprosy
patients are exposed to M. leprae for prolonged periods of time, genetic relationship
significantly affected the risk to develop leprosy independent of physical distance (59, 60).
On the other hand, close physical distance is still a risk factor for individuals that are not
genetically related to the leprosy patient. Classification (MB or PB) of the index patient
and age of the contacts also influence the leprosy risk (59). For age a bimodal distribution
was observed, with an increased risk for higher age groups. Poverty related factors, such
as low education level, food shortage and poor hygiene (61) showed to be significant
risk factors as well. A combination of the mentioned risk factors is most likely required to
develop clinical leprosy as a result of M. leprae exposure.

Development of diagnostic tests for leprosy

Although several risk factors are described, it is still not possible to predict who will be
infected with M. leprae after exposure and who will develop disease. Together with the gaps
in knowledge on M. leprae transmission and the difficulty of diagnosing leprosy, especially
at an early stage, this allows the transmission to perpetuate. New control strategies are
required, of which a diagnostic test that can identify M. leprae infected individuals at
risk of developing leprosy would reduce the new case detection rate significantly an
thus expectedly reduce transmission (62). Efforts to develop such a diagnostic test are
continuously ongoing and can broadly be divided in two categories. One category aims
to develop diagnostic tests that identify the presence of the M. leprae bacillus, whereas
the other category is aiming for tests assessing the host response to M. leprae.

Pathogen detection

The presence of acid-fast bacilli in SSS is one of the three cardinal signs of leprosy.
However, this detection method has low sensitivity and cannot differentiate M. leprae
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from other mycobacteria. Nucleic acid-based methods have therefore been developed,
detecting a repetitive sequence named RLEP, which is highly specific for M. leprae (63). The
firstreport of RLEP PCR in 1989 used gel-based visualization and enabled the identification
of bacilli isolated from armadillo livers, mouse footpads and human biopsies, with a
detection sensitivity of 100 bacilli greatly improving sensitivity compared to microscopy
(64). Current procedures for DNA extraction also allow the detection of M. leprae DNA in
other specimens such as SSS, nerve biopsies, NS, blood, environmental samples and even
archeological samples (65-69). The PCR technique is also the basis for the earlier described
strain typing (section transmission). In contrast to conventional PCR, quantitative PCR
(gPCR) allowed quantification of the M. leprae bacilli. DNA based PCR assays can, however,
not discriminate between viable and dead M. leprae and requires quantification of the
RNA target 16S rRNA by reverse transcriptase PCR (RT-PCR), as 16S rRNA levels declined
during MDT treatment (70, 71). (RT)-gPCR can thus be used to monitor treatment efficacy,
but has also been applied for diagnostic purposes especially focusing on the detection
of PB patients. Different studies examined the use of RLEP qPCR to detect M. leprae DNA
in skin biopsies of leprosy patients, showing a correlation with the BI, identifying the
majority of MB patients, and sensitivities from 44% to 74.5% in PB patients (72-74). SSS
(75) or NS (31, 76) showed a similar pattern as obtained with biopsies for MB as well as
PB patients. These samples can also be collected in contacts of leprosy patients, who in
contrast to patients do not have lesions. Both in SSS (75) and NS (31, 76) M. leprae DNA was
detected in household contacts, indicative of infection (SSS) or colonization (NS). Presence
of M. leprae DNA in NS of contacts was, however, not determinant of later disease onset
(31). Moreover, comparable bacterial DNA levels in SSS of contacts and PB patients were
observed, indicating limited value in predicting progression from infection to disease (75).

In conclusion, pathogen detection using nucleic acid-based methods is more sensitive
than classic microscopy, but it remains difficult to detect patients with very low bacillary
loads. A clear link between the presence of M. leprae in NS and SSS of contacts and disease
development has not been shown.

Host response

An alternative to pathogen detection is a diagnostic test based on the host immune
response, known to play a role in disease outcome after M. leprae infection (16). Upon
identification of M. leprae-specific antigens, antibody responses to these antigens
have been examined. One of the first identified (77) and most widely evaluated
antigens is phenolic glycolipid-l (PGL-l), a cell wall component unique to M. leprae.
An enzyme-linked immunosorbent assay (ELISA) detecting PGL-l specific antibodies

showed a highly specific response in M. leprae infected individuals, proving the
detection of aPGL-l-specific IgM antibodies very useful for diagnostics (78-82).

-14-
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A meta-analysis performed in 2019 (83) on 39 studies utilizing ELISA showed a sensitivity
of 63.8% (95% Cl 55.0-71.8) and a specificity 91.0% (95% Cl 86.9-93.9). Another meta-
analysis evaluated the use of PGL-| antibodies in contacts as a predictive biomarker for
progression to leprosy and showed less than 50% sensitivity for the individual studies
(84). Thus, the detection of aPGL-I antibodies only is not sufficient to identify all leprosy
patients, in concordance with the fact that most PB patients show either low titers or no
antibody response (83, 84). Antibody responses to other M. leprae-specific antigens such
as lipoarabinomannan (85), fusion protein LID-1 (86-88), major membrane protein Il (89),
and several recombinant M. leprae proteins (85, 90, 91) have also been examined. These
antibody responses showed a similar pattern as the PGL-I response, with higher levels and
positive responses observed in MB patients.

Instead of tests based on humoral immunity, tests based on cell-mediated immunity (CMI;
Th1), associated with the PB side of the leprosy spectrum as well as contacts, are already
implemented in TB care (92). For TB diagnostics, the interferon gamma release assay
(IGRA) uses the hallmark cytokine of Th1 responses, IFN-y, as readout. The production
of IFN-y in response to the highly specific M. tuberculosis antigens ESAT-6 and CFP-10
enables the discrimination of (latently) infected individuals from non-infected individuals
(93, 94). However, this assay does not discriminate active from latent disease nor indicates
progression from infection to disease. Hence, the IGRA is most useful as a diagnostic in
low endemic countries, where infection rates are low (95). The advantage of the IGRA
test for TB diagnostics is the lack of cross-reactivity with BCG and the majority of non-
tuberculous mycobacteria (96). A second screening test, which is also based on CM|, is the
tuberculin skin test (TST), in which a mixture of TB proteins is intradermally administered.
If an individual is previously exposed to M. tuberculosis a delayed hypersensitivity reaction
occurs within 48-72 hours, causing an induration at the site of administration which is the
readout of this assay (93). In contrast to the IGRA test, the TST is subject to cross-reactivity
with BCG and other mycobacteria (97). Although less specific, the TST test is not as costly
as the IGRA and is therefore often applied in resource-limited settings.

As leprosy diagnostic tool, the lepromin skin test uses a similar concept as the TST,
intradermally inoculating a suspension of heat-killed M. leprae and evaluating the
induration at the site of inoculation after 3-4 weeks. The lepromin skin test is not indicative
of infection, but of the immunologic capability of an individual in response to M. leprae
and is also highly cross-reactive (98). This test is useful for classification of leprosy as it
indicates the extent of CMI of an individual in the disease progress, ranging from no to
weak reaction in LL patients to strong reactions in TT patients (98).
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The identification of the ESAT-6 (99, 100) and CFP-10 (101, 102) homologues in M. leprae
enabled the assessment of the IFN- y response to these antigens, similar to the IGRA for
TB. Both M. leprae antigens induced T-cell dependent IFN-y production in leprosy patients,
also reflecting the leprosy spectrum with an absence of response at the lepromatous pole
of the spectrum. M. leprae/M. tuberculosis-non-exposed healthy individuals did not show a
response, but both antigens were recognized by TB patients and healthy individuals from
areas where leprosy and TB are endemic (100, 101). IFN-y responses to M. leprae ESAT-6
and CFP-10 are thus indicative of exposure, but the observed cross-reactivity impeded the
use of this test in areas where both TB and leprosy are endemic. Unfortunately, these are
exactly the areas where a leprosy diagnostic tool is most urgently needed.

To minimize the possibility of cross-reaction with other mycobacterial species several
M. leprae unique proteins, as an alternative to ESAT-6 and CFP-10, were identified by
comparative genomics of the M. leprae genome to the genomes of other mycobacteria
(33). These proteins were evaluated for their ability to induce T-cell dependent IFN-y
production (103-106). In one study, five antigens expressed as recombinant proteins
induced significant T-cell responses in PB patients and healthy individuals exposed to M.
leprae, but not in TB patients or endemic controls (103). With the knowledge that M. leprae
peptides induced more specific responses than M. leprae proteins (107), but are HLA-
restricted with different responses per region due to differences in genetic background
(108), the T-cell response to 50 synthetic peptides spanning the sequence of the earlier
identified proteins (103) was examined. A combined T-cell response to 4 peptides was
identified, detecting both PB patients and household contacts (frequently exposed to M.
leprae). To examine the applicability of these proteins/peptides in different populations,
T-cellresponses at five different sites were compared (109), revealing thatT cells of endemic
controls could also respond to these proteins and to a lesser extent to peptides. To identify
to what extent the level of leprosy endemicity influenced the cellular immunity to M.
leprae unique antigens, endemic controls with different degrees of exposure to M. leprae
were evaluated in a subsequent study (110). Whole blood was stimulated with a panel of
M. leprae antigens measuring multiple cytokines instead of IFN-y only. The more practical
24-hours whole blood assay (WBA), instead of the commonly used 6 days stimulation with
M. leprae whole cell sonicate (WCS) or recombinant proteins (111, 112),induced weak levels
of IFN-y (109) but other cytokines could be sensitively detected (113). Two recombinant
proteins ML0840 and ML2478 inducedhigh IFN-y responses in endemic controls from
high-prevalence areas, but this response was absent in controls from areas where leprosy
is not endemic anymore (110). This was in contrast to M. leprae WCS, which mounted
comparable IFN-y responses in all control groups. Although useful for exposure, the IFN-y
response did not differ between patients and contacts from the same endemic area.
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Of the additionally assessed cytokines IP-10 showed a similar pattern as IFN-y indicative
of exposure, whereas IL-1, MCP-1 (CCL2) and MIP-1f3 (CCL4) in response to M. leprae
WCS and ML2478 did discriminate patients from endemic controls, potentially
identifying pathogenic immune responses to M. leprae (110). This study provided the first
identification of cellular biomarkers other than IFN-y for discrimination of leprosy patients
from endemic controls. Moreover, the two recombinant proteins that proved useful in
this study (ML0840 and ML2478) also induced IFN-y responses in M. leprae-infected mice
(114) and armadillos (115). Evaluating host cytokine profiles in response to both WCS and
ML0840/ML2478 in WBAs thus enables discovery of potential new biomarkers for leprosy
diagnosis.

Lateral flow assays

Numerous efforts have been conducted to either detect M. leprae or the host response
to M. leprae in infected individuals using sophisticated and high-end equipment and
expensive reagents. Well-equipped laboratory facilities are, however, not available in
all health centers in leprosy endemic areas, which are predominantly located in low- or
middle income countries. Newly developed diagnostic tests should therefore require
little training and laboratory equipment to be applicable in these areas. Lateral flow
assays (LFAs) are common low-cost, user-friendly and rapid tests to detect any type of
biomarker, well-suited for applications in remote and resource limited settings (116).

LF strips are usually composed of a sample pad, conjugate release pad, membrane
with immobilized antibodies and an absorbent pad (Figure 2). The sample is applied to
the sample pad and migrates to the conjugate release pad, which contains colored or
fluorescent reporter particles coated with antibodies specific to the target analyte. Target
analytes bound to the reporter conjugate migrate through the membrane and to the
test (T) line, containing a complementary antibody that recognizes the same analyte.
Reporters passing the T-line will bind to the flow control (FC) line. The absorbent pad
prevents backflow and maintains the capillary force of the strip material. The readout of
the strip is based on the difference in intensity between the T and FC line and can be
assessed by eye or using a dedicated reader depending on the used label.

LFAs using colloidal gold as a visible label have been described for leprosy diagnostics,
either detecting PGL-I specific IgM (117) or NDO-LID (a conjugate of synthetic PGL-| and
LID-1) specific antibodies (118). The qualitative outcome of these tests does not require
the use of a reader and these tests were useful to detect the majority of MB patients. Up-
converting phosphor (UCP) hasbeenappliedtoavariety ofanalytes(119-121)and UCP-LFAs
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detecting aPGL-I IgM, IFN-y, IL-10, IP-10 and CCL4 have been developed and evaluated in
TB and leprosy patients (122-125). The phosphorescent reporter is excited with infrared
light to generate a visible light. This process is called up-conversion and does not occur in
nature, thereby avoiding autofluorescence issues. Moreover, UCP particles do not bleach,
allow permanent excitation (126), and LF strips can be stored as a permanent record also
for re-analysis. The Ratio of the observed fluorescent intensity at the T and FC line is a
quantitative test outcome corresponding to the concentration of the analyte present. The
UCP-LFA format enables user-The Ratio of the observed fluorescent intensity at the T and
FC line is a quantitative test outcome corresponding to the concentration of the analyte
present. The UCP-LFA format enables user-friendly quantitative evaluation of both cellular
and humoral biomarkers rendering this format promising for field-applicable leprosy
diagnostics.

Figure 2: Schematic representation of lateral flow assays. Lateral flow assays (LFAs) generally
consist of a sample pad, conjugate release pad, membrane and absorbent pad. On the sample
pad/conjugate release pad colored or fluorescent particles conjugated (red dot) to an antibody (Y)
specific for the target analyte are incorporated. The test (T) line contains antibodies complementary
to those on the reporter, recognizing the same target but a different epitope. Reporters that pass
the T-line can bind to the flow control (FC) line, through binding the FC-part of the antibodies
conjugated to the reporter. (A) LF strip before addition of sample. Reporter particles conjugated
to the antibodies are located in the conjugate release/sample pad. (B) LF strip after application of
a sample that contains the analyte of interest. Reporters are detected at both the T and FC control
line. (C) LF strip after application of a sample that does not contain the analyte of interest. Reporters
are detected only at the FCline.
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Longitudinal follow-up of household contacts in Bangladesh

Based on the observed positive effect of single dose rifampicin (SDR) (127) and
BCG revaccination (46) on new case detection rate, in 2012 a cluster randomized
controlled vaccination trial started in Bangladesh to examine the effect of combined
chemoprophylaxis (SDR) and immunoprophylaxis (BCG) on clinical outcome (128). Blood
was collected to examine the host immune responses and gene expression profiles in
contacts of newly diagnosed leprosy patients (128). Additionally, contacts without
intervention and endemic controls were included in this study. Including large numbers
of new cases and long-term follow-up of their contacts is necessary to identify correlates
of disease progression and predictive correlates, due to the long incubation time (typically
two-five years) and relatively low incidence of leprosy compared to for instance TB. This
study, as one of its kind, met these criteria and whole blood was collected and stimulated
for 24-hours with M. leprae WCS and ML0840/ML2478 (WBA; section host response). Blood
was also collected for RNA isolation and subsequent gene expression profiling. This set-
up provided a huge biobank of samples (>6500) for biomarker discovery (2012 - 2021),
including rare, longitudinal samples of leprosy contacts that developed disease during
the course of the study. WBA samples from this biobank have been applied in this thesis
for the identification and validation of biomarkers.

Thesis outline

The lack of a diagnostic test that can sensitively detect leprosy patients across the leprosy
spectrum, as well as identify M. leprae infected individuals that are prone to develop
disease, sustains diagnostic delay leading to irreversible, leprosy-associated handicaps
and enables the perpetuating transmission of M. leprae. A diagnostic tool is urgently
needed to pinpoint individuals requiring either prophylactic or therapeutic treatment.
This thesis focusses on the identification of biomarkers for leprosy diagnostics and the
subsequent development and evaluation of tests for these biomarkers based on the UCP-
LFA technology, applicable to remote and resource-limited settings. The exploratory and
developmental phase has been performed using the described biobank with samples
from Bangladesh, whereas the evaluation phase has been performed in multiple areas
with varying leprosy endemicity (Figure 3).

Chapters 2-4 focus on biomarker discovery and the development of diagnostic tests
to improve the detection of leprosy patients, particularly patients with low bacillary loads.
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Figure 3: Geographical distribution of cohorts tested in this thesis and the corresponding
number of new leprosy cases in 2019. Indication per chapter from which country the samples
originated and the corresponding number of new cases reported per country. Bangladesh (chapter
2-5,7), Brazil (chapter 5,6) China (chapter 6), Ethiopia (chapter 6), Philippines (chapter 5), South
Korea (chapter 4) and the United Kingdom (chapter 8). Adapted from (5).

In chapter 2 the diagnostic accuracy of UCP-LFAs for aPGL-I IgM, IP-10, IL-10 and CCL4 was
assessed in WBAs stimulated with M. leprae WCS and ML0840/ML2478.These four markers
comprised innate, adaptive cellular as well as humoral immunity potentially covering the
spectral pathology of leprosy. Detected levels of these four markers in leprosy patients,
(BCG-vaccinated) contacts and endemic controls were used to successfully design
biomarker profiles for M. leprae infection, disease and leprosy classification.

In chapter 3 extensive proteomic profiling using multiplex-bead-arrays was performed
in order to identify new biomarkers in addition to aPGL-I IgM, IP-10, IL-10 and CCL4.
Using a funnel approach, the identified biomarkers in the first sample set were validated
in a second sample set of WBAs. Biomarkers validated in the second sample set were
subsequently tested in a set of plasma samples to assess applicability in point-of-care
settings. The identified biomarkers in plasma (aPGL-I IgM, IP-10, CRP, APOAT and S100A12)
were applied to improved UCP-LFAs requiring no pre-incubation before flowing the
samples, in contrast to the format used in chapter 2. This decreases the assay time from 2
hours to 15-30 minutes.

In chapter 4 a multi-biomarker test (MBT) strip was developed, enabling the simultaneous
measurement of multiple markers on a single test strip. The five-biomarker profile
identified in chapter 3 was implemented in the MBT strip and evaluated in both plasma,
serum as well as fingerstick blood samples to assess the applicability of the biomarker
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signature in these different biosamples.

In chapter 4 a multi-biomarker test (MBT) strip was developed, enabling the simultaneous
measurement of multiple markers on a single test strip. The five-biomarker profile
identified in chapter 3 was implemented in the MBT strip and evaluated in both plasma,
serum as well as fingerstick blood samples to assess the applicability of the biomarker
signature in these different biosamples.

Chapters 5-8 cover the evaluation of developed UCP-LFAs in different leprosy endemic
areas, contacts exposed to high levels of M. leprae bacilli and naturally M. leprae infected
red squirrels. In chapter 5 the UCP-LFA detecting aPGL-I IgM was compared to ELISA and
a LFA assay using NDO-LID as a target antigen. Samples from three leprosy endemic areas
(Bangladesh, Brazil and Philippines) including patients with different bacterial loads per
cohort were evaluated in all three tests to compare the different test formats.

In chapter 6 UCP-LFAs for IP-10, CRP, aPGL-I IgM and CCL4 were evaluated in patients
and controls from three countries with different leprosy endemicity (Brazil, China and
Ethiopia).

In chapter 7 levels of the biomarkers identified in chapter 3 were measured in WBA
samples from a study tracing contacts from patients with high bacillary loads. For these
contacts the presence of M. leprae DNA in NS and SSS and the correlation of the biomarkers
with the detection of bacterial DNA was determined.

In chapter 8 the applicability of the aPGL-I IgM UCP-LFA for diagnostics in red squirrels
was examined. The presence of the aPGL-I antibodies was assessed longitudinally in red
squirrels from the British isles that were followed up and screened for signs and symptoms
of leprosy and the presence of M. leprae DNA.

In chapter 9 the general findings of the performed studies will be discussed, focusing on
the identified biomarkers for leprosy and M. leprae infection and the future implications of
this research in leprosy control activities.

-21-

@)
>0
QU
©
—
D
=
—




Chapter 1

References

1. Schuenemann VJ, Avanzi C, Krause-Kyora B, Seitz A, Herbig A, Inskip S, et al. Ancient
genomes reveal a high diversity of Mycobacterium leprae in medieval Europe. PLoS Pathog.
2018;14(5):e1006997.

2. Benjak A, Avanzi C, Singh P, Loiseau C, Girma S, Busso P, et al. Phylogenomics and
antimicrobial resistance of the leprosy bacillus Mycobacterium leprae. Nat Commun. 2018;9(1):352.
3. Han XY, Seo YH, Sizer KC, Schoberle T, May GS, Spencer JS, et al. A new Mycobacterium
species causing diffuse lepromatous leprosy. Am J Clin Pathol. 2008;130(6):856-64.

4, Han XY, Sizer KC, Thompson EJ, Kabanja J, Li J, Hu P, et al. Comparative sequence analysis
of Mycobacterium leprae and the new leprosy-causing Mycobacterium lepromatosis. J Bacteriol.
2009;191(19):6067-74.

5. World Health Organization. Global leprosy (Hansen disease) update, 2019: time to step-
up prevention initiatives Wkly Epidemiol Rec. 2020;36(95):417-40.

6. Blok DJ, De Vlas SJ, Richardus JH. Global elimination of leprosy by 2020: are we on track?
Parasit Vectors. 2015;8:548.

7. World Health Organisation. Global leprosy update, 2018: moving towards a leprosy-free
world. Wkly Epidemiol Rec. 2019;94(35/36):389-412.

8. Global leprosy update, 2015: time for action, accountability and inclusion. Wkly
Epidemiol Rec. 2015;91(35):405-20.

9. Castro SS, Santos JP, Abreu GB, Oliveira VR, Fernandes LF. Leprosy incidence,

characterization of cases and correlation with household and cases variables of the Brazilian states
in 2010. An Bras Dermatol. 2016;91(1):28-33.

10. Smith WC, van Brakel W, Gillis T, Saunderson P, Richardus JH. The missing millions: a threat
to the elimination of leprosy. PLoS Negl Trop Dis. 2015;9(4):e0003658.

11. Lockwood DN, Reid AJ. The diagnosis of leprosy is delayed in the United Kingdom. QJM.
2001;94(4):207-12.

12. WHO Expert Committee on Leprosy. World Health Organ Tech Rep Ser. 2012(968):1-61, 1
p following

13. Kundakci N, Erdem C. Leprosy: A great imitator. Clin Dermatol. 2019;37(3):200-12.

14. Deps P, Cruz A. Why we should stop using the word leprosy. Lancet Infect Dis. 2020.

15. Saini C, Ramesh V, Nath I. CD4+ Th17 cells discriminate clinical types and constitute a
third subset of non Th1, Non Th2 T cells in human leprosy. PLoS Negl Trop Dis. 2013;7(7):e2338.

16. Sansonetti P, Lagrange PH. The immunology of leprosy: speculations on the leprosy
spectrum. Rev Infect Dis. 1981;3(3):422-69.

17. Modlin RL. The innate immune response in leprosy. Curr Opin Immunol. 2010;22(1):48-54.
18. Montoya D, Modlin RL. Learning from leprosy: insight into the human innate immune
response. Adv Immunol. 2010;105:1-24.

19. Mattos KA, Oliveira VC, Berrédo-Pinho M, Amaral JJ, Antunes LC, Melo RC, et al.

Mycobacterium leprae intracellular survival relies on cholesterol accumulation in infected
macrophages: a potential target for new drugs for leprosy treatment. Cell Microbiol.
2014;16(6):797-815.

20. World Health Organization. Guidelines for the diagnosis, treatment and prevention
of leprosy [Internet]. WHO. [cited 2019 Feb 19] 2018 [Available from: http://www.who.int/lep/
resources/9789290226383/en/.

21. Ridley DS, Jopling WH. Classification of leprosy according to immunity. A five-group
system. Int J Lepr Other Mycobact Dis. 1966;34(3):255-73.

22. FavaV, Orlova M, Cobat A, Alcais A, Mira M, Schurr E. Genetics of leprosy reactions: an
overview. Mem Inst Oswaldo Cruz. 2012;107 Suppl 1:132-42.

23. Little D, Khanolkar-Young S, Coulthart A, Suneetha S, Lockwood DN.
Immunohistochemical analysis of cellular infiltrate and gamma interferon, interleukin-12, and
inducible nitric oxide synthase expression in leprosy type 1 (reversal) reactions before and during
prednisolone treatment. Infect Immun. 2001;69(5):3413-7.

24, Kahawita IP, Lockwood DN. Towards understanding the pathology of erythema nodosum
leprosum. Trans R Soc Trop Med Hyg. 2008;102(4):329-37.
25. Suzuki K, Udono T, Fujisawa M, Tanigawa K, Idani G, Ishii N. Infection during infancy and

long incubation period of leprosy suggested in a case of a chimpanzee used for medical research. J
Clin Microbiol. 2010;48(9):3432-4.

26. Scollard DM, Adams LB, Gillis TP, Krahenbuhl JL, Truman RW, Williams DL. The continuing
challenges of leprosy. Clin Microbiol Rev. 2006;19(2):338-81.
27. Smith CS, Aerts A, Kita E, Virmond M. Time to define leprosy elimination as zero leprosy

transmission? Lancet Infect Dis. 2016;16(4):398-9.

-22-



General introduction

28. Bakker MI, Hatta M, Kwenang A, Van Mosseveld P, Faber WR, Klatser PR, et al. Risk factors for
developing leprosy--a population-based cohort study in Indonesia. Lepr Rev. 2006;77(1):48-61.
29. Goulart IM, Bernardes Souza DO, Marques CR, Pimenta VL, Goncalves MA, Goulart LR. Risk

and protective factors for leprosy development determined by epidemiological surveillance of
household contacts. Clin Vaccine Immunol. 2008;15(1):101-5.

30. Sales AM, Ponce de Leon A, Duppre NC, Hacker MA, Nery JA, Sarno EN, et al. Leprosy
among patient contacts: a multilevel study of risk factors. PLoS Negl Trop Dis. 2011;5(3):e1013.
31. Araujo S, Freitas LO, Goulart LR, Goulart IM. Molecular Evidence for the Aerial Route of

Infection of Mycobacterium leprae and the Role of Asymptomatic Carriers in the Persistence of
Leprosy. Clin Infect Dis. 2016;63(11):1412-20.

32. Roltgen K, Pluschke G, Spencer JS, Brennan PJ, Avanzi C. The immunology of other
mycobacteria: M. ulcerans, M. leprae. Semin Immunopathol. 2020.

33. Cole ST, Eiglmeier K, Parkhill J, James KD, Thomson NR, Wheeler PR, et al. Massive gene
decay in the leprosy bacillus. Nature. 2001;409(6823):1007-11.

34. Mensah-Awere D, Bratschi MW, Steinmann P, Fairley JK, Gillis TP. Symposium Report:
Developing Strategies to Block the Transmission of Leprosy. Lepr Rev. 2015;86(2):156-64.

35. Tio-Coma M, Wijnands T, Pierneef L, Schilling AK, Alam K, Roy JC, et al. Detection of
Mycobacterium leprae DNA in soil: multiple needles in the haystack. Sci Rep. 2019;9(1):3165.

36. Arraes M, Holanda MV, Lima L, Sabadia JAB, Duarte CR, Almeida RLF, et al. Natural

environmental water sources in endemic regions of northeastern Brazil are potential reservoirs of
viable Mycobacterium leprae. Mem Inst Oswaldo Cruz. 2017;112(12):805-11.

37. Turankar RP, Lavania M, Darlong J, Siva Sai KSR, Sengupta U, Jadhav RS. Survival of
Mycobacterium leprae and association with Acanthamoeba from environmental samples in the
inhabitant areas of active leprosy cases: A cross sectional study from endemic pockets of Purulia,
West Bengal. Infect Genet Evol. 2019;72:199-204.

38. Truman RW, Singh P, Sharma R, Busso P, Rougemont J, Paniz-Mondolfi A, et al. Probable
zoonotic leprosy in the southern United States. N Engl J Med. 2011;364(17):1626-33.
39. da Silva MB, Portela JM, Li W, Jackson M, Gonzalez-Juarrero M, Hidalgo AS, et al. Evidence of

zoonotic leprosy in Para, Brazilian Amazon, and risks associated with human contact or consumption
of armadillos. PLoS Negl Trop Dis. 2018;12(6):e0006532.

40. Honap TP, Pfister LA, Housman G, Mills S, Tarara RP, Suzuki K, et al. Mycobacterium leprae
genomes from naturally infected nonhuman primates. PLoS Negl Trop Dis. 2018;12(1):e0006190.
41. Avanzi C, Del-Pozo J, Benjak A, Stevenson K, Simpson VR, Busso P, et al. Red squirrels in the
British Isles are infected with leprosy bacilli. Science. 2016;354(6313):744-7.

42. Merle CS, Cunha SS, Rodrigues LC. BCG vaccination and leprosy protection: review of
current evidence and status of BCG in leprosy control. Expert Rev Vaccines. 2010;9(2):209-22.

43, Whittaker E, Nicol MP, Zar HJ, Tena-Coki NG, Kampmann B. Age-related waning of immune

responses to BCG in healthy children supports the need for a booster dose of BCG in TB endemic
countries. Sci Rep. 2018;8(1):15309.

44, Cunha SS, Alexander N, Barreto ML, Pereira ES, Dourado |, Maroja Mde F, et al. BCG
revaccination does not protect against leprosy in the Brazilian Amazon: a cluster randomised trial.
PLoS Negl Trop Dis. 2008;2(2):e167.

45, Randomised controlled trial of single BCG, repeated BCG, or combined BCG and killed
Mycobacterium leprae vaccine for prevention of leprosy and tuberculosis in Malawi. Karonga
Prevention Trial Group. Lancet. 1996;348(9019):17-24.

46. Duppre NC, Camacho LA, da Cunha SS, Struchiner CJ, Sales AM, Nery JA, et al.
Effectiveness of BCG vaccination among leprosy contacts: a cohort study. Trans R Soc Trop Med Hyg.
2008;102(7):631-8.

47. Richardus R, Alam K, Kundu K, Chandra Roy J, Zafar T, Chowdhury AS, et al. Effectiveness
of single-dose rifampicin after BCG vaccination to prevent leprosy in close contacts of patients with
newly diagnosed leprosy: A cluster randomized controlled trial. Int J Infect Dis. 2019;88:65-72.

48. Monot M, Honore N, Garnier T, Zidane N, Sherafi D, Paniz-Mondolfi A, et al. Comparative
genomic and phylogeographic analysis of Mycobacterium leprae. Nat Genet. 2009;41(12):1282-9.
49. Achtman M. Evolution, population structure, and phylogeography of genetically
monomorphic bacterial pathogens. Annu Rev Microbiol. 2008;62:53-70.

50. Streisinger G, OkadaY, Emrich J, Newton J, Tsugita A, Terzaghi E, et al. Frameshift mutations
and the genetic code. This paper is dedicated to Professor Theodosius Dobzhansky on the occasion
of his 66th birthday. Cold Spring Harb Symp Quant Biol. 1966;31:77-84.

51. Shinde V, Newton H, Sakamuri RM, Reddy V, Jain S, Joseph A, et al. VNTR typing of
Mycobacterium leprae in South Indian leprosy patients. Lepr Rev. 2009;80(3):290-301.
52. Monot M, Honore N, Garnier T, Araoz R, Coppee JY, Lacroix C, et al. On the origin of leprosy.

Science. 2005;308(5724):1040-2.

-23-

@)
>0
QU
©
—
D
=
—




Chapter 1

53. Tio-Coma M, Avanzi C, Verhard EM, Pierneef L, van Hooij A, Benjak A, et al. Genomic
Characterization of Mycobacterium leprae to Explore Transmission Patterns Identifies New Subtype
in Bangladesh. Front Microbiol. 2020;11:1220.

54. Avanzi C, Lécorché E, Rakotomalala FA, Benjak A, Rapelanoro Rabenja F, Ramarozatovo LS,
et al. Population Genomics of Mycobacterium leprae Reveals a New Genotype in Madagascar and
the Comoros. Front Microbiol. 2020;11:711.

55. Joyce MP. Historic aspects of human susceptibility to leprosy and the risk of conjugal
transmission. Mem Inst Oswaldo Cruz. 2012;107 Suppl 1:17-21.

56. Hansen GA. Causes of Leprosy. Norsk Magazin for Laegevidenskaben. 1873;4:76-9.

57. Getz B. Leprosy research in Norway, 1850-1900. Med Hist. 1958;2(1):65-7.

58. Fava VM, Dallmann-Sauer M, Schurr E. Genetics of leprosy: today and beyond. Hum Genet.
2019.

59. Moet FJ, Pahan D, Schuring RP, Oskam L, Richardus JH. Physical distance, genetic

relationship, age, and leprosy classification are independent risk factors for leprosy in contacts of
patients with leprosy. J Infect Dis. 2006;193(3):346-53.

60. Bakker MI, May L, Hatta M, Kwenang A, Klatser PR, Oskam L, et al. Genetic, household and
spatial clustering of leprosy on an island in Indonesia: a population-based study. BMC Med Genet.
2005;6:40.

61. Kerr-Pontes LR, Barreto ML, Evangelista CM, Rodrigues LC, Heukelbach J, Feldmeier H.
Socioeconomic, environmental, and behavioural risk factors for leprosy in North-east Brazil: results
of a case-control study. Int J Epidemiol. 2006;35(4):994-1000.

62. Blok DJ, de Vlas SJ, Geluk A, Richardus JH. Minimum requirements and optimal testing
strategies of a diagnostic test for leprosy as a tool towards zero transmission: A modeling study.
PLoS Negl Trop Dis. 2018;12(5):e0006529.

63. Braet S, Vandelannoote K, Meehan CJ, Brum Fontes AN, Hasker E, Rosa PS, et al. The
Repetitive Element RLEP Is a Highly Specific Target for Detection of Mycobacterium leprae. J Clin
Microbiol. 2018;56(3).

64. Woods SA, Cole ST. A rapid method for the detection of potentially viable Mycobacterium
leprae in human biopsies: a novel application of PCR. FEMS Microbiol Lett. 1989;53(3):305-9.
65. Santos AR, De Miranda AB, Sarno EN, Suffys PN, Degrave WM. Use of PCR-mediated

amplification of Mycobacterium leprae DNA in different types of clinical samples for the diagnosis
of leprosy. J Med Microbiol. 1993;39(4):298-304.

66. Donoghue HD, Holton J, Spigelman M. PCR primers that can detect low levels of
Mycobacterium leprae DNA. J Med Microbiol. 2001;50(2):177-82.
67. Kang TJ, Kim SK, Lee SB, Chae GT, Kim JP. Comparison of two different PCR amplification

products (the 18-kDa protein gene vs. RLEP repetitive sequence) in the diagnosis of Mycobacterium
leprae. Clin Exp Dermatol. 2003;28(4):420-4.

68. Lavania M, Katoch K, Sachan P, Dubey A, Kapoor S, Kashyap M, et al. Detection of
Mycobacterium leprae DNA from soil samples by PCR targeting RLEP sequences. J Commun Dis.
2006;38(3):269-73.

69. Turankar RP, Pandey S, Lavania M, Singh |, Nigam A, Darlong J, et al. Comparative evaluation
of PCR amplification of RLEP, 16S rRNA, rpoT and Sod A gene targets for detection of M. leprae DNA
from clinical and environmental samples. Int J Mycobacteriol. 2015;4(1):54-9.

70. Martinez AN, Lahiri R, Pittman TL, Scollard D, Truman R, Moraes MO, et al. Molecular
determination of Mycobacterium leprae viability by use of real-time PCR. J Clin Microbiol.
2009;47(7):2124-30.

71. Truman RW, Andrews PK, Robbins NY, Adams LB, Krahenbuhl JL, Gillis TP. Enumeration of
Mycobacterium leprae using real-time PCR. PLoS Negl Trop Dis. 2008;2(11):e328.
72. Yan W, Xing Y, Yuan LC, De Yang R, Tan FY, Zhang Y, et al. Application of RLEP real-time

PCR for detection of M. leprae DNA in paraffin-embedded skin biopsy specimens for diagnosis of
paucibacillary leprosy. Am J Trop Med Hyg. 2014;90(3):524-9.

73. Azevedo MC, Ramuno NM, Fachin LR, Tassa M, Rosa PS, Belone AF, et al. gPCR detection of
Mycobacterium leprae in biopsies and slit skin smear of different leprosy clinical forms. Braz J Infect
Dis. 2017;21(1):71-8.

74. Martinez AN, Ribeiro-Alves M, Sarno EN, Moraes MO. Evaluation of gPCR-based assays for
leprosy diagnosis directly in clinical specimens. PLoS Negl Trop Dis. 2011;5(10):e1354.
75. Gama RS, Gomides TAR, Gama CFM, Moreira SJM, de Neves Manta FS, de Oliveira LBP, et al.

High frequency of M. leprae DNA detection in asymptomatic household contacts. BMC Infect Dis.
2018;18(1):153.

76. Carvalho RS, Foschiani IM, Costa M, Marta SN, da Cunha Lopes Virmond M. Early detection
of M. leprae by qPCR in untreated patients and their contacts: results for nasal swab and palate
mucosa scraping. Eur J Clin Microbiol Infect Dis. 2018;37(10):1863-7.

-24-



General introduction

77. Hunter SW, Brennan PJ. A novel phenolic glycolipid from Mycobacterium leprae possibly
involved in immunogenicity and pathogenicity. J Bacteriol. 1981;147(3):728-35.
78. Brett SJ, Draper P, Payne SN, Rees RJ. Serological activity of a characteristic phenolic

glycolipid from Mycobacterium leprae in sera from patients with leprosy and tuberculosis. Clin Exp
Immunol. 1983;52(2):271-9.

79. Young DB, Buchanan TM. A serological test for leprosy with a glycolipid specific for
Mycobacterium leprae. Science. 1983;221(4615):1057-9.
80. Cho SN, Yanagihara DL, Hunter SW, Gelber RH, Brennan PJ. Serological specificity of

phenolic glycolipid | from Mycobacterium leprae and use in serodiagnosis of leprosy. Infect Immun.
1983;41(3):1077-83.

81. Chatterjee D, Cho SN, Brennan PJ, Aspinall GO. Chemical synthesis and seroreactivity
of 0-(3,6-di-O-methyl-beta-D-glucopyranosyl)-(1----4)-0-(2,3-di-O-methyl- alpha-L-
rhamnopyranosyl)-(1----9)-oxynonanoyl-bovine serum albumin--the leprosy-specific, natural
disaccharide-octyl-neoglycoprotein. Carbohydr Res. 1986;156:39-56.

82. Fujiwara T, Aspinall GO, Hunter SW, Brennan PJ. Chemical synthesis of the trisaccharide
unit of the species-specific phenolic glycolipid from Mycobacterium leprae. Carbohydr Res.
1987;163(1):41-52.

83. Gurung P, Gomes CM, Vernal S, Leeflang MMG. Diagnostic accuracy of tests for leprosy: a
systematic review and meta-analysis. Clin Microbiol Infect. 2019;25(11):1315-27.
84. Penna ML, Penna GO, Iglesias PC, Natal S, Rodrigues LC. Anti-PGL-1 Positivity as a Risk

Marker for the Development of Leprosy among Contacts of Leprosy Cases: Systematic Review and
Meta-analysis. PLoS Negl Trop Dis. 2016;10(5):e0004703.

85. Spencer JS, Kim HJ, Wheat WH, Chatterjee D, Balagon MV, Cellona RV, et al. Analysis of
antibody responses to Mycobacterium leprae phenolic glycolipid |, lipoarabinomannan, and
recombinant proteins to define disease subtype-specific antigenic profiles in leprosy. Clin Vaccine
Immunol. 2011;18(2):260-7.

86. Duthie MS, Hay MN, Morales CZ, Carter L, Mohamath R, Ito L, et al. Rational design and
evaluation of a multiepitope chimeric fusion protein with the potential for leprosy diagnosis. Clin
Vaccine Immunol. 2010;17(2):298-303.

87. Duthie MS, Hay MN, Rada EM, Convit J, Ito L, Oyafuso LK, et al. Specific IgG antibody
responses may be used to monitor leprosy treatment efficacy and as recurrence prognostic
markers. Eur J Clin Microbiol Infect Dis. 2011;30(10):1257-65.

88. Duthie MS, Goto W, Ireton GC, Reece ST, Cardoso LP, Martelli CM, et al. Use of protein
antigens for early serological diagnosis of leprosy. Clin Vaccine Immunol. 2007;14(11):1400-8.
89. Wang H, Liu W, Jin Y, Yu M, Jiang H, Tamura T, et al. Detection of antibodies to both M.

leprae PGL-1 and MMP-II to recognize leprosy patients at an early stage of disease progression.
Diagn Microbiol Infect Dis. 2015;83(3):274-7.

90. Spencer JS, Duthie MS, Geluk A, Balagon MF, Kim HJ, Wheat WH, et al. Identification of
serological biomarkers of infection, disease progression and treatment efficacy for leprosy. Mem
Inst Oswaldo Cruz. 2012;107 Suppl 1:79-89.

91. Freitas AA, Oliveira RM, Hungria EM, Cardoso LP, Sousa AL, Costa MB, et al. Alterations to
antigen-specificimmune responses before and after multidrug therapy of leprosy. Diagn Microbiol
Infect Dis. 2015;83(2):154-61.

92. Whitworth HS, Badhan A, Boakye AA, Takwoingi Y, Rees-Roberts M, Partlett C, et al.
Clinical utility of existing and second-generation interferon-gamma release assays for diagnostic
evaluation of tuberculosis: an observational cohort study. Lancet Infect Dis. 2019.

93. Matteelli A, Sulis G, Capone S, D’Ambrosio L, Migliori GB, Getahun H. Tuberculosis
elimination and the challenge of latent tuberculosis. Presse Med. 2017;46(2 Pt 2):e13-e21.

94. Kwiatkowska S. The IGRA tests: where are we now? Pneumonol Alergol Pol. 2015;83(2):95-
7.

95. Rangaka MX, Wilkinson KA, Glynn JR, Ling D, Menzies D, Mwansa-Kambafwile J, et al.

Predictive value of interferon-gamma release assays for incident active tuberculosis: a systematic
review and meta-analysis. Lancet Infect Dis. 2012;12(1):45-55.

96. Pai M, Denkinger CM, Kik SV, Rangaka MX, Zwerling A, Oxlade O, et al. Gamma interferon
release assays for detection of Mycobacterium tuberculosis infection. Clin Microbiol Rev.
2014;27(1):3-20.

97. O’Garra A, Redford PS, McNab FW, Bloom Cl, Wilkinson RJ, Berry MP. The immune response
in tuberculosis. Annu Rev Immunol. 2013;31:475-527.

98. Walsh DS, Meyers, W.M. Leprosy. Tropical Infectious Diseases (Third Edition). 2011.

99. Spencer JS, Marques MA, Lima MC, Junqueira-Kipnis AP, Gregory BC, Truman RW,

et al. Antigenic specificity of the Mycobacterium leprae homologue of ESAT-6. Infect Immun.
2002;70(2):1010-3.

-25-

@)
>0
QU
©
—
D
=
—




Chapter 1

100. Geluk A, van Meijgaarden KE, Franken KL, Subronto YW, Wieles B, Arend SM, et al.
Identification and characterization of the ESAT-6 homologue of Mycobacterium leprae and T-cell
cross-reactivity with Mycobacterium tuberculosis. Infect Immun. 2002;70(5):2544-8.

101. Geluk A, van Meijgaarden KE, Franken KL, Wieles B, Arend SM, Faber WR, et al.Immunological
crossreactivity of the Mycobacterium leprae CFP-10 with its homologue in Mycobacterium
tuberculosis. Scand J Immunol. 2004;59(1):66-70.

102. SpencerJS, Kim HJ, Marques AM, Gonzalez-Juarerro M, Lima MC, Vissa VD, et al. Comparative
analysis of B- and T-cell epitopes of Mycobacterium leprae and Mycobacterium tuberculosis culture
filtrate protein 10. Infect Immun. 2004;72(6):3161-70.

103. Geluk A, Klein MR, Franken KL, van Meijgaarden KE, Wieles B, Pereira KC, et al.
Postgenomic approach to identify novel Mycobacterium leprae antigens with potential to improve
immunodiagnosis of infection. Infect Immun. 2005;73(9):5636-44.

104. Araoz R, Honore N, Banu S, Demangel C, Cissoko Y, Arama C, et al. Towards an
immunodiagnostic test for leprosy. Microbes Infect. 2006;8(8):2270-6.

105. AraozR,Honore N, Cho S, Kim JP, Cho SN, Monot M, et al. Antigen discovery: a postgenomic
approach to leprosy diagnosis. Infect Immun. 2006;74(1):175-82.

106. Duthie MS, Goto W, Ireton GC, Reece ST, Sampaio LH, Grassi AB, et al. Antigen-specific
T-cell responses of leprosy patients. Clin Vaccine Immunol. 2008;15(11):1659-65.

107. Spencer JS, Dockrell HM, Kim HJ, Marques MA, Williams DL, Martins MV, et al. Identification
of specific proteins and peptides in Mycobacterium leprae suitable for the selective diagnosis of
leprosy. J Immunol. 2005;175(12):7930-8.

108. Dockrell HM, Brahmbhatt S, Robertson BD, Britton S, Fruth U, Gebre N, et al. A postgenomic
approach to identification of Mycobacterium leprae-specific peptides as T-cell reagents. Infect

Immun. 2000;68(10):5846-55.

109. Geluk A, Spencer JS, Bobosha K, Pessolani MC, Pereira GM, Banu S, et al. From genome-
based in silico predictions to ex vivo verification of leprosy diagnosis. Clin Vaccine Immunol.
2009;16(3):352-9.

110. Geluk A, Bobosha K, van der Ploeg-van Schip JJ, Spencer JS, Banu S, Martins MV, et al.
New biomarkers with relevance to leprosy diagnosis applicable in areas hyperendemic for leprosy. J
Immunol. 2012;188(10):4782-91.

111. Weir RE, Butlin CR, Neupane KD, Failbus SS, Dockrell HM. Use of a whole blood assay to
monitor the immune response to mycobacterial antigens in leprosy patients: a predictor for type 1
reaction onset? Lepr Rev. 1998;69(3):279-93.

112. Weir RE, Morgan AR, Britton WJ, Butlin CR, Dockrell HM. Development of a whole blood
assay to measureT cell responses to leprosy: a new tool forimmuno-epidemiological field studies of
leprosy immunity. J Immunol Methods. 1994;176(1):93-101.

113. Geluk A, van der Ploeg-van Schip JJ, van Meijgaarden KE, Commandeur S, Drijfhout JW,
Benckhuijsen WE, et al. Enhancing sensitivity of detection of immune responses to Mycobacterium
leprae peptides in whole-blood assays. Clin Vaccine Immunol. 2010;17(6):993-1004.

114. Lahiri R, Randhawa B, Franken KL, Duthie MS, Spencer JS, Geluk A, et al. Development of a
mouse food pad model for detection of sub clinical leprosy. Lepr Rev. 2011;82(4):432-44.

115. Pena M, Geluk A, Van Der Ploeg-Van Schip JJ, Franken KL, Sharma R, Truman R. Cytokine
responses to Mycobacterium leprae unique proteins differentiate between Mycobacterium leprae
infected and naive armadillos. Lepr Rev. 2011;82(4):422-31.

116. Koczula KM, Gallotta A. Lateral flow assays. Essays Biochem. 2016;60(1):111-20.

117. Buhrer-Sekula S, Smits HL, Gussenhoven GC, van Leeuwen J, Amador S, Fujiwara T, et al.
Simple and fast lateral flow test for classification of leprosy patients and identification of contacts
with high risk of developing leprosy. J Clin Microbiol. 2003;41(5):1991-5.

118. Duthie MS, Orcullo FM, Abbelana J, Maghanoy A, Balagon MF. Comparative evaluation
of antibody detection tests to facilitate the diagnosis of multibacillary leprosy. Appl Microbiol
Biotechnol. 2016;100(7):3267-75.

119. van Dam GJ, de Dood CJ, Lewis M, Deelder AM, van Lieshout L, Tanke HJ, et al. A robust
dry reagent lateral flow assay for diagnosis of active schistosomiasis by detection of Schistosoma
circulating anodic antigen. Exp Parasitol. 2013;135(2):274-82.

120. Corstjens PL, Chen Z, Zuiderwijk M, Bau HH, Abrams WR, Malamud D, et al. Rapid assay
format for multiplex detection of humoral immune responses to infectious disease pathogens (HIV,
HCV, and TB). Ann N'Y Acad Sci. 2007;1098:437-45.

121. Li L, Zhou L, Yu Y, Zhu Z, Lin C, Lu C, et al. Development of up-converting phosphor
technology-based lateral-flow assay for rapidly quantitative detection of hepatitis B surface
antibody. Diagn Microbiol Infect Dis. 2009;63(2):165-72.

-26-



General introduction

122. Corstjens PL, de Dood CJ, van der Ploeg-van Schip JJ, Wiesmeijer KC, Riuttamaki T, van
Meijgaarden KE, et al. Lateral flow assay for simultaneous detection of cellular-and humoralimmune
responses. Clin Biochem. 2011;44(14-15):1241-6.

123. Corstjens PL, Zuiderwijk M, Tanke HJ, van der Ploeg-van Schip JJ, Ottenhoff TH, Geluk A.
A user-friendly, highly sensitive assay to detect the IFN-gamma secretion by T cells. Clin Biochem.
2008;41(6):440-4.

124. Corstjens PL, Tjon Kon Fat EM, de Dood CJ, van der Ploeg-van Schip JJ, Franken KL, Chegou
NN, et al. Multi-center evaluation of a user-friendly lateral flow assay to determine IP-10 and CCL4
levels in blood of TB and non-TB cases in Africa. Clin Biochem. 2016;49(1-2):22-31.

125. Bobosha K, Tjon Kon Fat EM, van den Eeden SJ, Bekele Y, van der Ploeg-van Schip JJ, de
Dood CJ, et al. Field-evaluation of a new lateral flow assay for detection of cellular and humoral
immunity against Mycobacterium leprae. PLoS Negl Trop Dis. 2014;8(5):e2845.

126. Corstjens PL, Li S, Zuiderwijk M, Kardos K, Abrams WR, Niedbala RS, et al. Infrared up-
converting phosphors for bioassays. IEE Proc Nanobiotechnol. 2005;152(2):64-72.

127. Moet FJ, Pahan D, Oskam L, Richardus JH. Effectiveness of single dose rifampicin in
preventing leprosy in close contacts of patients with newly diagnosed leprosy: cluster randomised
controlled trial. BMJ. 2008;336(7647):761-4.

128. Richardus RA, Alam K, Pahan D, Feenstra SG, Geluk A, Richardus JH. The combined effect of
chemoprophylaxis with single dose rifampicin and immunoprophylaxis with BCG to prevent leprosy
in contacts of newly diagnosed leprosy cases: a cluster randomized controlled trial (MALTALEP
study). BMC Infect Dis. 2013;13:456.

-27-

(@)
>0
QU
©
—
D
=




