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Introduction

To decrease the yearly new case detection rate of leprosy patients it is vital to reduce 
the transmission of its causative agent, Mycobacterium leprae. Although the exact mode 
of transmission of M. leprae still needs to be elucidated, undiagnosed leprosy patients 
are believed to form a major bacterial reservoir. Unfortunately, misdiagnosis of leprosy 
symptoms occurs frequently, causing a delay in treatment initiation. Prompt treatment is 
essential as it will reduce the potential period of M. leprae transmission and may prevent the 
irreversible disabilities as a result of permanent nerve damage. Tests to facilitate diagnosis 
and treatment of leprosy patients are thus high on the leprosy research agenda (1) as an 
important tool towards zero transmission (2). This thesis focused on the development of 
user-friendly diagnostic tests based on the host immune response. 

The studies in this thesis aimed to:
- Characterize host immune biomarkers that accurately identified both the 

disseminated (high bacterial load; multibacillary, MB) and self-limiting (low 
bacterial load; paucibacillary, PB) form of leprosy disease. 

- Develop field-friendly lateral flow assays (LFAs) for application of biomarker-
based diagnostic tests in various remote and resource limited, leprosy-endemic 
settings. 

- Extend development to point-of-care (POC) application of the LFAs, using 
fingerstick blood as biosample.

Finally, the prospect of future implementation of this type of diagnostic tests in leprosy 
control activities will be discussed.

Host immune biomarkers for leprosy

Previous examinations of the host response to M. leprae has provided general insight 
into host defense and immunopathology in human infectious diseases (3). However, 
diagnostic application of this host response to M. leprae infection is still quite limited 
in clinical practice. This is a missed opportunity in our opinion, as the clinical outcome 
upon M. leprae infection is determined by the host response (4). It is estimated that upon 
exposure to M. leprae approximately 10% of individuals are susceptible to infection (5). 
Infection can result in either: I) disseminated infection (MB leprosy); II) a self-limiting form 
of the disease (PB leprosy) or III) asymptomatic infection. Diagnosis of leprosy patients 
is difficult, especially of the self-limiting form in which symptoms are less apparent. PB 
patients generally lack the relatively easy to detect humoral antibody response (Th2) 
to the M. leprae specific cell-wall glycolipid PGL-I as seen in MB patients (6, 7). Instead, 
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PB patients predominantly induce a cell-mediated immune response characterized by 
amongst others Th1 cytokines (3).

For tuberculosis (TB), caused by a different Mycobacterium (M. tuberculosis), the hallmark 
cytokine for Th1 responses (IFN-γ) has been implemented in a diagnostic test (i.e. 
Quantiferon). This interferon gamma release assay (IGRA) measures the IFN-γ production 
in whole blood samples after 24 hours of stimulation with specific M. tuberculosis antigens 
ESAT-6 and CFP-10. IGRA enables the identification of infected individuals, but does not 
distinguish latent from active infection (8, 9). Upon identification of the ESAT-6 and CFP-
10 homologues in M. leprae, a similar test has been evaluated in leprosy patients, but with 
disappointing results due to cross-reactivity observed with other mycobacterial infections 
(10-13). Besides the mycobacteria that cause TB or leprosy, there are several other atypical 
mycobacterial infections (nontuberculous mycobacteria) that can cause opportunistic 
infections placing individuals with immune related diseases (e.g. AIDS) at increased risk. 
The conservation of pathways and functions across different species and the associated 
proteins (14) can cause a cross-reactive response in TB or leprosy diagnostic tests in 
individuals infected with these environmental mycobacteria. Continued search for new 
diagnostic antigens identified two proteins specific for the M. leprae genome, ML0840 
and ML2478. The in vitro response to these antigens in leprosy patients and exposed 
individuals resulted in alternatives to IFN-γ i.e. IP-10 and CCL4 (15). That timepoint and 
status of research represented the starting point of this thesis.

IL-10, IL-1Ra, S100A12, ApoA1 and CRP were identified in this thesis as biomarkers for 
leprosy in addition to αPGL-I IgM, IP-10 and CCL4 (Figure 1).  IL-10, S100A12 and ApoA1 
identified leprosy patients irrespective of their classification, whereas αPGL-I IgM, IP-
10 and CRP were useful biomarkers for MB leprosy and CCL4 and IL-1Ra for PB leprosy. 
These findings challenge the traditional Th1/Th2 paradigm for leprosy, as IL-10 responses 
(Th2) were observed in PB patients and IP-10 responses (cell-mediated immunity) in MB 
patients. The host immune response to M. leprae at the poles of the leprosy spectrum 
seems thus not mutually exclusive and consists of innate, adaptive cellular and humoral 
mediated immunity as reflected by the identified biomarkers.

Biomarkers for M. leprae infection

The identification of ApoA1, IL-10 and S100A12 as new biomarkers for both MB and PB 
leprosy suggest that these proteins contribute to a general response to M. leprae infection. 
Especially since levels of these biomarkers also differed for household contacts who are 
continuously exposed to M. leprae, compared to endemic controls (Chapters 2-4 and 7).
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Figure 1: Summarizing overview of the thesis’ chapters. The middle column indicates the 
biomarkers identified in this thesis and their diagnostic value for either multibacillary (MB; 
orange) or paucibacillary (PB; blue) leprosy patients. Chapters 2-4 describe the development 
of the up-converting phosphor (UCP) lateral flow assays (LFA) for leprosy diagnostics. On the 
left side the techniques used per chapter are indicated by the connecting lines (MBT=multi-
biomarker test). The coloured lines indicate which biomarkers where first identified in whole blood 
assay samples (WBA; orange), plasma (yellow) or fingerstick blood (FSB; blue) in which chapter. 
Chapters 5-8 describe evaluation of the LFAs developed for each biomarker, the connecting 
lines indicated which biomarkers were tested in each chapter and in which (endemic)area.

ApoA1 and IL-10 both exert anti-inflammatory effects and decreased levels are associated 
with destructive chronic inflammation (16, 17). IL-10 is well-known to inhibit Th1-
mediated immunity, hence the association with MB leprosy as a Th1 response is important 
for optimal pathogen clearance. However, both ApoA1 and IL-10 levels were similar in 
MB and PB leprosy patients, as well as exposed/potentially infected household contacts, 
suggesting that an anti-inflammatory response is initiated to dampen the immune 
response to M. leprae. Increased levels of ApoA1 have been described in relation to 
neuronal injury as a self-protecting mechanism to dampen the inflammatory response 
after injury contributing to the healing process (18). ApoA1 also affects lipid metabolism 
as the main protein of high density lipoprotein (HDL; involved in cholesterol transport to 
the liver). Dysfunctional HDL, in combination with altered ApoA1 levels has been observed 
in MB patients (19). Altered ApoA1 levels thus are not only a result of the altered immune 
response, but indicate a change in lipid metabolism as well.

The third identified biomarker for M. leprae infection, S100A12, has a dual role inducing 
both proinflammatory and antimicrobial effects by interacting with receptors such as 
RAGE and TLR4 (20). These pattern recognition receptors both activate the innate immune
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response. RAGE expression is positively associated with disease severity and levels of 
proinflammatory cytokines in active TB (21). In contrast, RAGE expression is also described 
to be protective against the development of pulmonary TB in mouse models (22), in line 
with reduction of antimicrobial activity to M. leprae in human S100A12 knock-down-
macrophages (23). S100A12 thus seems to protect exposed individuals from M. leprae 
colonization and infection. Once infected, however, S100A12 can contribute to maintain a 
detrimental, pro-inflammatory state in leprosy patients.  

Biomarkers for MB leprosy

Biomarkers specific for either one pole of the leprosy spectrum were also identified. For 
MB leprosy, in addition to the extensively studied αPGL-I IgM antibody response (6, 7), 
IP-10 and CRP were identified and assessed in different leprosy endemic areas (Figure 
1). CRP levels were predominantly increased in MB leprosy patients with high bacillary 
loads. This acute phase protein is produced by the liver and its level in blood can increase 
up to 1000-fold during inflammatory disorders (24). As a well-established biomarker for 
systemic disease, e.g. upon bacterial infection, CRP has many pathophysiologic roles by 
induction of an inflammatory response and activation of the complement system (25). 
The higher bacterial burden in MB patients could cause the upregulation of CRP, which is 
less apparent in PB patients presenting with few bacilli.

As mentioned earlier, the identification of IP-10 as a biomarker for MB leprosy is 
contradictory to the established Th1/Th2 paradigm, as IP-10 is induced by IFN- γ (Th1). Most 
studies that examined the IFN-γ response to various M. leprae specific antigens showed an 
IFN-γ response in PB patients and contacts, which was absent in MB patients (26-30). Only 
few studies describe the assessment of IP-10 for potential leprosy diagnostics. The IP-10 
response to ML2044 (31) and ML0276 + LID-1 (26) indicated diagnostic potential for PB 
patients. In this thesis, IP-10 levels were shown to be elevated in MB patients, even without 
M. leprae antigen stimulation. Monocytes, keratinocytes, endothelial cells and neutrophils 
produce IP-10 (32) and even HIV-patients with very low CD4 T cell counts can still produce 
IP-10 in perhaps IFN-γ independent pathways (33). These data indicate that IP-10 can be 
induced without the help of Th1 cells. Increased production of IP-10 was observed in pro-
inflammatory macrophages exposed to M. leprae before polarization (34), suggesting 
that M. leprae might predispose macrophages to increased IP-10 production. The IP-10 
response in MB patients is thus most likely a result of the innate immune response to M. 
leprae.
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Biomarkers for PB leprosy

The focus of explaining the immune response to M. leprae has been primarily on adaptive 
immune responses (B and T cells) in the past, but the contribution of innate immune 
responses to the spectral pathology of leprosy has been extensively reviewed recently 
(35, 36). The production of CCL4 by neutrophils (37) and monocytes (38) in PB leprosy 
patients and its upregulation after only 24 hours of in vitro stimulation with M. leprae 
whole-cell sonicate (WCS) confirm a role for innate immune responses in PB leprosy. 
Stratification of contacts also showed an elevated CCL4 response in households where 
M. leprae DNA was detected in slit-skin smears (a marker for infection) or where leprosy 
developed among household contacts (Chapter 7). These data indicate a role for CCL4 in 
the (early) immune response to M. leprae. CCL4 is a chemoattractant for amongst others 
natural killer cells and monocytes, but is also described to mediate suppression of T cells 
(39). The second biomarker identified specifically for PB leprosy is IL-1Ra, which can induce 
the production of high levels of IL-10 in macrophages (40) supporting the association of 
anti-inflammatory responses with PB leprosy. 

The new biomarkers significantly improved the identification of PB leprosy patients and 
were applied successfully to LFAs targeting test applicability in remote and resource limited 
settings. However, though PB patients and endemic controls could be easily discriminated 
based on the combination of these markers, few differences in the immune response 
between the self-limiting form of leprosy and household contacts of leprosy patients 
were observed (Chapters 2,3,6 and 7). This indicates that a disbalance in the immune 
response probably causes pathogenic immunity to M. leprae. The interplay between 
innate and adaptive immunity, as well as lipid metabolism (ApoA1), in leprosy patients 
requires further mechanistic studies to gain more insight in the factors that contribute 
to the development of disease (36). Longitudinal studies are ongoing, examining in an 
unbiased manner both gene expression and proteomic markers in household contacts 
who develop leprosy during follow-up (41, 42).

Test development, from ELISA to MBT

The described biomarkers were identified and validated using multiplex bead assays and 
ELISAs (Chapter 2-3). To enable biomarker-based diagnostics in leprosy endemic areas, 
often remote and with limited resources, LFAs were developed aiming at a more field-
friendly test format. The lateral flow strips are composed of a sample pad, nitrocellulose 
membrane with immobilized antibodies and an absorbent pad. The antibodies on the 
nitrocellulose membrane capture the target of interest (Test line) or antibodies coupled 
to the reporter up-converting phosphor (UCP) nanoparticles that did not bind target 



General discussion

-189-

Chapter 9

antigen (Flow Control) (43-45). At first, LFAs were developed requiring pre-incubation 
of UCP particles with the sample diluted in buffer in a 96-well plate before insertion of 
the lateral flow strip (‘wet’ UCP-LFA; Chapter 2). To decrease the assay time, in Chapter 
3 the particles were incorporated in the sample pad (‘dry’ UCP-LFA), thereby removing 
the pre-incubation step of one hour. The final stage of development was to incorporate 
multiple biomarkers on a single lateral flow strip, resulting in the multi-biomarker test 
(MBT). Compared to ELISAs, which require at least one work day to complete, the LFAs 
greatly reduced the assay time and eventually could be completed in less than one hour 
from sample addition to test result (Figure 2).

Figure 2: Overview of the assays described in this thesis

A major advantage of UCP as reporter particle is the quantitative readout, measured as 
the Ratio value of the fluorescence signal observed at the Test line divided by the signal 
at the Flow Control. This signal is determined by an operator independent reader, the up-
converting reporter particle is excited with infrared light to generate a visible light. As 
the signal does not fade over time, strips can be stored as a permanent record allowing 
re-analysis at a reference lab. The Ratio values determined by the reader can be converted 
to concentrations if standard curves are generated, as described in Chapter 2, or used as 
a stand-alone value as described in the remainder of the chapters. Both concentrations 
and Ratio values determined by UCP-LFA corresponded to the data observed in ELISAs 
(Chapter 2-3), proving the quantitative ability of this assay.

The UCP-LFA format allows quick implementation of newly identified biomarkers. 
However, before implementation new biomarkers have to be assessed for feasibility with 
the UCP-LFA format. Differences between the median concentration in the patient and
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control group should be large enough to in order to observe this difference in the 
UCP-LFA readout, ideally more than threefold (46). The quantitative aspect additionally 
requires the use of a measured amount of sample. Sample volume should be optimized 
per biomarker to match the appropriate dynamic range. Available antibody pairs may not 
always allow reaching the required lower limit of detection. Generally, levels below 100 
pg/ml are difficult to detect reproducibly in rapid POC tests. 

The incorporation of multiple biomarkers in an adapted lateral flow strip provides an 
ideal format regarding the spectral nature of leprosy disease. A five-biomarker signature 
of αPGL-I IgM, IP-10, CRP, S100A12 and ApoA1 was assessed in MBT strips, showing 
97% sensitivity and 75% specificity. Furthermore, application of the MBT strip allowed 
discrimination of MB and PB leprosy patients from control individuals in both high and 
low leprosy endemic areas (Chapter 4). 

Numerous factors can influence the host response to M. leprae, such as the level of 
endemicity (15) or helminth co-infection (47), which differ per endemic area. Therefore, the 
developed UCP-LFAs have been evaluated in multiple endemic regions for the identified 
biomarkers as depicted in figure 1, confirming the diagnostic potential across studies 
(Chapters 5-7) . Moreover, in Brazil and China the tests have been performed and analyzed 
locally with a portable reader, indicating feasibility of the protocol in leprosy endemic 
areas. The UCP-LFA format thus provides an efficient format for immunodiagnostic tests 
for leprosy in remote and resource limited settings. 

Towards point-of-care application

In order to apply the developed UCP-LFAs at the point-of-care, fingerstick blood (FSB) 
is the preferred biosample as it does not require the presence of a phlebotomist and is 
less-invasive. Therefore, the studies in this thesis worked towards the application of the 
UCP-LFA format with FSB, after evaluation of the developed tests in 24-hour stimulated 
whole-blood assays (WBA) and plasma (Figure 3).

Figure 1 shows an overview of the biosample in which the biomarkers showed diagnostic 
value (Chapters 2 – 4).  CCL4, IL-10 and IL-1Ra were identified as specifically useful 
biomarkers in WBA. This 24-hour in vitro stimulation of whole blood with either M. leprae 
whole-cell sonicate (WCS) or the two earlier mentioned M. leprae-specific proteins 
ML0840 and ML2478 was performed to assess the host response to these stimuli. In 
addition, one vial without stimulus was included to assess the baseline production of the 
biomarkers in each individual, resulting in three vials per person. To add 1 ml of blood per 
vial and subsequently incubate the sample for 24 hours at 37 ⁰C, laboratory equipment
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is required rendering this biosample not useful for point-of-care application. However, 
in vitro stimulation showed added value in identifying PB patients (CCL4 and IL-1Ra; 
Chapter 3) and contacts prone to establish M. leprae infection (CCL4; Chapter 7). These 
results indicate that in vitro stimulation can reveal immune responses in M. leprae-infected 
individuals that improve their identification, rendering WBAs useful diagnostic tools for 
leprosy in settings where rapid result is not required, such as in-patient care.

Figure 3: Biosamples described in this thesis, with increasing point-of-care (POC) 

applicability.

The five biomarkers that enabled identification of leprosy patients in plasma samples 
(Chapter 3) were also applicable with FSB (Chapter 4). For αPGL-I IgM, IP-10 and CRP a 
good correlation between plasma and FSB in the UCP-LFA was already observed previously 
(48). ApoA1 and S100A12 were additionally confirmed as biomarkers suitable for FSB 
applications. For accurate quantitation it is important that a measured amount of FSB is 
collected. Heparin-coated minivettes were used for this purpose, designed as collection 
devices for capillary blood.  The heparin coating prevents blood clotting, enabling easy 
and precise application of the exact FSB volume to a specific buffer, resulting in the lysis of 
red blood cells. The reporter technology applied in the UCP-LFA format is not hampered 
by lysis of the erythrocytes (the red colour of heme groups of hemoglobin) and as a result 
this test format does not require a blood filter to be incorporated for FSB use. After mixing 
the diluted FSB was applied to the LF strip. Removing this mixing step will increase the 
ease of use, direct application of FSB to the LF strip in combination with chasing the 
sample with buffer is being examined currently. An advantage of the lysed FSB in buffer 
is, however, that this sample can be easily stored for later use. Currently, incorporation 
of the UCP-LFA in cassettes is ongoing and has been evaluated in India (in collaboration 
the Banaras Hindu University, Varanasi, India). This format will further improve the POC 
applicability, allowing near-patient testing and on site availability of test results.
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Implementation of diagnostic tests in leprosy control strategies

1. Leprosy diagnosis & patient monitoring

The signs and symptoms of leprosy are often not recognized which results in delayed 
diagnosis, increasing the risk of severe disability if treatment is not initiated timely. 
Clinical diagnosis is especially difficult for those patients where M. leprae bacteria 
cannot be detected in routine slit-skin smears. The multi-biomarker signature described 
in this thesis (Chapter 3) identified leprosy patients across the leprosy spectrum and 
outperforms diagnosis with the well-established biomarker for leprosy (αPGL-I IgM (6, 
49)). The five-biomarker signature discriminated leprosy patients from patients with 
other dermatological diseases (Chapter 4). This shows the potential of our test to aid 
in the (differential) diagnosis, as leprosy has clinical manifestations similar to several 
dermatological diseases (i.e. psoriasis, sarcoidosis, dermal leishmaniasis) (50). 
In conjunction with the initial application as an adjunct diagnostic to confirm leprosy 
diagnosis made clinically, a diagnostic test such as developed here, can also be used to 
monitor treatment efficacy. Today, the duration of multidrug therapy is based on the 
diagnosis as MB (1 year) or PB (6 months) leprosy. Biomarker-based monitoring will allow 
an improved personalized treatment regimen. An optimized biomarker signature that 
accurately reflects the response to treatment needs to be determined and could also 
provide insights in the optimal treatment regimen for leprosy, which is still under debate 
(51). 

2. Monitoring leprosy reactions

Another aspect of leprosy pathogenesis that requires adequate monitoring is the onset 
of acute inflammatory episodes, so-called leprosy reactions. These reactions are the 
main cause of permanent nerve damage, which can be prevented if treatment of these 
episodes is initiated timely. The potential of immune profiles and  biomarker signatures 
to monitor (52) or even predict (53) leprosy reactions has been described previously. 
Of the biomarkers for which an UCP-LFA was developed in this thesis, IP-10 (52-54) and 
CRP (55-58) have shown to be increased during these reactional episodes. For the anti-
inflammatory IL-10 an opposite pattern was observed, during reactional episodes IL-10 
levels decreased (52, 54). This shift in immune response, from anti- to pro-inflammatory, 
indicates that longitudinal monitoring of biomarker levels in leprosy patients can aid in 
recognizing the onset of reactional episodes, thereby guiding the initiation of treatment 
to reduce the nerve-damage causing hyperinflammation. Application of additional 
biomarkers reflecting this shift in the host response, such as VEGF and IL-17 (52), to the
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UCP-LFA should be explored further.

The IP-10 UCP-LFA has been applied to longitudinal samples of patients suffering from 
a leprosy reaction, clearly showing a peak response during the reactional episode (59). 
Currently, studies in India (in collaboration with the Molecular Biology Institute of Health-
Research and Leprosy Center (SIH-R&LC), Karigiri, Vellore, Tamil Nadu, India) and Nepal 
(in collaboration with the Mycobacterial Research Laboratories, Anandaban Hospital, 
Kathmandu, Nepal) are ongoing to monitor leprosy patients longitudinally to evaluate 
the kinetics of the additional biomarkers identified in this thesis in patients that develop 
reactions. In both studies the UCP-LFA is performed locally to assess the feasibility to 
perform these tests in the field and POC.

3. Indication of M. leprae transmission rate

Zero transmission of M. leprae is necessary to achieve the elimination of leprosy, requiring 
population screenings to ensure that transmission in a certain area has stopped. To gain 
insight in the transmission rate in an endemic area, screening of children for the presence 
of αPGL-I antibodies provides a good proxy (60). Children are specifically targeted as M. 
leprae has a long incubation time and symptoms can take up to 20 years to appear; the 
presence of antibodies in children indicates per definition recent infection.

The αPGL-I IgM UCP-LFA has been used for each of the studies described in this thesis 
(Figure 1) and sensitively identifies MB patients. In populations where the transmission 
and leprosy incidence is declining, the proportion of MB leprosy cases has been shown 
to increase (61). These patients can be readily detected, particularly if we include the 
here identified markers such as IP-10, CRP and S100A12 in combination with αPGL-I IgM. 
The good correlation with the quantity of M. leprae DNA in slit-skin smears of patients, 
determined by qPCR (Chapter 7(62)), indicates that the readout of the αPGL-I IgM UCP-
LFA can provide information on the bacterial burden in an individual. Antibody screening 
is a useful and important tool to identify those infected with sufficient bacteria, as they 
are more likely to transmit M. leprae to others. Infection with few bacilli, however, requires 
additional biomarkers as only 20-30% of the PB patients in the cohorts described in this 
thesis elicited an detectable antibody response.

4. POC test in targeted PEP strategies

Modelling studies indicate that a diagnostic test for subclinical leprosy with a sensitivity 
of at least 50% could already substantially reduce the M. leprae transmission, identifying 
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individuals eligible for chemo- or immunoprophylaxis after exposure to M. leprae (2, 
63). Post-exposure prophylaxis (PEP) with BCG provides protection against leprosy in 
household contacts of patients and (re)vaccination of contacts is recommended in 
Brazil, although reports on the efficacy are conflicting (64). In the first months after BCG 
vaccination a relative increase in the number of PB leprosy cases among contacts was 
observed, suggesting that boosting the cell-mediated immune response can induce 
pathology in subclinically infected individuals (65). Single-dose rifampicin as PEP 
(SDR-PEP) has reported less adverse events and is now recommended by the WHO for 
leprosy prevention (66). A reduction in the incidence of leprosy of 57% among contacts 
was observed in the first two years after SDR (67). In a large international multi-center 
feasibility study implementation of SDR-PEP showed to be safe and was well accepted by 
the eligible individuals (68).

Identification of M. leprae-infected individuals eligible for SDR-PEP is therefore a useful 
application for a leprosy diagnostic test. Administration of SDR-PEP to neighborhood 
contacts based on the outcome of the αPGL-I IgM UCP-LFA as a measure for infection 
is currently evaluated in the PEOPLE study. This is a large-scale trial comparing different 
SDR-PEP modalities in Madagascar and the Comoros (69). The UCP-LFA test indicates 
individuals at the highest risk of transmitting the bacteria. Other biomarkers described in 
this thesis are being evaluated longitudinally in FSB of contacts receiving SDR-PEP to gain 
more insight on the direct, immunological effect of SDR-PEP in contacts. 

5. Animal models and reservoirs

The applicability of the αPGL-I IgM UCP-LFA in squirrel samples (Chapter 8) opened the 
possibility to use the developed UCP-LFAs in animal models as well. The longitudinal 
samples of squirrels developing leprosy allowed the evaluation of αPGL-I antibody levels 
in a non-experimental animal model, which were recently identified as natural hosts for 
M. leprae and M. lepromatosis (70). Increasing αPGL-I antibody levels mostly coincided 
with the development of leprosy and correlated with disease severity in squirrels. These 
animal data further support the evidence that the presence of αPGL-I antibodies is a 
good proxy for the infection status, with high levels corresponding to severe disease (and 
concomitantly a higher bacterial load).

Natural infection has also been described in armadillos, which have become the primary 
experimental animal model for leprosy (71). The αPGL-I IgM UCP-LFA proved feasible with 
armadillo samples (Zhou et al., in press), allowing monitoring of antibody levels during 
experimental studies in these animals. Currently, application of UCP-LFAs for additional 
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biomarkers in these animals is being examined. In non-human primates experimentally 
infected with M. tuberculosis UCP-LFAs monitoring pro-inflammatory responses, including 
IP-10 and CRP, have already been successfully applied showing the potential of this assay 
for quantitative biomarker detection in animal studies (Zhou et al. submitted).

Evidence for zoonotic leprosy has also been reported, humans with no contact to leprosy 
patients were shown to be infected with the same M. leprae strain as the armadillos in the 
area (72, 73). Besides the application in experimental models, UCP-LFAs can thus also be 
applied to screen animals population which can be naturally infected with M. leprae and 
live in close proximity to humans, in order to gain insight in this potential reservoir for 
transmission.

In summary, diagnostic tests can be implemented in various leprosy control strategies 
to stop M. leprae transmission, either supporting the early diagnosis of leprosy patients 
to initiate prompt treatment, identifying infected individuals for prophylactic treatment, 
screen populations to gain insight in the transmission rate or identify potential animal 
reservoirs for M. leprae. 

Concluding remarks

In this thesis, it was demonstrated that the combination of multiple biomarkers, reflecting 
the diverse host response to M. leprae, is required to sensitively detect MB and PB leprosy 
patients and discriminate these from infected individuals. Quantitative UCP-LFAs were 
developed based on the identified biomarkers and evaluated in several leprosy endemic 
countries, confirming the added value of biomarker signatures. As a result, a MBT strip 
was developed, representing a step forward in the development of the urgently needed 
immunodiagnostic test for detection of M. leprae infection and early stage leprosy. The 
feasibility of this platform with FSB enables POC application, facilitating implementation 
in leprosy control strategies. Longitudinal proteomic and transcriptomic profiling of 
household contacts that develop leprosy is currently ongoing to identify biomarkers that 
can even predict those at risk of developing leprosy. Through the simultaneous process 
of identification of biomarkers and test development, quick implementation of newly 
identified biomarkers into the POC test format is feasible allowing custom design per 
purpose. 

Implementation of a diagnostic tool in current leprosy control strategies might be the 
game-changer to break the chain of the decade-long stable M. leprae transmission. UCP-
LFAs provide such a diagnostic tool, using sophisticated technology in a low-complexity 
format. These LFAs enable the assessment of biomarker signatures in low-resource
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settings, both at reference centers or at the point-of-care. Applications of this multi-
purpose format range from adjunct leprosy diagnostic to population screening for M. 
leprae infection. Developed LFAs in this thesis can thus contribute to early diagnosis of 
patients and accurate insight into the ongoing M. leprae transmission, which is key to 
reduce the number of new leprosy cases, prevent leprosy-associated disabilities and 
finally establish worldwide leprosy elimination.
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