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Although multidrug therapy (MDT) has been widely used for the treatment of leprosy for nearly 40 y, the
disease remains a public health concern in some areas. The early detection of leprosy cases is vital to interrupt
Mycobacterium leprae transmission, but currently diagnosis is typically achieved during the recognition of
clinical symptoms by professional staff performing physical examinations in conjunction with microbiological
assessment of slit skin smears (SSSs) and histopathology. In the last 10 y, serum antibody detection tests
have emerged to aid leprosy diagnosis. Here we evaluated the ability of antigens NDO-BSA and LID-1 (ML0405
and ML2331) and the conjugate of these, NDO-LID, to detect antibodies in the sera of 113 leprosy patients
and 166 control individuals in Yunnan province in southwest China. We found that each antigen was readily
detected by sera from multibacillary (MB) patients, with sensitivities of 97.3%, 97.3% and 98.6% for NDO-BSA,
LID-1 and NDO-LID, respectively. Even among paucibacillary (PB) patients the antigens detected antibodies in
74.4%, 56.4% and 69.2% of serum samples, respectively. Receiver operating characteristics (ROC) curve analysis
indicated that, irrespective of the leprosy case classification as MB or PB, the detection efficiency obtained with
NDO-LID was better than that obtained with the other two antigens (with LID-1 being a slightly better than NDO-
BSA). Our results indicate the utility of NDO-LID in assisting in the diagnosis of PB and MB leprosy patients and that
these antibody detection assays represent powerful diagnostic tools. We suggest that could be implemented
into the procedures of local health centres in leprosy-endemic regions to assist in earlier diagnosis.
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Introduction
Leprosy, also known as Hansen’s disease, is one of the most
ancient human diseases. It is a chronic granulomatous disease
caused by infection with Mycobacterium leprae that manifests
in the skin and peripheral nerve system.1 Determined by the
host immune response against M. leprae and characterized by
histopathology examination, leprosy can be divided into five
distinct escalating presentations, ranging from true tuberculoid
leprosy (TT) through borderline tuberculoid (BT), mid-borderline
(BB), borderline lepromatous (BL) and lepromatous leprosy
(LL).2 To simplify diagnosis and align treatment guidelines, the
World Health Organization (WHO) recommends operational

classification according to the number of skin lesions and
involved nerves.3 Leprosy cases are thus defined as either
paucibacillary (PB; including TT and BT) or multibacillary (MB;
including BB, BL and LL). PB patients have a cellular immune
response that contains the bacteria within host macrophages
such that slit skin smears (SSSs) are negative and patients are
characterized by having less than five asymmetrical skin lesions
and one involved nerve. Conversely, MB patients have more than
five skin lesions and one or more involved nerves and exhibit
weak cellular responses but abundant circulating antibodies that
do not limit M. leprae multiplication, such that they present with
higher bacteria indices (BIs) than PB patients.
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In 1981, researchers4,5 extracted phenolic glycolipid (PGL)-I,
a membrane component specific to M. leprae, and developed it
into one of the most significant tools to date for assisting in the
diagnosis of leprosy.6 MB patients typically have high levels of
circulating anti-PGL-I antibodies, mainly of the immunoglobulin
M (IgM) subclass.7 Natural disaccharide-octyl (NDO) is a synthetic
mimetic of PGL-I that, when conjugated with either bovine or
human serum albumin (BSA and HSA, respectively), is amenable
to conventional diagnostic methods such as enzyme-linked
immunosorbent assay (ELISA).8,9 Although performance in PB
and pure neural leprosy cases is limited, the examination of
serum anti-PGL-I antibody responses is a relatively reliable
and simple method with which to confirm diagnosis of MB
presentations.10–12

More recently sequencing of the M. leprae genome provided
the opportunity for informed screening and led to the genera-
tion of protein diagnostic candidates.13 Numerous studies have
now indicated the utility of various antigens in supporting the
diagnosis of leprosy, in particular the MB presentations, although
the individual antigen that provides the greatest sensitivity can
vary between studies.14,15 The single fusion protein Leprosy IDRI
Diagnostic (LID)-1, generated from a continuous linkage and
expression of the ml0405 and ml2331 genes, has emerged as
a diagnostic alternative.14 Furthermore, LID-1 can be used as a
carrier protein for NDO to yield NDO-LID.16–19

Multidrug therapy (MDT) has been freely provided for the
treatment of leprosy for nearly 40 y, and the number of newly
detected leprosy cases sharply declined from 5.2 million reported
cases in 1985 to 214 783 in 2016.20,21 However, newly detected
leprosy case rates have become stable at around 200 000 per
year over the last decade. While India and Brazil account for the
largest proportion of cases, new cases of leprosy are also reported
in China. Since 1981, the focus of the national control program
has been on bringing prevalence rates down to <1 case per
100 000 at the county level,22 and the incidence has decreased
in recent years.23

Although the perceived interruptions in the M. leprae trans-
mission chain as well as reductions in the grade 2 disability
rate are great achievements of the national control program, it
should be noted that, as with most countries, the current leprosy
control strategy in China remains founded on the recognition
of clinical features. This is occasionally assisted by microbiology
and histopathology techniques to detect, diagnose and treat
cases as they are reported.24,25 This is particularly tenuous in
some provinces, where diagnosis depends on relatively few pro-
fessional leprologists, alongside an increasing number of clini-
cians that have, at best, limited experience with leprosy patients,
thus delaying diagnosis and increasing the disabilities related to
advanced leprosy.25 Leprosy remains a public health problem in
provinces of southwest Chinese such as Yunnan and Guizhou,
where multiple genetic variants of M. leprae have been identi-
fied.26 Thus a validated tool for early diagnosis would be very use-
ful. The Beijing Tropical Medicine Research Institute accordingly
launched a combined strategy to provide control and surveillance
of leprosy in these provinces, including serological evaluations.
The aim of this study was to evaluate the relative abilities of NDO-
BSA, LID-1 and NDO-LID to support the diagnoses of suspected
and clinically confirmed leprosy cases.

Materials and methods
Subjects
This study was reviewed and approved by the Medical Ethics
Committee of Beijing Friendship Hospital, Capital Medical
University, Beijing, People’s Republic of China. All participants
(n=279) signed an informed consent form before participating,
with recruits <14 y of age having their informed consent form
signed by either a parent or legal guardian. Leprosy cases
were clinically diagnosed in 2012–2014 in Honghe prefecture,
a leprosy-endemic region of Yunnan province that had a 2012
new case detection rate of 0.65/100 000 population (Figure 1).

Figure 1. Location of Honghe prefecture, Yunnan province in southwest China.
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Table 1. Sensitivity of antigen-specific antibodies among various groups

Groups n BI, mean (range) Male:female NDO-BSA positive, n (%) LID-1 positive, n (%) NDO-LID positive, n (%)

Patients MB 74 3.01 (1.5–5.5) 56:18 72 (97.3) 72 (97.3) 73 (98.6)
PB 39 0.22 (0–1.8) 26:13 29 (74.4) 22 (56.4) 27 (69.23)

Controls HHC-MB 93 – 31:62 52 (57.4) 21 (22.5) 16 (14.8)
HHC-PB 15 – 8:7 6 (40.0) 4 (26.7) 0 (0)
TB 27 – 20:7 6 (22.2) 2 (7.4) 1 (3.7)
EC 31 – 18:13 5 (16.1) 4 (12.9) 5 (16.1)

HHC-MB: household contact of an MB patient; HHC-PB: household contact of a PB patient.

Each leprosy patient was characterized operationally as MB or
PB for treatment by WHO criteria and microbiologically by acid-
fast staining of SSSs and histopathology to be classified into one
of the five types characterized by the Ridley–Jopling criteria (TT,
BT, BB, BL and LL).2 In total 74 MB patients, comprised of 10 LL,
61 BL and 3 BB, and 39 PB leprosy patients, comprised of 29 BT
and 10 TT, were identified and recruited along with 166 con-
trol individuals. All patients were newly diagnosed at the time
of serum collection and none were presenting with reactional
episodes. The epidemiological and demographic characteristics
recorded for each patient included age, gender, ethnicity and
origin, estimated date of initial onset of symptoms and time
elapsed due to misdiagnosis, disability grade, pathological type
and bacterial index. The controls consisted of 108 household
contacts (HHCs) of a leprosy patient,27 27 tuberculosis (TB) cases
(each of whom were confirmed as Mycobacterium tuberculosis
sputum positive at diagnosis) and 31 healthy endemic controls
(ECs) from the same endemic region. Blood was collected before
the initiation of MDT and sera were stored at −20◦C until being
thawed for assay.

Antigen-specific antibody ELISA
Circulating antibodies against NDO-BSA, LID-1 and NDO-LID
were quantified by ELISA. In brief, 96-well plates (Corning,
Corning, NY, USA) were blocked with 1% bovine serum albumin
(BSA)/phosphate-buffered saline (PBS)/Tween-20 and then
coated with saturating amounts of either NDO-BSA (5 ng/well),
LID-1 (50 ng/well) or NDO-LID (5 ng/well). Serum samples
were diluted 1:200 in 0.1% BSA then added in duplicate and
incubated for 2 h at room temperature. Wells were then
washed before incubating with a mixture of anti-human IgG
and IgM–horse radish peroxidase conjugate diluted in 0.1%
BSA (both from Rockland Immunochemicals, Gilbertsville, PA,
USA). After washing, peroxidase-specific substrate (Kirkegaard
and Perry Laboratories, Gaithersburg, MD, USA) was added and
the reaction was allowed to develop before quenching by the
addition of 1 N H2SO4. The optical density (OD) of each well was
confirmed and read at 450 nm using a VersaMax microplate
reader (Molecular Devices, Sunnyvale, CA, USA). Results from each
individual serum sample were determined as the mean OD of the
duplicate wells.

Statistical analyses
Data were input into SPSS 17.0 software (SPSS, Chicago, IL, USA)
for analysis of variance with the post hoc Tukey’s test to evaluate
mean differences between groups, assuming that OD values
were normally distributed. The cut-offs used for sensitivity and
specificity calculations were calculated using optimized OD thres-
holds generated by receiver operating characteristics (ROC) curve
analysis, assuming the following different scenarios for use: diag-
nosis of MB leprosy within the general population of the endemic
region, only MB patients and only PB patients. The diagnostic
performance of the NDO-BSA, LID-1 and NDO-LID ELISAs was
evaluated by comparing each area under the curve (AUC) with
DeLong’s test. All statistical analyses were performed in R(R Foun-
dation for Statistical Computing, Vienna, Austria), assuming a
statistical significance was obtained when p-values were <0.05.

Results
Antigen-specific antibody responses among leprosy
patients
We determined the relative levels of antibodies against NDO-
BSA, LID-1 and NDO-LID within each serum sample by ELISA. As
expected, and based on operational classifications, MB leprosy
cases presented with higher levels of circulating antigen-specific
antibodies when compared against all other groups (Figure 2).
Positive responses were detected in 97.3%, 97.3% and 98.6%
of the MB patients (comprised of 10 LL, 61 BL and 3 BB) for
antibodies against NDO-BSA, LID- 1 and NDO-LID, respectively.
These rates decreased for PB patients (comprised of 29 BT and 10
TT), for whom 74.4%, 56.4% and 69.2% had antibodies against
NDO-BSA, LID-1 and NDO-LID, respectively (Table 1). Accordingly,
when further characterized by Ridley–Jopling classification, the
seropositivity rates for antibodies against each of the antigens
were significantly different between the polar extreme TT and LL
groups (Figure 2). In general, both the proportion of responders
and the magnitude of response declined as the presentation
moved toward the TT end of the spectrum.

Antibody responses among control populations
It is well recognized that HHCs are at higher risk of M. lep-
rae infection and subsequent development of leprosy than the
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Figure 2. Antigen-specific responses of leprosy patients, stratified by antigen. Sera from fully characterized leprosy patients were analysed for
antibodies against (A) LID-1 (IgG), (B) NDO-LID (IgG and IgM) and (C) NDO-BSA (IgM). The MB group comprised 10 LL, 61 BL and 3 BB and the PB
group comprised 29 BT and 10 TT patients. Each point represents the OD of an individual serum sample. The mean OD and 95% CI are represented
by the horizontal bar while the traced horizontal line depicts the threshold for determining a positive result (OD=0.2). The number above each data
set is the percentage of positive responders and the number below represents the total number of participants in each group.

Figure 3. Antigen-specific responses among the broader population. Sera from multiple groups were analysed for antibodies against LID-1 (IgG), NDO-
LID (IgG and IgM) and NDO-BSA (IgM). The leprosy patient group contained 113 total samples, the HHC-MB group contained 93, the HHC-PB group
contained 15, TB patients contained 27 and ECs contained 31. Each point represents the OD of an individual serum sample, with the mean OD and
95% CI represented by the horizontal bar. The traced horizontal line depicts the threshold for determining a positive result (OD=0.2).

general population. Responses of HHCs and the general popula-
tion of the leprosy-endemic region, either TB patients or healthy
EC, were also assessed. As expected, a small percentage of HHCs
had antibodies against of NDO-BSA, LID-1 and NDO-LID in their
serum, with the proportion being slightly greater among contacts
of MB patients than among contacts of PB patients. A smaller
proportion of positive responses was also detected among TB
patients and healthy ECs (Figure 3). Together, these data suggest
a proportion of the general population in the leprosy-endemic
region may be harbouring M. leprae without any clinical symp-
toms of disease.

Diagnostic performance of each antigen
To directly compare the capacity of each antigen to discriminate
all leprosy patients, MB patients or PB patients from control indi-
viduals, we constructed ROC curves (Figure 4). For the combined
grouping of all (i.e. MB and PB) patients, the largest observed AUC
of 0.923 was seen with NDO-LID (Table 2). Similarly, when only
MB patients were considered, NDO-LID provided the greatest AUC
(0.978), slightly larger than that derived from using either NDO-
BSA (0.961) or LID-1 (0.963). Again, when only PB patients were
considered, the AUC for NDO-LID (0.819) was greatest among the
antigens evaluated. Together, ROC curve analyses with a focus on
these three patient groupings indicated that the efficiency of the

combined conjugate of NDO-LID was better than that delivered
independently by the other two antigens, LID-1 and NDO-BSA.
Taken together, our data indicate the benefit of using the NDO-
LID conjugate to support the diagnosis of leprosy and surveillance
for M. leprae infection.

Discussion
Serological analyses have the potential to facilitate leprosy diag-
nosis and could be an extremely useful tool in countries where
decreasing numbers of new case reports have led to reduced
expertise among clinicians. In this study we evaluated the diag-
nostic performance of LID-1 (a fusion protein), NDO-BSA (the
mimetic of M. leprae–specific PGL-I) and their conjugate, NDO-
LID, to assess their ability to support the clinical diagnosis of
leprosy in China. We evaluated the efficiency with which these
antigens could distinguish leprosy cases in Yunnan province from
control individuals (HHC, TB and EC). Our data indicate that the
NDO-LID conjugate yields an incremental increase in the rate of
confirmation of MB presentations over that obtained with either
LID-1 or NDO-BSA alone.

Numerous studies have now indicated the utility of various
antigens in supporting the diagnosis of leprosy, in particular the
MB presentations, although the individual antigen that provides
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Figure 4. Capacity of each antigen to confirm the diagnosis of leprosy. ROC curves were generated with data from LID-1, NDO-LID-1 and NDO-BSA
ELISAs and were configured for diagnosis of either PB leprosy, MB leprosy or combined (PB+MB) leprosy.

Table 2. Diagnostic performance of each antigen. ROC curves were generated and AUC for various conditions calculated

Variable AUC SE Significance 95% CI

MB+PB NDO-BSA .877 .021 .000 .835 to .919
LID-1 .890 .021 .000 .850 to .930
NDO-LID .923 .018 .000 .887 to .959

MB NDO-BSA .961 .014 .000 .933 to .990
LID-1 .963 .011 .000 .942 to .983
NDO-LID .978 .008 .000 .962 to .995

PB NDOBSA .723 .043 .000 .640 to .807
LID-1 .749 .046 .000 .659 to .840
NDO-LID .819 .044 .000 .732 to .905

SE: standard error.

the greatest sensitivity varies between studies.14,15 In agreement
with our findings, theoretical analyses generally indicate that
the LID-1 and NDO-BSA antigens could complement each other
to yield even greater sensitivities.16 Analyses of sera from 781
MB patients reported in Yunnan, Guizhou, Sichuan and Hunan
provinces indicated that LL patients had the highest seropos-
itivity rates of 78.7% and 71.7% against NDO-BSA and LID-1,
respectively, while the combined results for NDO-BSA and LID-

1 indicated a rate of 86.3% for MB leprosy patients.28 In a study
of 396 patients in Colombia, serum IgM antibodies against the
NDO-LID conjugate were detected in 78% of all patients, a level
greater than the 64% sensitivity attained by detecting anti-PGL-
I antibodies alone. The inclusion of the LID-1 protein, and the
use of protein A to simultaneously detect both antigen-specific
IgG and IgM isotypes, yielded the highest overall sensitivity of
86.3%.29 Responses among 98 leprosy patients from Rio Grande
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do Norte, Brazil revealed a diagnostic sensitivity for MB cases of
89% for anti-LID-1 antibodies that increased to 95% for NDO-
LID.30 Given that NDO-LID generated the largest AUC following
ROC curve analyses, our data are consistent with these recent
reports and support the use of NDO-LID for confirming the diag-
nosis of leprosy.

Serum antibody detection tests could also potentially simplify
and standardize the screening of individuals to facilitate detec-
tion of new MB cases. Epidemiological surveys using serology
have routinely revealed that anti-PGL-I positive rates are higher
among HHCs than the general population and represent a risk
for the development of leprosy,31–34 but analysis of anti-PGL-
I antibodies in samples collected in Bangladesh demonstrated
no association between anti-PGL-I antibody levels and onset of
disease.35 This contrasts with analyses of sera collected in the
Philippines.14,36 Among the Filipino cohorts, antibodies against
LID-1 were found to be elevated 6–8 months before clinical
diagnosis in 7 of 11 HHCs that developed MB leprosy.14 These data
were the first indication that the detection of responses against
LID-1 could assist in recognizing early stage leprosy as well as
potentially identify individuals most in need of follow-up clinic
examination. The LID-1 protein has subsequently been used to
replace the carrier BSA or HSA proteins within conjugates with
the PGL-I mimetic NDO to simplify the fabrication of ELISAs.16,37

Our data further reveal that the NDO-LID conjugate enhances
sensitivity to assist in the rapid and consistent detection of MB
leprosy and suggest this as a useful tool for diagnostic screening
in China.

Evidence for the early detection of emergent leprosy cases has
been generated independently with protein and glycolipid anti-
gens.36,38,39 NDO-LID has been integrated into a rapid protein-
based serological assay that can be used in field situations40,41

and the use of such rapid diagnostic tests could facilitate screen-
ing to rapidly detect early signs of leprosy, especially in endemic
areas. It should be noted, however, that a screening study in
Bangladesh reported that responses to NDO-HSA required sup-
plementation with other biomarkers in order to discriminate M.
leprae–infected from uninfected individuals.42 In agreement with
other studies, our results indicate that the simultaneous detec-
tion of antibody responses to M. leprae protein (LID-1) and gly-
colipid (PGL-I) antigens provides a benefit in monitoring not
only leprosy cases, but also those HHCs and ECs most at risk
of developing leprosy.7,14,43,44 Consistent with increased trans-
mission of M. leprae from heavily infected patients, among MB
HHCs we observed circulating IgG and IgM antibodies against
NDO-LID at a rate much higher than that observed among PB
HHCs. The relatively higher seropositive rate among recruited MB
HHCs indicates asymptomatic M. leprae infection and therefore
potential emergence as a leprosy case.27 Given that leprosy is
a chronic disease that typically develops slowly after infection,
there appears to be a need to monitor both serological responses
and clinical features over an extended timeframe. Tests detect-
ing serum antibodies can provide an objective and quantifiable
assessment to inform or trigger clinical examinations. Alterna-
tively, or in addition, evaluating individuals who have weak posi-
tive responses with other emerging detection methods such as
M. leprae–specific DNA fragment polymerase chain reaction or
more rigorous nerve assessments could lead to early diagnosis
and intervention.

Our study suggests that NDO-LID ELISA represents a poten-
tially powerful tool that can assist in the diagnosis of leprosy.
Extending the duration and expanding the sample size are likely
required to validate our results in a real-time setting. Conducting
such a study will likely require coordination of multiple cen-
tres within different leprosy-affected provinces. Such a program
appears warranted to ensure sustained interruption of M. leprae
transmission and long-term leprosy control.
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