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Table 1
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Positivity rates of MMP-i- and MMP-Il-based serodiagnosis in various groups of subjects by ELISA.

MMP-1 MMP-1I McNemar test Inter-rater agreement
Tested Positive % 95% (1 Tested Positive % 95% Cl MMP-1 versus MMP-1I K

MB leprosy 72 62 86,1 75.9-93.1 72 58 80.6 69.5-88.9 P = 03877 0.403

PB leprosy 78 20 256 16.4-36.8 78 32 41.0 300-52.8 P = 00518 0.101

Healthy subjects 78 2 26 0.3-89 78 9 11.5 5.4-20.8 P = 00654 —0.044

The data in Fig. 1 were summarized. CI = confidence interval.

3. Results and discussion
3.1. Detection of leprosy patient by the MMP-1-based serodiagnosis

We purified recombinant MMP-I and MMP-1I Ags and measured the
anti-MMP-1 IgG Ab levels in the leprosy patients' sera. We also compared
the levels of anti-MMP-] IgG Ab with those of anti-MMP-1I IgG Ab. The
study population consisted of MB leprosy, PB leprosy patients, and normal
healthy BCG-vaccinated individuals from Japan. Some of the patients
were already under treatment, so that not all patients were active leprosy
patients. The OD value of each sample is plotted in Fig. 1A for MMP-I-~
based ELISA. The cut-off value was calculated by ROC curve analysis, using
the OD values of MB leprosy patients’ sera and healthy controls (Fig. 1A,
inset). The cut-off value was 0.080 for MMP-I-based ELISA, and the area
under the ROC curve was 0.952. The cut-off value for MMP-lI-based
ELISA was 0.13. From the data thus obtained, we determined the
positivity rates of each group and summarized in Table 1. As shown in
Table 1,86.1% of MB (n = 72,62/72), 25.6% of PB leprosy patients (11 = 78,
20/78), and 2.6% of healthy subjects (n = 78, 2/78) had positive anti~
MMP-11gG Ab levels in their sera. We then compared those results with
anti-MMP-I[ IgG Ab levels in their sera. As shown in Table 1, the percent
positivities of anti-MMP-II Ab levels were 80.6% in MB leprosy patients
(58/72), 41.0% in PB leprosy patients (32/78), and 11.5% in healthy
subjects (9/78). The percent positivities of anti-MMP-1 Ab in sera of
both MB and PB leprosy patients were not significantly high in
comparison to anti-MMP-Il Ab (P = 0.3877 and P = 0.0518, by
McNemar test). To represent as a dotplot, MMP-1 OD values were
plotted on X axis and that of MMP-Il on Y axis in Fig. 1B (MB leprosy),
1C (PB leprosy), and 1D (healthy controls). )

3.2. Usefulness of combination of MMP-I and MMP-II for sensitive
detection of leprosy

We analyzed the effect of the use of the mixture of MMP-1 and
MMP-II Ags for the improvement of the detection rate of leprosy.
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Fig. 2. OD values of each sample were determined by the combinational use of MMP-
and MMP-II Ags for ELISA. Sample sera from MB leprosy patients (left), PB leprosy
patients (middle), and healthy controls (right) were subjected to MMP-1- and MMP-il~
based ELISA. OD value of each sample was plotted. The thick horizontal lines show the
average OD value in each group. The cut-off value was calculated by ROC curve shown
in the inset. The cut-off value was determined as 0.094, and the area under the ROC
curve was 0.974.

MMP-1 Ag and MMP-II Ag were mixed and were used as the Ag for
ELISA. All sera used in Table 1 were analyzed. The OD value of each
sample is plotted in Fig. 2. The cut-off value was calculated by ROC
curve analysis, using the OD value of MB leprosy patients' sera and
healthy controls (Fig. 2, inset). The cut-off value was 0.094, and the
area under the ROC curve was 0.974. From those data, we determined
the positivity rates of each group and summarized in Table 2. The
percent positivities against Ag-mixture were 94.4% (68/72) for MB,
39.7% (31/78) in PB leprosy patients, and 9.0% (7/78) for healthy
subjects. The detection rate of MB leprosy patients was significantly
higher than that using MMP-11 Ag alone (P = 0.002, by McNemar test).
Since both MMP-1 and MMP-II Ags are immunogenic (Maeda et al,,
2005, 2007; Winter et al,, 1995, and our unpublished observations),
it would be speculated that most MB leprosy patients produce IgG
Abs against either MMP-1 or MMP-1I. In contrast, the detection
rate of PB leprosy patients remained at the same level as MMP-1I-
based serodiagnosis.

For improvement in the detection rate of PB leprosy, we focused
on the inter-rater agreement between the MMP-I-based and the
MMP-I1-based serodiagnosis. As shown in Table 1, the K value was
low for PB leprosy (x value: 0.10). This indicates that there is little
correlation between the Ab titers against MMP-1 and MMP-II in this
population of leprosy patients (Fig. 1C). This speculation directed us
to conduct more detailed analysis of the titers of anti-MMP-I and
anti~-MMP-II Abs in those sample sera. We classified the sample sera
into 4 groups, “MMP-I negative and MMP-II negative”, “MMP-I
negative and MMP-II positive”, “MMP-I positive and MMP-II
negative”, and “MMP-I positive and MMP-II positive” from the
results of ELISA obtained in Table 1 (Table 3A). In PB leprosy sera, the
proportions of the sera classified into the second group and the third
group was higher than expected (28.2% and 12.8%, respectively).
Thus, we reclassified the sera into 2 groups, “Consistent” and “Not
consistent” (Table 3B). “Consistent” group includes “MMP-I negative
and MMP-II negative” and “MMP-I positive and MMP-II positive”
groups, those have agreement in the results of ELISA using MMP-1 Ag
and MMP-1I Ag, while “Not consistent” group includes “MMP-I
negative and MMP-1I positive” and “MMP-] positive and MMP-I1
negative” sera. Interestingly, only 59.0% of PB leprosy sera showed
consistency between the results of anti-MMP-] Ab-based ELISA and
anti-MMP-II Ab-based ELISA (Table 3B). The results are in contrary
to the results of MB leprosy sera, as 83.3% of sera have consistency
(Table 3B). These results suggested the possibility that the MMP-1 Ag

Table 2
Positivity rates of MMP-1 and MMP-1I-mixed serodiagnosis in various groups of subjects
by ELISA.

McNemar

MMP-I + MMP-1I
d it %l test
Teste Positive % 95 versus
MMP-1I
MB leprosy 72 68 94.4 86.4-98.5 P = 0.002
PB leprosy 78 31 39.7 28.8-51.5 P=1
Healthy subjects 78 7 9.0 3.7-17.6 P = 0753

The data in Fig. 2 were summarized.
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Table 3

(A) Sample sera were classified by the positivity-of anti-MMP-1 Ab and anti-MMP-11 Ab.
The figures in brackets show the rate positivity in each group. (B) Sample sera were
reclassified by the consistency of the result of the ELISA. The row “Consistent” shows
the number of sera that have been classified in the group “MMP-1 negative and MMP-Il
negative” or “MMP-1 positive and MMP-II positive™. The row “Not consistent™ shows the
number of sera that have been classified in the group “MMP-I negative and MMP-II
positive™ or “MMP-I positive and MMP-II negative”.

MB (n = 72) PB (n = 78)

(A)

MMP-I negative and MMP-II negative 6 (7.7%) 36 (46.1%)
MMP-I negative and MMP-II positive 4 (5.6%) 22 (28.2%)
MMP-I positive and MMP-II negative 8 (11.1%) 10 (12.8%)
MMP-] positive and MMP-II positive 54 (75.0%) 10 (12.8%)
(B)

Consistent 60 (83.3%) 46 (59.0%)
Not consistent 12 (16.6%) 32 (41.0%)

can rescue the people who are diagnosed as negative in MMP-I]
serodiagnostic test, which may successfully reduce false-negative
results. When MMP-II Ag-based serodiagnosis was followed by
MMP-I Ag-based analysis, 53.8% of PB leprosy patients (42/78) were
Ab positive, and 91.7% of MB leprosy patients (66/72) were Ab
positive, although relatively high percentages of healthy subjects
(14.1%, 11/78) were Ab positive (Table 4, data of Table 1 were re-
analyzed), and the exact reason for this percentage remains to be
evaluated. Therefore, both MMP-1 Ag and MMP-II Ag may be quite
useful diagnostic tools for both MB and PB leprosy.

There is the discrepancy between the results obtained by mixing
MMP-I and MMP-II Ags in the same well and those by individual ELISA in
the detection rate of PB leprosy. We found that the individual serological
tests performed using the Ag mixture are not always successful in
detecting all PB leprosy patients in separate ELISA assays. The theoretical
calculation indicates that MaxiSorp ELISA plate surface has the capacity
to adsorb about 650 ng/cm? of globular protein such as IgG; it is likely
that both MMP-1 and MMP-1I Ags can be adsorbed (150 ng/well). The
probable explanation for the low detection rate of PB leprosy may be the
hydrophobic characteristics of both MMP-I1 and MMP-1I Ags. Such
characteristics may interfere with the adsorption of those Ags on ELISA
plate. However, as far as we tested other ELISA plates including AGC
technoglass Co. Ltd. and the other Ag-coating buffers, we could not
improve the detection rate of PB leprosy using mixed Ags. Another way
to modify the assay such as using specific Abs to MMP-I and MMP-11 Ags
for coating the plates and then layering the Ag may also help to detect
more Abs, but presently, such specific Abs are not available, On the other
hand, some of MB leprosy patients have polyclonally activated B cells,
which might lead to produce IgG Abs with high affinity; therefore, the
use of mixture of MMP-I and MMP-II Ags could be applicable.

Previous study has shown that the detection rate of serodiagnosis
using MMP-II is similar for leprosy patients in Vietnam to those in
Japan. In contrast, the detection rate of PGL-I-based serodiagnosis is
significantly lower for Vietnamese patients than Japanese (Kai et al.,
2008). The reason why the sensitivity of PGL-I-based serodiagnosis is
different between Vietnamese and Japanese is still unclear. It could be

Table 4
Positivity rates of MMP-1 or MMP-11 ELISAs in various groups of subjects.

MMP-1 or MMP-II

Tested Positive %
MB leprosy 72 66 91.7
PB leprosy 78 42 53.8
Healthy subjects 78 11 14.1

speculated that the major pathogenic and non-pathogenic mycobac-
terial species found in each region differs and the inhabitants in such
region could be influenced by those mycobacteria that would lead to
production of region-specific Abs. Therefore, the detection rate of
leprosy may differ when MMP-1-based serodiagnosis is applied to
leprosy patients of endemic countries.

The sera used in this study were obtained from both treated and
untreated leprosy patients. However, because of the lack of records on
the treatment history, we could not perform comparative studies
between untreated and treated patients. The detailed cohort studies
are absolutely required to reveal the utility of MMP-I Ag in primary
diagnosis, especially in endemic areas. Also, we need the testing of
cross-reactivity of MMP-1 and MMP-II Ags with other mycobacterial
diseases, especially because homologs of MMP-I are identified in
several other mycobacteria and possible infection of those bacteria
may have impact on the detection of leprosy. So far, cell-mediated
immune responses using MMP-1 and MMP-11 Ags seem not helpful for
the diagnosis of PB leprosy, so that serological tool may be
advantageous for the PB diagnosis. Through the establishment of
simple tool for the serodiagnosis using both MMP-I and MMP-1I Ags,
we may be able to achieve easy and inexpensive diagnosis of leprosy
of both MB and PB type.
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Protection against Mycobacterium leprae Infection by the ID83/GLA-
SE and ID93/GLA-SE Vaccines Developed for Tuberculosis
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Infectious Disease Research Institute, Seattle, Washington, USA? Tropical Pathology and Public Health Institute, Federal University of Goids, Goiania, Brazil®; Department of
Microbiology, Leprosy Research Center, National Institute of Infectious Diseases, Tokyo, Japan®

Despite the dramatic reduction in the number of leprosy cases worldwide in the 1990s, transmission of the causative agent, My-
cobacterium leprae, is still occurring, and new cases continue to appear. New strategies are required in the pursuit of leprosy
elimination. The cross-application of vaccines in development for tuberculosis may lead to tools applicable to elimination of
leprosy. In this report, we demonstrate that the chimeric fusion proteins ID83 and ID93, developed as antigens for tuberculosis
(TB) vaccine candidates, elicited gamma interferon (IFN-v) responses from both TB and paucibacillary (PB) leprosy patients
and from healthy household contacts of multibacillary (MB) patients (HHC) but not from nonexposed healthy controls. Immu-
nization of mice with either protein formulated with a Toll-like receptor 4 ligand (TLR4L)-containing adjuvant (glucopyranosyl
lipid adjuvant in a stable emulsion [GLA-SE]) stimulated antigen-specific IFN-vy secretion from pluripotent Th1 cells. When im-
munized mice were experimentally infected with M. leprae, both cellular infiltration into the local lymph node and bacterial
growth at the site were reduced relative to those of unimmunized mice. Thus, the use of the Mycobacterium tuberculosis candi-

date vaccines ID83/GLA-SE and ID93/GLA-SE may confer cross-protection against M. leprae infection. Our data suggest these
vaccines could potentially be used as an additional control measure for leprosy.

revalence rates for leprosy have sharply declined over the last

20 years, with the major breakthrough being attributed to the
provision of free-of-charge treatment to all diagnosed leprosy pa-
tients. The stalled decreases in both global prevalence and new
case detection rates of leprosy over the last decade indicate that
additional measures are likely required. The relative success of
leprosy control, however, has prompted the integration of lepro-
sy-specific programs into general health facilities and has also re-
duced the resources available to research (most notably special-
ized investigators and funds) (1, 2). During the same period, the
World Health Organization (WHO) has declared tuberculosis
(TB)a global public health emergency. Indeed, over 2 billion peo-
ple dare now believed to be infected with Mycobacterium tubercu-
losis, and multi- and extremely drug-resistant strains are rapidly
emerging (3, 4). Numerous groups are actively engaged in devel-
oping replacement or supplementary vaccines as an alternative or
additional control strategy for the TB epidemic (5). Defined anti-
gens, delivered as plasmid DNA, vectored DNA, or as recombi-
nant proteins in adjuvant, have proven effective in animal models,
and at least nine subunit TB vaccines have entered clinical trials
(6-11).

The Mycobacterium bovis bacillus Calmette-Guérin (BCG)
vaccines represent an important component within TB control
programs, since they provide at least partial protection against
tuberculosis (12-14) and leprosy (15). In several countries, both
TB and leprosy are endemic, and the contribution of mass BCG
vaccination is often overlooked as a factor within leprosy control
(16). The application of emerging TB vaccines to leprosy control
programs could be logistically and economically beneficial as a
public health intervention, but the capacity of such vaccine can-
didates to elicit protective responses against infection with Myco-
bacterium leprae (the causative agent of leprosy) has not been in-
vestigated.

As chimeric fusion proteins comprised of three and four M.
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tuberculosis proteins, the TB vaccine candidate antigens ID83 and
1D93 each present M. tuberculosis proteins selected from various
categories (17). When combined with the synthetic Toll-like re-
ceptor 4 ligand (TLR4L) glucopyranosyl lipid adjuvant (GLA) ina
stable emulsion (SE), ID93 boosts the effects of BCG, protecting
mice and guinea pigs against infection with M. tuberculosis (7, 18).
The current study was designed to examine the potential of the
ID83/GLA-SE and 1D93/GLA-SE vaccines to protect against M.
leprae infection.

MATERIALS AND METHODS

Subjects and samples. Recently diagnosed and previously untreated lep-
rosy patients and controls from an area to which leprosy is endemic (EC)
were recruited at Centro de Referencia em Diagnostico e Terapeutica and
Hospital Anuar Auad, Goiania, Goids State, Brazil. Leprosy patients were
categorized as paucibacillary (PB) by clinical, bacilloscopic, and histolog-
ical observations (bacterial index, skin lesions, nerve involvement, and
histopathology) carried out by qualified personnel. Blood was obtained
from tuberculosis patients (M. tuberculosis sputum-positive, HIV-nega-
tive individuals with clinically confirmed pulmonary tuberculosis) who
were undergoing treatment. EC were healthy individuals who had never
had tuberculosis, had no history of leprosy in the family, and were livingin
the area to which leprosy is endemic. All had previously been immunized
with BCG, and all blood samples were obtained after informed consent
and after local ethics committee approval.
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TABLE 1 Homology of ID83 and ID93 components between mycobacteria

Homolog (% identity) from:

Component

Vaccine(s) (M. tuberculosis protein)“ M. leprae® M. bovis

1D83 and ID93 Rv1813 Not found Mb1843c (100)
Rv2608 Not found Mb2640 (99.8)
Rv3620 ML1055 (57.9 [in 95-aa overlap])

1D93 only Rv3619 ML1056 (64.15 [in 92-aa overlap])

“ M. tuberculosis H37Rv strain; homologs were searched for using Tuberculist.
b M. leprae TN strain. aa, amino acid.

Determining reactivity by 24-h WBA. Whole-blood assays (WBA)
were performed with venous undiluted heparinized whole blood
(Greiner). Within 2 h of collection, blood was added to each well of a
24-well plate (450 pl/well; Sigma, St. Louis, MO) and incubated with
antigens at 37°C, 5% CO,. For each assay, stimulations were conducted
with 10 pg/ml of recombinant protein, 10 pg/ml M. leprae cell sonicate
(provided by John Spencer, Colorado State University, Fort Collins, CO,
under NIH contract NO1 AI-25469), or 1 pg/ml phytohemagglutinin
(PHA) (Sigma). After 24 h, plasma was collected and stored at —20°C.
Gamma interferon (IFN-v) content within the plasma was determined by
enzyme-linked immunosorbent assay (ELISA), used according to the
manufacturer’s instructions (QuantiFERON CMI; Cellestis, Carnegie,
Australia). The detection limit of the test was 0.05 IU/ml. For data inter-
pretation, we assigned as a positive result a concentration above an arbi-
trary cutoff point of 0.5 IU/ml.

Mice and immunizations. Wild-type C57BL/6 mice were purchased
from Charles River Laboratories (Wilmington, MA). Mice were immu-
nized with recombinant protein formulated with saline, SE, or GLA-SE to
provide a final protein concentration of 100 j.g/ml antigen and 200 p.g/ml
GLA-SE (19). Mice were immunized up to 3 times by subcutaneous (s.c.)
injection of 0.1 ml vaccine at the base of the tail at 2-week intervals. Mice
were maintained under specific-pathogen-free conditions, and all proce-
dures were approved by the appropriate institutional animal care and use
committees.

Antibody responses. Mouse sera were prepared by collection of ret-
roorbital blood into Microtainer serum collection tubes (VWR Interna-
tional, West Chester, PA), followed by centrifugation at 1,200 rpm for 5
min. Each serum sample was then analyzed by antibody capture ELISA.
Briefly, ELISA plates (Nunc, Rochester, NY) were coated with 1 pg/ml
recombinant antigen in 0.1 M bicarbonate buffer and blocked with 1%
bovine serum albumin (BSA)-phosphate-buffered saline (PBS). Then, in
consecutive order and following washes in PBS-Tween 20, serially diluted
serum samples, anti-mouse IgG, IgG1, or IgG2c-horseradish peroxidase
(HRP) (all from Southern Biotech, Birmingham, AL), and 2,2’-azino-
bis(3-ethylbenzthiazolinesulfonic acid) (ABTS)-H,0, (Kirkegaard &
Perry Laboratories, Gaithersburg, MD) were added to the plates. Plates
were analyzed at 405 nm (EL,808; Bio-Tek Instruments Inc., Winooski,
VT). The endpoint titer was determined as the last dilution to render a
positive response, determined as 2 times the mean optical density of the
replicates derived from sera from unimmunized mice in the Prism soft-
ware program (GraphPad Software, La Jolla, CA).

Antigen stimulation and cytokine responses. Single-cell suspensions
were prepared by disrupting spleens between sterilized frosted slides. Red
blood cells were removed by lysis in 1.66% NH,CI solution, and then
mononuclear cells were enumerated by ViaCount assay with a PCA sys-
tem (Guava Technologies, Hayward, CA). Single-cell suspensions were
cultured at 2 X 10° cells per well in duplicate in a 96-well plate (Corning
Incorporated, Corning, NY) in RPMI 1640 supplemented with 5% heat-
inactivated fetal calf serum (FCS) and 50,000 units penicillin-streptomy-
cin (Invitrogen). Cells were cultured in the presence of 10 jLg/ml antigen
for 96 h, after which culture supernatants were collected and cytokine
content was assessed. Cytokine concentrations within culture superna-
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tants were determined by ELISA. ELISA kits for determination of mouse
IFN-v, interleukin 5 (IL-5), IL-13 and tumor necrosis factor alpha
(TNF-a) were performed according to the manufacturer’s instructions
(eBioscience, San Diego, CA), and optical density was determined using
an ELx808 plate reader (Bio-Tek Instruments Inc., Winooski, VT).

Alternatively, for the elucidation of intracellular cytokine expression,
cells were cultured at 37°C for 16 h in the presence of 1 wg/ml phorbol
myristate acetate (PMA)-ionomycin (Sigma, St. Louis, MO) or 10 pg/ml
recombinant antigen and Golgi Stop (BD Biosciences, San Diego, CA).
Cells were fixed and permeabilized in Cytofix/Cytoperm (BD Biosciences,
San Diego, CA). To stain, cells were first incubated with the anti-FcyIl/
IR antibody 2.4G2 to block nonspecific binding, before addition of a
cocktail of fluorescently conjugated antibodies to identify cytokine-pro-
ducing antigen-experienced T helper cells (anti-CD4, anti-CD3g, anti-
CD44, anti-IL-2, anti-IFN-vy and anti-TNF [all from eBioscience]). Flow
cytometry was performed using an LSR Vantage instrument (BD Biosci-
ences), and the data were analyzed using the FlowJo software program
(Treestar, Ashland, OR).

M. leprae-induced inflammation. To assess M. leprae-induced in-
flammation, live M. leprae bacilli (Thai-53 strain) were purified from the
footpads of nu/nu mice at National Hansen’s Disease Programs and
shipped overnight on ice to the Infectious Disease Research Institute
(IDRI) for inoculations (20). Heat-killed M. leprae (HKML) bacteria were
obtained by heating bacilli at 70°C for.1 h and then quenching on ice. Mice
were inoculated with 1 X 10° bacilli in a volume of 10 pl by intradermal
(i.d.) injection into the ear pinnae. Twelve weeks later, single-cell suspen-
sions were prepared from the (auricular) draining lymph nodes (DLN),
and cell numbers were determined by ViaCount assay with a PCA system
(Guava Technologies).

Determination of bacterial burden. To assess M. leprae growth, live
M. leprae bacilli (Thai-53 strain) were purified from the footpads of nu/nu
mice at National Institute of Infectious Diseases. Six C57BL/6 mice per
group were s.c. vaccinated with a total of 5 pg/mouse of either the ID83 or
ID93 fusion protein or GLA-SE (10 pg/mouse) as a negative control 3
times with an interval of 3 weeks between inoculations and a month later
were challenged with 5 X 10° M. leprae bacilli by subcutaneous (s.c.)
injection into each footpad. Footpads were harvested 7 months later, and
the bacilli were enumerated by direct microscopic counting of acid-fast
bacilli according to the method of Shepard and McRae, with a limit of
detection of 3,700 bacilli (21). Animal studies were reviewed and ap-
proved by the Animal Research Committee of Experimental Animals of
the National Institute of Infectious Diseases (Tokyo, Japan) and were
conducted according to their guidelines.

Statistics. For human data, the nonparametric Kruskal-Wallis analy-
sis-of-variance test was used to compare the IFN-y levels among all of the
groups, and the Mann Whitney U test was applied for comparison be-
tween two groups. The P values for mouse studies were determined using
the Student ¢ test. Statistics were generated using the software program MS
Excel (Microsoft Corporation, Redmond, WA) or Prism (GraphPad Soft-
ware, Inc., La Jolla, CA). Statistical significance was considered when the P
values were <0.05.

Infection and immunity
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FIG 1 The 1D83 and 1D93 fusion proteins are recognized by PB leprosy patients. Whole blood from the PB, TB, and EC groups was cultured for 24 h in the
presence of antigen, and IFN-vy content in the plasma was measured by ELISA. Data from each individual is represented by a point, and the black bar indicates

the median IFN-y value. P values are indicated.

RESULTS

Recognition of ID83 and ID93 by leprosy patients. Replication
and dissemination of M. leprae is limited in PB leprosy patients,
suggesting that their potent cellular immune response is associ-
ated with limited or localized disease. Antigens that are recognized
by immune cells of PB patients may therefore be the key to iden-
tifying an effective subunit vaccine against leprosy. We assessed
the abilities of two TB vaccine candidate antigens we have devel-
oped, 1D83 (a fusion of three M. tuberculosis proteins, Rv1813,
Rv2608, and Rv3620) and ID93 (a fusion of four M. tuberculosis
proteins, Rv1813, Rv2608, Rv3619, and Rv3620) (Table 1), to
stimulate patient-specific IFN-vy recall responses in WBA. While
none of the EC samples exhibited IFN-y levels above 0.5 [U/ml,
blood from TB patients reacted strongly to these proteins and
secreted significant levels of IFN-+y (Fig. 1). IFN-vy levels were ob-

served above this threshold in 8 of 10 TB patient samples stimu-
lated with either protein. Although not as potently recognized as
by blood from TB patients, ID83 and ID93 were also well recog-
nized by PB leprosy patient blood (Fig. 1). IFN-v levels above 0.5
IU/ml were observed in 8 of 10 PB patient samples stimulated with
ID83 and 6 of 10 samples stimulated with ID93. Taken together,
these data indicate that the TB vaccine candidate antigens ID83
and ID93 are also applicable to leprosy.

Impact of vaccine formulation on immune response. To ex-
amine this vaccine potential, mice were immunized with either
ID83/SE or ID83/GLA-SE. Immunization with either formulation
induced an antigen-specific IgG response (Fig. 2). However, al-
though antigen-specific IgG1 responses were similar, GLA-SE in-
duced a significantly greater anti-ID83 IgG2c response than SE
(Fig. 2). These data indicate that immunization with the GLA-SE,

lgG 1gG1 lgG2c
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FIG 2 Immunization with ID83/GLA-SE but not ID83/SE promotes strong antigen-specific IgG2c responses. Mice were injected s.c. with ID83/SE and
ID83/GLA-SE at biweekly intervals for a total of 3 immunizations. Serum was collected before each immunization and 1 month after the final immunization.
Antigen-specific serum IgG, IgG1, and IgG2c endpoint titers were determined by antibody-capture ELISA.
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FIG 3 Immunization with either ID83/GLA-SE or ID93/GLA-SE stimulates pluripotent Thl antigen (Ag)-specific responses. Mice were injected s.c. with
1D83/GLA-SE and 1D93/GLA-SE at biweekly intervals for a total of 3 immunizations. Single-cell suspensions of spleen cells were prepared | month after the final
immunization and cultured with 10 pg/ml protein. Culture supernatants were collected after 4 days, and IFN-+y (A) or IL-5 (B) content was determined by ELISA.
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phenotype of each CD3* CD4* CD44™ IFN-y™ cell was further delineated by costaining for IL-2 and/or TNEF. In panel D, results are shown as percent CD3*
CD4* CD44" IEN-y* cells exhibiting each phenotype. Data are representative of at least 3 independent experiments.

but not the SE, formulation promotes a Thi-like response that
could provide cross-protection against M. leprae infection.

Elicitation of pluripotent Th1 responses by TB vaccines. To
further characterize this vaccine potential, mice were immunized
with either ID83/GLA-SE or ID93/GLA-SE. Spleen cells from im-
munized mice responded to antigen stimulation by secreting large
amounts of [FN-vy but very little IL-5, indicating the generation of
a strong Th1 response (Fig. 3A and B). Furthermore, many of the
antigen-specific IFN-y-secreting cells also secreted both IL-2 and
TNF, and the vast majority secreted at least one of these additional
cytokines (Fig. 3C).These data indicate that immunization with
either ID83/GLA-SE or ID93/GLA-SE promotes a Thl-like re-
sponse that could be protective against M. leprae infection.

M. leprae-induced inflammation is reduced in mice immu-
nized with TB vaccines. We previously demonstrated that M. lep-
rae infection of the ear causes local inflammation that can be in-
terrupted by drug treatment (22, 23). We hypothesized that
appropriate vaccination with ID83 and ID93 would limit devel-
opment of local inflammation. Mice were immunized by s.c. in-
jection at the base of the tail and then infected in the ears with M.

3982 iai.asm.org

leprae. In agreement with our hypothesis, 12 weeks after infection,
fewer cells were recovered from DLN of ID83/GLA-SE- or ID93/
GLA-SE-immunized mice than from DLN of mock immunized
mice (Fig. 4A). The DLN cell numbers of infected, immunized
mice were similar to those of HKML-inoculated, infected mice
(Fig. 4A). Taken together, these data indicate that the local inflam-
mation observed following M. leprae ear infection can be limited
by immunization with the candidate TB vaccines.

Immunization with TB vaccines reduces M. leprae burden.
To investigate if the vaccines could limit growth of M. leprae,
immunized mice were infected with M. leprae in the footpad and
bacilli numbers were assessed 7 months later. Immunization with
either vaccine decreased bacterial numbers compared with those
of mice injected with adjuvant alone (Fig. 4B). Taken together, our
experimental data indicate that defined subunit vaccines intended
for TB could also be useful for leprosy.

DISCUSSION

Proteins that elicit IEN-y responses from PB leprosy patients and
healthy household contacts of multibacillary (MB) patients
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(HHC) are potential targets of the immune response that natu-
rally limits M. leprae infection. Utilizing such proteins within sub-
unit vaccines thus has the potential to disrupt disease develop-
ment and bacterial dissemination. In this report, we demonstrate
that the chimeric fusion proteins ID83 and ID93, each developed
as antigen candidates within TB vaccines, are recognized by blood
from PB leprosy patients. When either antigen was formulated
with a TLR4L-containing adjuvant (GLA-SE), immunization

stimulated strong, pluripotent Thl responses and inhibited M.

leprae-induced inflammation and bacterial growth in mice. Thus,
the use of the M. tuberculosis candidate vaccines ID83/GLA-SE
and ID93/GLA-SE may confer cross-protection against M. leprae
infection and could potentially be used as a control measure for
leprosy.

While many groups are attempting to develop vaccines for
other neglected tropical diseases, difficulties inherent in leprosy
research (e.g., our inability to culture M. leprae in vitro and the
very long duration of experimental infections) have severely re-
stricted the investigation and advancement of leprosy vaccines.
There is an enormous effort, however, to develop vaccines against
M. tuberculosis, and at least nine subunit vaccines have entered
clinical trials (11). Taking advantage of TB research efforts could
provide an efficient way to codevelop a vaccine for both leprosy
and TB. As chimeric fusion proteins comprised of three and four
M. tuberculosis proteins, ID83 and ID93 each present M. tubercu-
losis proteins selected from various categories (the PE/PPE family
of proteins and the EsX family of virulence factors, associated with
latent growth of M. tuberculosis and expressed during hypoxia,
respectively). In this study, our original intent was to examine the
T cell responsiveness of Brazilian TB patients to the ID83 and

September 2014 Volume 82 Number 9

ID93 vaccine antigen candidates, using leprosy patients as a
known mycobacterium-infected control group to determine spec-
ificity of the responses. Indeed, TB patients did respond strongly
through the secretion of IFN-vy. In silico predictions revealed ex-
tremely low homology between the amino acid sequences of the
individual proteins contained in ID83 and ID93 and the published
M. leprae genome (24) (Table 1). It was therefore surprising that
PB leprosy patients responded well to antigen stimulation. The
response of leprosy patients was most likely due to M. leprae in-
fection and, because EC did not respond, not due to previous BCG
immunization or other factors, such as possible latent M. tubercu-
losis infection or exposure to other environmental mycobacteria.
These data provide validation for the potential use of these vaccine
candidates for the prevention of leprosy. It has previously been
demonstrated that even though the identities between M. tuber-
culosis and M. leprae ESAT-6 and CFP-10 (36% and 40%, respec-
tively) were very low and the heterologous proteins were not
cross-reactive in terms of serum antibody responses in leprosy
patients, there was a strong cross-reactive response at the T cell
level in both TB and leprosy patients (25). Thus, the cell-mediated
responses for low-homology proteins appear to be more promis-
cuous and are likely contained within similar T cell epitopes
within the heterologous proteins.

When M. leprae infection manifests disease, leprosy can pres-
ent across a diverse bacteriologic, clinical, immunologic, and
pathological spectrum. The hallmark neuropathy associated with
leprosy arises not only from the direct infection of peripheral
nerves by M. leprae, a unique trait among bacteria, but also from
the inflammatory and immunologic responses to the infection.
Indeed, immune-inflammatory episodes known as leprosy reac-
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tions are the main cause of irreversible nerve damage and can be
severe enough to require hospitalization. Thus, the promotion of
strong immune responses could theoretically precipitate immune
pathology, and it is therefore of paramount importance to ensure
the safety of a vaccine for leprosy. ID83 subunit vaccines contain-
ing synthetic TLR4 or TLR9 agonists generated a Thl immune
response and protected mice against challenge with M. tuberculo-
sis (19). Experimental infection of mice with M. leprae does not
precipitate the nerve damage that is a common feature in leprosy
patients (21), but it is noteworthy that vaccination with the TB
vaccines reduced the M. leprae-induced lymphadenopathy. This
observation implies that the vaccines, at least at the DLN level, do
not elicit strong infection-site inflammation that causes immune
pathology. Further exploration in armadillos that do develop neu-
ropathy following M. leprae infection appears prudent (26-28).

Currently the Leprosy Control Program in Brazil recommends
BCG vaccination for all intradomiciliary contacts of both MB and
PB leprosy that already have a BCG scar or the ones that haven’t
been previously vaccinated. In this regard, a new TB vaccine that
could also protect against leprosy could also provide additional
protection for exposed contacts of leprosy patients. The majority
of research directed toward a vaccine for leprosy dates back a few
decades and has focused on the use of related whole mycobacteria
or purification of protein fractions from M. leprae. Purified and/or
recombinant 10-kDa, 25-kDa, and 65-kDa proteins provided pro-
tection when administered with Freund’s adjuvant (29). Modern
vaccine standards, regulations, and safety concerns suggest that
more refined products should be developed. The development,
production, and advancement of vaccines through the necessary
regulatory processes is not trivial or inexpensive, however, and it is
therefore noteworthy that at least nine subunit TB vaccines have
already passed such scrutiny and have entered clinical trials (11).
Our strongest indication that any of these TB vaccines could also
contribute toward leprosy control is the demonstration of re-
duced M. leprae burdens in ID83- and ID93-immunized mice
following experimental infection.

In summary, despite the positive impact that the widespread
provision of multidrug therapy has had on the global prevalence
of leprosy, there are indications that further effort and additional
strategies are required in the push for elimination. It is our strong
opinion that this effort should include an effective vaccine and
that perhaps the smoothest path toward this would be the use of
TB vaccines that also protect against leprosy. Our data suggest that
new TB vaccine initiatives that are advancing the ID83- and ID93-
based vaccine candidates could also be highly beneficial for the
sustained control of leprosy.
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The PE (Pro-Glu) and PPE (Pro-Pro-Glu) multigene families are unique to mycobacteria, and are highly
expanded in the pathogenic members of this genus. We determined the intra-subspecies genetic variabil-
ity of the MACPPE12 gene, which is a specific PPE gene in Mycobacterium avium subsp. hominissuis (MAH),
using 334 MAH isolates obtained from different isolation sources (222 human isolates, 145 Japanese and
77 Korean; 37 bathroom isolates; and 75 pig isolates). In total, 31 single-nucleotide polymorphisms
(SNPs), which consisted of 16 synonymous SNPs and 15 nonsynonymous SNPs, were determined through

Zﬁ:ﬁ;ﬁum avium subsp. hominissuis comparison with the MACPPE12 gene sequence of MAH strain 104 as a reference. As the result, the 334
PE);PPE gene family P MAH isolates were classified into 19 and 13 different sequevars at the nucleic acid level (NA types) and

Variable numbers of tandem repeats amino acid level (AA types), respectively. Among the 13 AA types, only one type, the AAO2 type, presented
SNPs various NA types (7 different types) with synonymous SNPs, whereas all other AA types had a one-to-one
Genetic diversity correspondence with the NA types. This finding suggests that AAO2 is a longer discernible lineage than
the other AA types. Therefore, AAO2 was classified as an ancestral type of the MACPPE12 gene, whereas

the other AA types were classified as modern types. The ubiquitous presence of AAG2 in all of the isolation

sources and all different sequevars-classified by the hsp65 genotype further supports this classification. In

contrast to the ancestral type, the modern types showed remarkable differences in distribution between

human isolates and pig isolates, and between Japanese isolates and Korean isolates. Divergence of the

MACPPE12 gene may thus be a good indicator to characterize MAH strains in certain areas andfor hosts,

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Mycobacterial infections caused by strains of the Mycobacte-
rium avium complex (MAC) are becoming increasingly prevalent
in animals and humans (Falkinharm, 2010; Turenne et al., 2006;
Winthrop, 2010). In particular, Mycobacterium avium subsp. homin-
issuis (MAH) is a frequent agent of human and pig mycobacteriosis
(Mijs et al., 2002). Although MAH is typically considered to be an
opportunistic bacterium for immunocompromised persons, it also
frequently occurs in immunocompetent individuals and generally

* Corresponding author. Tel.: +81 78 302 6251; fax: +81 78 302 0894.
E-mail address: tomotada_iwamoto@office city kobe lgyp (T. lwamoto).

1567-1348/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
hitp:{/ds.doi.org/10.1016/.meegid 2013.08.010

manifests as a slowly progressive, often debilitating lung disease.
Recently, middle-aged and elderly females without any predispos-
ing conditions have been suggested to bear the brunt of this dis-
ease (inagaki et al, 2009). Therefore, it has been speculated that
MAH-associated mycobacteriosis is caused not only by host char-
acteristics but also by bacterial factors (Ichikawa et al., 2009).
The PE (Pro-Glu) and PPE (Pro-Pro-Glu) multigene families are
unique to mycobacteria and are suspected to be involved in immu-
nostimulation and virulence (Gey van Pittius et al., 2006; Macken~
zie et al., 2009; Sampson, 2011). The PE and PPE gene families are
highly expanded in the pathogenic species of this genus (Gey van
Pittius et al., 2006). Recently, Mackenzie et al., 2009 identified 12
PE and 49 PPE orthologs in the major groups of the MAC; Mycobac-
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terium avium subsp. paratuberculosis, M. avium subsp. hominissuis,
Mycobacterium avium subsp. avium, and Mycobacterium intracellu-
lare. A genomic comparison among them identified the subspe-
cies-specific PE/PPE genes and the missing PE/PPE genes from
one subspecies but present in at least two members of the MAC
(Mackenzie et al, 2009). The former are likely to emerge and/or
be acquired after divergence into the certain subspecies, whereas
the latter are likely to correspond to earlier deletions in the certain
subspecies. Two PPE genes, i.e., Mav 0790c and Mav 2006, which
are now denoted as MACPPE4 and MACPPE12, respectively, under
the newly proposed uniform PE and PPE locus names for all mem-
bers of the MAC, were specific for MAH strain 104. The correspond-
ing gene products could be used to identify immune responses
against this M. avium subspecies, and misinterpretations caused
by cross-reactivity in current diagnostics for Johne's disease would
thus be avoided (Mackenzie et al., 2009).

In this study, we first confirmed that MACPPE12 is ubiquitous in
this subspecies, whereas MACPPE4 is not widely distributed in
strains other than MAH strain 104. To determine the intra-subspe-
cies genetic variations of the MACPPE12 gene, we sequenced the
full length of the gene (1341 bp) using 334 isolates that were ob-
tained from different sources, i.e., 222 human isolates (145 Japa-
nese and 77 Korean), 37 bathroom isolates, and 75 pig isolates.
We also determined whether the genetic variation was associated
with the isolation source.

2. Material and methods
2.1. Bacterial isolates

We used crude DNA extracted from 334 isolates for this study.
Of these isolates, 257 overlapped with 258 isolates that were pre-
viously identified as MAH by hsp65 sequencing analyses and used
to analyze genetic diversity (Iwamoto et al, 2012). One isolate
from our previous study bank was excluded because of a lack of
volume. We newly added 77 isolates from 77 human patients that
were obtained from 7 different cities in Korea between 2010 and
2011. They were originally identified as M. avium through sequenc-
ing of the 16S rRNA gene (Devulder et al., 2005) at the Korean Insti-
tute of Tuberculosis. The hsp65 sequencing analyses that were
performed in this study confirmed that all of the isolates belonged
to MAH. To compare the genetic diversity of the 77 MAH isolates
with the previously obtained data for the other 257 isolates, the
same genetic markers used in the previous study (Iwamoto et al.,
2012), i.e., the 3’ portion of the hsp65 gene sequence, presence of
ISMav6, and genotypes of the 19-locus variable number of tandem
repeat (VNTR) sequence, were analyzed for the 77 isolates. The
datasets used in this study consisted solely of sequence data and
no personal data were disclosed at any point.

2.2. PCR and sequencing of MACPPE12

The MACPPE12 gene, the locus name of which in MAH strain
104 (accession number in GenBank, NC_008595) is Mav_2006,
was amplified using the primer sets MAV2006F (5'-TGC GTG GTA
ACA AAA GCA AC) and MAV2006R (5-CTT GCT GCG TAA TGC
GAT AA). The PCR reaction consisted of 94 °C for 3 min followed
by 30 cycles of 94 °C for 1 min, 55°C for 1 min, and 72 °C for
1 min, with a final extension at 72 °C for 7 min. PCR was performed
using Ex Taq Hot Start Version (TaKaRa Bio Inc., Shiga, Japan) with
GC buffer 1 (TaKaRa Bio Inc., Shiga, Japan), and the PCR products
were subjected to sequence analysis using an AB3500 genetic ana-
lyzer system (Applied Biosystems, Foster City, CA). The same prim-
ers used for PCR were also used for the sequencing of forward and
reverse fragments. In addition, the interim primers MAV2006F634

(AAC GCG CTG CAG AAT CTC) and MAV2006R824 (TCC GTC ATC
TTG TGT TCA GC) were used for the sequencing of forward and re-
verse fragments, respectively. Detailed information regarding
VNTR genotypes, hsp65 code types, presence of ISMav6, and MAC-
PPE12 sequevars of the 334 isolates in this study are summarized
in Supplemental Table 1 (Table $1).

2.3. Phylogenetic analysis

The split-network phylogeny of the complete MACPPE12 gene
sequence (1341 bp) was computed by NeighborNet analysis in
SplitTree Version 4.8 (Huson and Kloepper, 2005). Recombination
events in the MACPPE12 gene within the 334-isolate set were eval-
uated using DnaSP 4.10 (Rozas et al., 2003).

2.4, Nucleotide accession numbers

Sequences of the complete MACPPE12 gene representing each -
sequevar recognized in this study (NA types 2 to 19) were depos-
ited in GenBank under accession Nos. AB820302 to AB820319.

3. Results
3.1. Presence of MACPPE4 and MACPPE12 in MAH

In a preliminary study, we first evaluated the ubiquitous pres-
ence of two previously reported MAH-specific MACPPE genes, i.e.,
MACPPE4 and MACPPE12, in MAH by using 16 randomly selected
MAH isolates obtained from humans (n=6), bathroom samples
(n=2), and pigs (n = 8). We attempted to detect the MACPPE4 gene
using two PCR primer sets, one targeting the outside regions of
MACPPE4, which can amplify the whole MACPPE4 gene with its
flanking region, and the other targeting the inside sequences of
MACPPE4, which can amplify partial regions of the gene. These pri-
mer sets produced expected sizes of PCR products from MAH strain
104 but the amplicons were not obtained from 16 other strains
(data not shown). We therefore assumed that the MACPPE4 gene
is not universally present in this subspecies, MAH. On the other
hand, MACPPE12 was detected from all of the 16 isolates using
the primer set targeting the outside regions of the gene, which
can amplify whole MACPPE12 gene with its flanking region. Our
expanding analysis for all of 334 samples could detect MACPPE12
from all of them. Therefore, it is highly likely that MACPPE12 is a
ubiquitous gene in MAH.

3.2. Sequence variation of the MACPPE12 gene

First, we assured our sample set consisted of reasonably high
heterogeneous isolates for the evaluation of the genetic variability
and distribution of the MACPPE12 gene in MAH by 19-locus VNTR
analysis. Actually, we retrieved the data from our previous study
(Iwamoto et al,, 2012) for 257 isolates and added newly analyzed
data for 77 Korean isolates, The data demonstrated a reasonably
high degree of genetic diversity in this sample set (Table 1 and
Table $1). In brief, 99 genotypes in 145 Japanese isolates, 49 geno-
types in 77 Korean isolates, 27 genotypes in 37 bathroom isolates,
and 38 genotypes in 75 pig isolates.

The sequence analysis of the full length of the MACPPE12 gene
for 334 MAH isolates identified in total 31 SNPs, which formed 19
different MACPPE12 sequevars at the nucleic acid (NA) level (NA
type) through comparison with the MACPPE12 gene sequence of
MAH strain 104 as a reference (Table 1). Of the 31 SNP positions,
15 positions were nonsynonymous SNPs (nsSNPs) that caused ami-
no acid substitutions. This relatively high ratio of nsSNPs resulted
in the formation of 13 different sequevars at the amino acid (AA)
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Table 1

SNPs among the M. aviurn subsp. hominissuis in comparison with prototype strain M. avium subsp. hominissuis strain 104 (MAH strain 104).

Total number of:”
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level (AA types) (Table 1). Among the 13 AA types, only AAO2
showed variation in the nucleic acid sequence, i.e., it matched se-
ven different NA types (NAO2 to 08) that possessed various synon-
ymous SNPs (sSNPs) (Table 1). All other AA types were associated
in a one-to-one correspondence with NA types. These results sug-
gest that AAO2 has a longer history than the other AA types in
MAH. We, therefore, classified AA02 as the ancestral type of MAC-
PPE 12, whereas the other AA types were classified as modern
types. When we used DnaSP, the minimum number of recombina-
tion events for the MACPPE12 gene in the sample set was esti-
mated to be 3. The unrooted phylogeny for the gene sequences
determined by SplitsTree4 demonstrated complex web-like topol-

ogy (Fig. 1).

3.3. Comparison of the divergence of MACPPE12 in different isolation
sources

The ancestral AA type of MACPPE12, AAO2, was observed in all
of the different isolation sources in this study (Table 2). In contrast,
the modern types varied according to the isolation source. AAO1
and AA07-09 were mostly present in pigs; AAO3, in Japanese hu-
mans and bathroom samples; and AA13, in Korean humans. The
topological positions of these AA types in the unrooted tree, except
for that of AAO1, were distinct from the position of the ancestral
type (AA02) (Fig. 1).When we compared variation of MACPPE12
AA types with that of the hsp65 gene sequevar, which consists of
only sSNPs in this sample set, the AAO2 type was observed in all
11 hsp65 code types (Table 2). This would be natural due to the
ancestral feature of AAO2. Apart from the ancestral type, most of
the modern types were distributed across more than two hsp65
code types and not in a single lineage. This data strongly suggested
that these two genes diverged independently, not in parallel to
each other, during the history of MAH. It would be noteworthy that
57 pig isolates with hsp65 code type 1, which was characterized as
predominant code type of pig isolates in our previous study (wam-
oto et al,, 2012), were subclassified into 5 AA types: AAO1 (n=26),
AA02 (n=4), AA07 (n=12), AA08 (n=11), and AA09 (n=4) (Ta-
ble 2, and Table S1).

A further finding in this study is the commonality and differ-
ences between Japanese and Korean human.clinical isolates. A high
prevalence of [SMav6, which was reported in the genetic character-
ization of MAH in Japan (ichikawa et al., 2009), was also observed
in Korean isolates (42/77, 54.5%) as was reported by (Niimi et al.,
2012). The characteristics of Korean isolates was demonstrated
by their high prevalence of hsp65 sequevar code 16 (26/77,
33.8%), which is a rare sequevar in other countries (lchikawa
et al,, 2009; lwamoto et al, 2012; Turenne et al, 2006). The major-
ity of Korean isolates were ancestral type (AA02), whereas Japa-
nese isolates predominated both AAO02 and AAO03. Moreover,
other modern AA types showed different distributions between
samples from these two countries.

4. Discussion

The precise functions of the PE and PPE families are still un-
known except for a certain small number of members (Karboul
et al., 2008; Mishra et al,, 2008; Sassetti and Rubin, 2003), but
these families are highly suspected to play key roles in the interac-
tion between pathogens and their host (habitat) (Brennan et al,
2001; Sarnpson, 2011). A recent comparative study (Mackenzie
et al., 2009) of the whole genomes of different MAC organisms re-
vealed that two PPE paralogs, MACPPE4 and MACPPE12, were spe-
cifically found in MAH strain 104. Therefore, it would be a
reasonable assumption that the two PPE genes reflect bacteriolog-

‘ical characteristics of MAH in comparison with other MAC species.
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Table 2
Characterization of MACPPE12 gene sequevars according to hsp65 gene sequence and source of the 334 isolates,

MAC PPE 12 hsp65 Code Type Source

AA type NA type C1 Cc2 a3 Cc7 c9 C15 C16 Cc17 N1 N2 N3 Human (Japan) Human (Korea) Bath-room Pig
AAD1 NAO1 26 4 1 - - - - - - - - 3 - - 28
AAO2 NA02-08 9 68 2 4 3 21 32 2 1 3 1 72 57 12 5
AAO3 NAO9 1 21 - - 1 59 2 5 - - - 57 10 22 -
AAC4 NA10 - 3 - - - 3 - 1 - - - 5 - 2 -
AADS NAT11 - - - - - 1 - - - - 1 - - -
AA0G NA12 - - - - - - - 1 - - - 1 - - -
AAO07 NA13 13 5 - - - - - 1 - - - 2 - 17
AAD8 NA14 11 5 - - 1 1 1 - - = - 4 - - 15
AAD9 NA15 4 2 - - - - - 1 3 - - - - - 10
AA10 NA16 - 1 - - - 2 - - - - - ~ 2 1 -
AAT1 NA17 - - - - - - 1 - - - - - 1 - -
AA12 NA18 - - - - - - - - - 1 - - 1 - -
AA13 NA19 - - 6 - - - ~ - - - - - 6 - -

NA19_AA13
NA14_AA08
NA15_AA09
NAOS_AAQ2 NA04_AA02
NAO3_AA02  NA02_AA02
NA16_AA10
NA0S_AA03
NAO7_AAQ2
NA17_AA11
NA10_AA04

NA12_AAGE N6 AAOZ

———, sy L 7))

NAO5_AA02
T NAO1_AA01

NA11_AADS

Fig. 1. Phylogenetic representation of each AA and NA type determined in this study and generated in SplitsTree4.

In this study, we evaluated the ubiquitous presence of these two
PPE genes in MAH, and their genetic variability and association
with the isolation sources and different genetic markers.

Our preliminary study using 16 MAH isolates suggested that
MACPPE4 is not ubiquitous in MAH, although it is not certain that
if this PPE gene is specific only for MAH strain104 or limited in sub-
groups of MAH. On the other hand, MACPPE12 was present in all of
the 334 MAH isolates. Since our 334 isolates were a set of high het-
erogeneous isolates, the ubiquitous presence of the PPE gene in
this sample set strongly supports the idea that this gene was pres-
ent in the most recent common ancestor of MAH and universally
retained in the subspecies. Because of the absence of the MAC-
PPE12 gene in other members of the MAC and the ubiquitous pres-
ence in MAH isolates, MACPPE12 can be considered as a relatively
new gene but ubiquitous in MAH.

'By using the large number of isolates obtained from different
sources, we demonstrated the variability of MACPPE12, which in-

cludes 19 different NA types and 13 AA types (Table 1). The web-
like topology of the unrooted phylogeny (Fig. 1) and the estimated
minimum number of recombination events suggest that genetic
recombination plays a role in the divergence of this gene, although
its mechanism is unknown. On the basis of the distribution of SNPs,
isolation sources, and hsp65 code types in the different MACPPE12
gene AA types, we classified the PPE gene into two groups; one is
an ancestral type (AA02) and the other is a modern type. MAH is
generally characterized as its ubiquitous host distribution and het-
erogeneous grouping (Turenne et al., 2008, 2007). However, when
we look closely at the correlation between AA types and isolation
sources, the distribution of the modern AA types well reflect their
isolation sources, whereas the ancestral AA type (AA02) was ob-
served in all of the different isolation sources. Thus, it can be
hypothesized that emergence of the modern AA types somehow
reflects an on-going evolution of MAH toward specialization (nar-
rower range for host specificity and higher fitness to its habitat)
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from the generalism that is characterized by the ancestral AA type.
Further investigations in combination with phylogenetic analysis
would provide clear evidence for this hypothesis, i.e., evidence to
judge if the emergence of modern AA types relies on convergent
evolution, which has the advantage of adaptation to the hosts.

The ancestral AA type, AAO2, was observed in all of the different
hsp65 code types (Table 2). This implies that AA02 had existed in
the MAH (or its immediate ancestor) prior to the occurrence of
the divergence of the hsp65 gene in MAH. Although no NA type
variations were found in any of the modern AA types (one-to-one
correspondence between NA types and AA types), most of them
were distributed in more than two hsp65 sequevars (Table 2).
The absence of sSNPs suggests that insufficient time has elapsed
since the emergence of these variants to fix them in the genome.
Therefore, it is unlikely that the modern AA types were present
prior to the occurrence of the divergence of the hsp65 gene in
MAH. These two genes, MACPPE12 and hsp65, would diverge inde-
pendently; thus the combination of these two genes can provide
further discrimination of sub-groups. Indeed, 57 pig isolates with
hsp65 code type 1, which was characterized as predominant code
type of pig isolates in our previous study (fwamoto et al, 2012),"
were subclassified into 5 AA types; AAO1 (n=26), AA02 (n=4),
AA07 (n=12), AA08 (n=11), and AA09 (n=4) (Table 2, and
Table S1). This subclassification might be a useful approach when
we compare the clinical significance at the strain levels.

In conclusion, the present study highlighted the variability of
the MACPPE12 gene, which is absent in subspecies other than
MAH. The MACPPE12 variants were classified into two groups:
ancestral type (AA02) and modern types. AAO2 reflects the general
concept of MAH, i.e., ubiquitous host distributions and heterogene-
ity. The distribution of the modern types correlated with their ma-
jor habitats (hosts). The divergence of the MACPPE12 gene and its
distribution may be a good indicator to characterize MAH strains
prevalent in certain areas. Further studies using global sample sets
may shed light on the variation and distribution of the MACPPE12
gene at a global level.
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SUMMARY

Mycobacterium tuberculosis was cultured from the lung tissues of 3 captive elephants in Nepal that died
with extensive lung lesions. Spoligotyping, TbD1 detection and multi-locus variable number of tandem
repeat analysis (MLVA) results suggested 3 isolates belonged to a specific lineage of Indo-Oceanic clade,
EAIS SIT 138. One of the elephant isolates had a new synonymous single nucleotide polymorphism (SNP)
T231C in the gyrA sequence, and the same SNP was also found in human isolates in Nepal. MLVA results
and transfer history of the elephants suggested that 2 of them might be infected with M. tuberculosis
from the same source. These findings indicated the source of M. tuberculosis infection of those elephants
were local residents, presumably their handlers. Further investigation including detailed genotyping of
elephant and human isolates is needed to clarify the infection route and eventually prevent the trans-
mission of tuberculosis to susceptible hosts.

Spoligotyping

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Tuberculosis (TB) in elephants is an emerging disease primarily
caused by Mycobacterium tuberculosis. Although infection with
Mycobacterium bovis and non-tuberculous mycobacteria (NTM)
species has been documented {15}, the majority of reported cases
in captive elephants have been caused by M. tuberculosis. Many
elephants infected with TB do not manifest clinical signs; however,
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some may have chronic weight loss, anorexia, and weakness. Ex-
ercise tolerance may be seen in working elephants. In some cases,
the elephants may show symptoms only in the terminal stage of
disease or are diagnosed- postmortem [1,2]. Postmortem lesions
typically include granulomatous nodules in the lungs and bronchial
lymph nodes sometimes with caseous foci. In the advanced stage of
the disease, extensive caseocalcareous and cavitating lesions may
be observed throughout the entire lung with enlarged bronchial
and thoracic lymph nodes {1}.

Nepal has a population of more than 200 captive elephants that
are used for patrolling the protected areas, in eco-tourism and for
wildlife research projects [6}. TB was first identified in the Nepalese
captive elephant population in 2002. The government of Nepal has
endorsed the Nepal Elephant Tuberculosis Control and Manage-
ment Action Plan (2011—2015) that detail guidelines for the man-
agement of TB including the diagnosis and treatment of TB in
elephants of Nepal {7]. Nepal is a country with a high burden of TB
in humans [8]. Since captive elephants are in close contact with
humans, it is likely that elephants contracted TB from humans at
some point in time as TB has not been reported in wild elephants
except for one case in an ex-captive African elephant {9]. Exposure
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to infected elephants has resulted in transmission of TB to humans
as evidenced by tuberculin skin test conversions [10—12} or active
disease {13}. To clarify the transmission route, an epidemiological
study including precise typing of isolated bacteria is needed.
However, to date, few genotyping studies have been done on TB
isolates from elephants {14,15]. In the current study, we performed
genotyping on three M. tuberculosis isolates obtained from 3 captive
elephants and compared them with human isolates in Nepal.

2. Materials and methods
2.1. Study isolates

2.1.1. Elephant isolates

M. tuberculosis isolates from 3 elephants were included in the
study. All 3 elephants were owned by the Government of Nepal and
kept in 2 protected areas. Elephants A and C were located at Chit-
wan National Park (CNP), and Elephant B was located at Koshi
Tappu Wildlife Reserve (KTWR) (Figure 1). These elephants were
used to patrol the protected areas for wildlife management and
conservation purposes. The elephants were housed in open-air,
roofed stables adjacent to other elephants. The elephants at each
facility foraged and worked together for most time of the day, often
coming in contact with domestic and wild animals such as rhinos
and various deer species. Each captive elephant is taken care by 3
handlers and these handlers spend a long-time together with their
elephants.

Elephant A was an adult female about 65 years old. She was
brought to CNP from Motipur area of Sarlahi district near to the
Indian border (Figure 1) when she was about 34 years. She was
suspected to be suffering from TB and was in permanent segrega-
tion for almost 2 years before she died. Several trunk wash cultures
collected from her failed to yield a positive isolate. Her body con-
dition deteriorated significantly in the last 6 months before she
collapsed and died in August 2009.

Elephant B was a female aged approximately 60 years old. She
was brought to KTWR from a town Sitamarhi northern India
(Figure 1) when she was about 30 years old. This town is located
near to Sarlahi, a district where the Elephant A was previously kept.

® HumanTB OElephant TB

Movement 'S —— ; ,
of elephant i .
P C —: > India

She had never been tested for TB before she died in September
2009. For the last 2—3 months before she collapsed, she did not
sleep well and lost weight resulting in poor body condition.

Elephant C was a male elephant aged approximately 31 years
old. He was born in KTWR and was together with Elephant B for 4
years before he was transferred to CNP at the age of 7. He lost
weight and began coughing 6 months before he collapsed in
September 2012.

2.2, Human isolates

M. tuberculosis isolates from 7 patients in Nepal having the same
spoligotypes with the elephant isolates were selected for this study.
All of them were picked up from the isolates banked at German
Nepal Tuberculosis Project (GENETUP), Nepal, which were collected
from 2007 to 2010. One person was from Chitwan near CNP, 4 were
from Kathmandu, 1 from Butwal and 1 from Birgunj (Figure 1). One
person each from Birgunj and Hetauda had migrated to Kath-
mandu. DNA was extracted and the genetic analyses were per-
formed in these isolates as described elsewhere [16].

2.3. Necropsy

All 3 postmortem examinations were carried out at the sites
where each elephant collapsed. All personnel involved in the pro-
cedure used personal protective equipment including N-95 masks.
The abdomen was opened first, and the gastro-intestinal tract and
other visceral organs including liver and spleen were observed. The
thoracic cavity was approached through the diaphragm per rec-
ommendations {17] and the caudal lobe of the lung was observed.
Because suspected TB lesions were seen, the thoracic cavity was not
further exposed due to the risk of spreading the organism in the
environment. Representative lung lesions were collected in sterile
screw-top tubes for laboratory analysis.

2.4. Culture

The lung tissue samples were processed according to guidelines
of European Society for Mycobacteriology {18]. In brief, the lung

0 50 100 km
IR I

Figure 1. Movement of elephants and the distribution of elephant and human TB isolates in Nepal. Chitwan and Koshi Tappu are locations of the protected areas where the
elephants were kept, Elephant A was stationed at a small town, Motipur, in Southern Nepal near to the Indian border before she was transferred to Chitwan. Elephant B was
previously kept in an Indian town, Sitamarhi, near to the Nepalese border and transferred to Koshi Tappu. And elephant C was kept at Koshi Tappu and transferred to Chitwan.
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tissue was aseptically cut into small pieces using a surgical blade,
mixed with 4% sulfuric acid, and incubated in a sterile falcon tube
for 20 min at room temperature. Then the sample was neutralized
with 4% sodium hydroxide using bromo-thymol blue indicator and
centrifuged at 3000 g for 20 min. The supernatant was discarded
and then sample was washed once with sterile distilled water,
followed by centrifugation at 3000 g for 20 min. The supernatant
was discarded and the inoculation was done from the deposit into
L-] media. The tubes were examined for growth weekly for 8 weeks.

2.5. DNA extraction

The DNA extraction was done for molecular studies using the
GenoType® DNA isolation kit (Hain Lifescience GMBH, Nehren,
Germany) from the colony that grew on the culture media. The
colonies on the culture media were scraped and suspended in
300 pL of molecular biology grade water in a sterile Twist Top 1.7 ml
conical vial and heated for 20 min at 95 °C in water bath. Then the
sample was incubated for 15 min in an ultrasonic bath for cellular
disruption, followed by centrifugation at 13,000 g for 5 min. Finally,
the supernatant was taken containing the bacterial DNA.

2.6. Drug susceptibility test

Drug susceptibility test was performed on the mycobacterial
isolates from all the elephants by the proportional method on L-J
solid media with critical concentration of 0.2 pg/mL of isoniazid,
40 pg/mlL of rifampin, 2 pg/mL of ethambutol and 4 pg/mL of
streptomycin on all 3 isolates. :

2.7. Genetic analyses

Bacterial species was identified by a multiplex PCR targeting
¢fp32, RDY and RD12 [19] and was confirmed by a gyrB sequence
analysis {20]. The spoligotype was determined as previously
described [21]. Briefly, the direct-repeat (DR) region was amplified
with a primer pair and the PCR products were hybridized to a set of
43 oligonucleotide probes corresponding to each spacer, which were
covalently bound to the membrane. The spoligo-international type
(SIT) was determined by comparing spoligotypes with the interna-
tional spoligotyping database (SpolDB4) {22]. DR region rearrange-~
ment was confirmed by a PCR and sequencing with following
primers, 1S-LiP-TB3": CAACGCCAGAGACCAGCCGCCGGCTGAG,
spacer37R:  GACTGTGGACGAGTTCGCGCTC and DR region-R:
TCACCGTCAACGCCGCCATCATGCTC. TbD1 detection was carried out
by PCR as previously described {20]. Multi-locus variable number of
tandem repeat analysis (MLVA) {23] was performed as described [ 24}
with following 18 chosen loci, which showed higher variability
among EAI isolates; VNTR424, ETR-C, MIRU4, MIRU40, MIRU10,
VNTR1955, QUB11a, QUB11b, ETR-A, VNTR2401, ETR-B, MIEU26,
MIRU31, QUB3232, QUB3336, VNTR3690, QUB26 and MIRU39. A
dendogram was drawn by UPGMA with BioNumerics ver. 6.0, Ge-
netic regions thought to be associating with drug resistance, i.e.,
partial rpoB, katG, inhA promoter region, gyrA and rrs sequences,
were sequenced and analyzed as described [16,24]. Sequences that
had mutations were cornpared with the public database using NCBI
blast search system (http://blast.ncbinlm.nih.gov/Blast.cgi). Seven
human derived isolates having the same spoligotype were also
subjected to the same analyses.

3. Results
The necropsy results of Elephant-A showed that she had lique-

fied caeseous lesions in lungs. The post-mortem findings of
Elephant-B showed that the right lung had tuberculous - like

lesions. Similarly, the necropsy findings of Elephant-C showed that
the left lung at its dorso-posterior section had abscesses containing
white pus. Upon excision, the mediastinal lymph node contained
yellowish caseated material.

3.1. Culture

There was growth of M. tuberculosis complex from the repre-
sentative lung lesion samples from elephants A, B and C.

3.2. Drug susceptibility testing

The isolates from the elephants A, B and C were susceptible to
isoniazid, rifampin, ethambutol and streptomycin.

3.3. Species determination and genetic analyses

Bacterial species was determined as M. tuberculosis by a multiplex
PCR and was confirmed by gyrB sequencing [19,20]. In gyrB
sequence, all the elephant isolates had a single nucleotide poly-
morphism (SNP) from G to C at the position 990 that leads an amino
acid substitution of Met 330 lle. This mutation was revealed as
lineage specific in strains belonging to EAI or Indo-Oceanic lineage
{22.25) by NCBI blast search. Elephant C isolate (Elp-C) had a spoli-
gotype belonging to the Indo-Oceanic lineage (EAI5, SIT138) while
the other 2 had different new spoligotypes that were not found in
the SpolDB4 database [22]. Elephant A isolate (Elp-A) showed only 2
spacers, spacer 38 and 39, positive. In elephant B isolate (Elp-B), the
spacer 1 to 28 and 35 to 39 were positive and the pattern is 1 spacer,
spacer 33, differed from spoligotype SIT 138 belonging to EAI5 clade
(Table 1). Both of the DR region rearrangements, which were the
cause of the spoligotype alteration, were confirmed by sequencings.
In Elp-A, IS6110 was inserted at the position of spacer 37, and in Elp-
B, the spacer 33 was deleted presumably by a homologous recom-
bination (Figure 2) [26]. In TbD1 detection PCR, all 3 samples were
positive and determined as ancestral type of M. tuberculosis {20]. The
gyrA sequence of Elp-A had a synonymous SNP from T to C at the
position of 231, while Elp-B and C had a wild type sequence. This
gyrA SNP was not found in the public database, however, the same
SNP was detected in two human samples, having spoligotype SIT138,
collected in Nepal [16] (Table 1, Figure 3). Other drug resistance
determination region sequences, rpoB, katG, inhA promoter region
and rrs, were wild type in all the samples. In MLVA, Elp-B and Elp-C
made a cluster with 1 locus difference. Elp-A formed a cluster with
human isolates having the same gyrA SNP, T231C (Figure 3).

4. Discussion

M. tuberculosis infections in 3 Asian elephants with extensive TB
lesions in the lungs are described. The clinical signs shown by these
3 elephants varied although the body condition of all elephants was
deteriorating. All 3 elephants had similar lesions in the lungs during
necropsy. As in humans, TB in elephants appears to primarily affect
the lungs [27].

The diagnosis of TB by culture is considered the gold standard;
however, it has very poor sensitivity, especially for ante-mortem

M. tuberculosis was isolated from only 2 out of 60 trunk wash
samples from 3 elephants with positive postmortem culture iso-
lations [ 15]. In another study, only 58% of elephants with confirmed
TB infection at necropsy had positive isolations from trunk wash
samples [28]. All of the trunk wash samples of Elephant A were
negative on culture in the current study.

Our findings demonstrated that these 3 elephants were infected
with M. tuberculosis. For the first time, M. tuberculosis was isolated
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Table 1

Genotypic characteristics of elephant isolates compared with human isolates in Nepal.
Sample Spoligotype” MPCR' TbD1 A gyrB

Binary code SIT Clade cg912

Elp-A 0000000000000000000000000000000000000110000 New New + ++ + T231C G990C
Elp-B 1111111111111111111111111111000000111110000 New New + + + + WT G990C
Elp-C 1111111111111111111111111111000010111110000 138 EAIS ++ + + WT G990C
h3* 1111111111111111111111111111000010111110000 138 EAIS ++ + ND T231C G990C
h9g8* 17111111111111111111111111111000010111110000 138 EAIS + + 4+ ND WT G990C

» Spoligotype was determined according to Brudey et al. (2006). new: not found in the SpolDB4 list.
t Multiplex PCR results for the species determination, ¢: ¢fp32, 9: RD9, 12: RD12, +: detected, triple positive + + + : M. tuberculosis
* Mutations in a partial sequence of gyrA and gyrB. gyrA T231C is synonymous while gyrB G990C is non-synonymous. WT: wild type sequence having no mutations.

# Two human isolates (h3 and h8) had same genetic features. ND: not done.

1 Five human isolates (h98, h200, h277, h294 and h296) had same genetic features.

from elephants of Nepal from the tissue samples. The drug sus-
ceptibility test showed that all elephant isolates were susceptible to
first-line TB drugs. As those elephants had not received any anti-TB
drugs, this result was plausible.

Genetic analyses of those isolates, i.e., spoligotyping, lineage
specific deletion and mutation analyses, showed that all belonged
to the ancestral type of M. tuberculosis, so-called EAI or Indo-
Oceanic lineage {22,25]. This lineage is predominantly observed
in Indo-Oceanic areas like south India or the Philippines [31,32];

report [25], the prevalence of Indo-Oceanic lineage was 11.5% in
Nepal and our observation results were also very similar (unpub-
lished data). Spoligotypes of 2 elephant isolates were different from
known EAI patterns; however, those patterns are producible from
EAI by massive spacer deletions by an IS6110 insertion or a ho-
mologous recombination, which is occasionally observed in this
region consisted of repetitive sequences {21].

One of the isolate Elp-A had a new synonymous SNP in its gyrA
sequence, T231C, and the same SNP was found in 2 human isolates

however, its prevalence in Nepal is relatively low. In the recent from Kathmandu, the capital city of Nepal. Both of the human

A

Spoligotype
spacer 38 39
DVR 52 53 54 55 56 57 58 59 60 61 66 67 68

1S6110
3 ’

ATCAGAGAGTCTCCGGACTCACCGGGGCGGTTCAGAGAGGGGACGGAAAC
1S6110 3’ end ---} direct repeat

GCCCCGTGGATGGCGGATGCGTTGTGCGCGCAAGTGTCGTCAGACCCAAAA...
DVR 52 (spoligotype spacer 38) direct repeat

Spoligotype
spacer 25 26 27 28 35 36 37
DVR 35 36 37 38 45 46 47 49 50 S1

e D4 B M O OH O H O H H H H72H beeeee

156110
——1

.. TGCCCCGGCGTTTAGCGATCACAACACCAACTAATGGTCGTCAGACCCAAAACCCC
DVR 38 (spoligotype spacer 28) direct repeat

GAGAGGGGACGGAAACGCGGATGGTGGGCAAGTTGGCGCTGGGGTCTGAGT...
direct repeat DVR 45

Figure 2. Structural rearrangement in the DR region. A, Elp-A; B, Elp-B. DVR, direct variant repeat composed of a direct repeat and the adjacent spacer. Rectangles depict in-
dividual DVRs. Spacer numbers used in the spoligotyping are shown above the DVR numbers, which were given according to their position in the DR region (ref. 26), IS6110 and its
orientation is shown as a black arrow. Small white arrows are showing the position and the orientation of the used primers: left, IS-LiP-TB3"; A-right, DR region-R; B-right,
spacer37R. Nucleotide sequences of each rearrangement position are shown in the balloons. DVR50, 67 and 68 had the same mutations as ref. 26 (shown in shadowed rectangles).
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% § % Sample Génetic typing
3 5 ID Orgin  Location Spoligotype  gyrA
8 4 1 Elp-A elephant Chitwan (Motipur) new T231C
8 4 1 h-8 human Kathmandu (Hetauda) SIT138 T231C
8 4 1 h3 human  Kathmandu SIT138 T231C
3 4 1 Elp-B elephant Koshi Tappu (Sitamarhi) new WT
3 4 1 Elp-C elephant Chitwan (Koshi Tappu) SIT138 WT
5 4 4 h294 human  Butwal SIT138 WT
5 4 4 h-206 human  Chitwan SIT138 WT
7 4 41 h-277 human  Kathmandu (Birgunj)  SIT138 WT
5 4 1 h-200 human  Kathmandu SIT138 WT
2 5 4 h98 human  Birgunj SIT138 WT

Figure 3. Phylogenetic comparison of elephant and human derived M. tuberculosis isolates by MLVA. Dendrogram was drawn with the multi-locus VNTR analysis (MLVA)
results of 18 loci. Place of former locations of human patients and elephants are shown in parenthesis in Sample Location.

isolates had spoligotype SIT138 categorized as EAI5 [22], which is
the most frequently observed EAI type in this country [25]. This SNP
seems to have occurred on a specific lineage of the clade, since
other EAI5-5I1T138 isolates obtained in Nepal did not have the SNP
(Figure 3). SNP information accurately reflects the evolutionary
relationship between M. tuberculosis isolates when compared with
other typing methods depending on repetitive genetic structures
like spoligotyping or MLVA [20]. Having the same SNP suggests that
those isolates are closely related and have the same origin. Eip-A
isolate is obviously a progeny of this T231C mutated strain, in
which massive spacer deletions in the DR region occurred (Table 1,
Figure 3). Thus, elephant A was infected with a M, tuberculosis strain
that seemed to be a local lineage that evolved domestically, and we
suspect that the elephant was infected from a native elephant
handler.

Elephant B was also infected with a strain, which seemed to be a
derivative of EAI5-SIT138 lineage and Elephant C was infected with
an EAI5-SIT138. The reason why all the elephants were infected
with EAI lineage was unclear as the elephants were kept in 2
distanced locations (Figure 1) and the prevalence of this lineage in
Nepal is relatively low. The EAI lineage is an ancestral type of
M. tuberculosis that is closer to the animal type lineage, which
shows preference to other animals rather than human, including
species like M. bovis or M. microti [32]. It can be speculated that this
lineage might show higher adaptability to elephants than other
lineages. However, in a previous study in Thailand, only 1 elephant
out of 4 was infected with an ancestral type M. tuberculosis [15].
Thus, the reason may be simply the prevalence of this lineage
among people in the animal habitat areas was higher than in the
city area in Nepal. The locations, where human isolates having the
same spoligotype SIT138 were obtained, are shown in Figure 1
(black filled circle). Those, other than Kathmandu, are located
near the Nepal - Indian border from middle of the country to the
east, which includes areas where the captive elephants were
located. The majority of the human samples were from Kath-
mandu; however, most of the residents of Kathmandu had come
from other areas as seen in sample number h8 from Hetauda,
locating between Kathmandu and Birganj, and h277 from Birgunj
(Figure 1 and 3). From Birgunj residents, we have obtained 6 iso-
lates and 4 out of them were EAI lineage (unpublished data). Thus,
EAl lineage prevalence in this area seems to be high and infection of
the elephants might be a reflection of the prevalence of local
M. tuberculosis strains in humans.

Elp-A and Elp-C isolates had totally different genetic charac-
teristics. Thus their infection origins should be different although
they had been kept together for about 20 years in CNP. Elephant A

might have been infected with TB in previous town before she
developed active TB later in her life while she was in CNP. On the
other hand, Elp-B and Elp-C had very similar VNTR pattern, and
they made a cluster (Figure 3). These two elephants were together
for four years in KTWR, so they might have been infected from the
same source. Elephant B might also have been infected with TB
while in India and had it for more than 20 years before getting the
active TB. Due to the open border between India and Nepal, there is
movement of people from one country to another. This might have
provided opportunities for Nepalese people and elephants to be
exposed to Indo-oceanic lineage of M. tuberculosis, which is more
common lineage in India [31] than Nepal. However, the possibility
of TB transmission from elephant B to C seemed to be low, since the
spacer number in the spoligotype in Elp-B isolate was smaller than
Elp-C (lacking spacer 33), and also, they had not shown any
symptoms until their terminal stage. They might have been infec-
ted with the bacteria from their handlers; however it is unclear
whether from the same person or from different persons having
closely related strains. Comprehensive TB screening of personnel
who work directly with elephants will help to solve the trans-
mission route and prevent the spread of TB in future.

This study has revealed the important basic information about TB
in elephants of Nepal and has identified the novel polymorphisms
which may be very useful in monitoring the transmission of TB in
these animals. Our findings emphasize the immediate need of
screening of the personnel who work directly with the elephants and
to treat the infected handlers for the prevention of transmission of
this disease to the elephants. Since little information has been
published on TB genotypes in elephants, further investigation is
needed to better understand the epidemiology of this disease in
elephants and the relationship to TB in humans.
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