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FIG. 5. MALDI-TOF/TOF MS spectrum of serotype 16 OSE. The
formation of a characteristic increment in fragment ions is illustrated.
The matnix was 10 mg/ml 2,5-dihydroxybenzoic acid in ethanol-water
(3:7, volivol), and it was performed in the lift-lift mode. Intens., inten.
sity; a.u., absorbance units.

(1-+2)-6-d-L-Tal (9). The M. avium serotype 1 strain (NF113)
was transformed with cosmid clone no. 253 containing a sero-
type 16-specific gene cluster and produced a new GPL with a
diffcrent R, value by TLC compared to serotype 1 GPL (Fig.
8A). The R, value of the new GPL was identical to that of the
serotype 16 GPL. The molecular weight of intact GPL, the
fragment pattern of its OSE, and the GC pattern of the alditol
acetate derivatives were completely equivalent to those of the
serotype 16 GPL (see Fig. S2 in the supplemental material). As
a result, the transformant of the serotype 1 strain expressed the
cosmid clone no. 253 gene cluster and produced the serotype
16 GPL.

DISCUSSION

MAC species have serotype-specific GPLs that are charac-
teristic components of the outer layer of the cell wall (6, 9). In
addition to their serological differentiation, the chemical struc-
tures of 15 serotype-specific GPLs derived from the predomi-
nant clinical isolates have been analyzed; however, those of
other GPLs remain unclear. The present study demonstrates
the chemical structure of the serotype 16 GPL derived from
M. intracellulare. We determined the glycosyl composition,
linkage positions, and anomeric and ring configurations of
the glycosyl residues of the serotype 16 GPL, and its OSE
was defined as 3-2'-methyl-3'-hydroxy-4'-methoxy-pentanoyl-
amido-3,6-dideoxy-p-Hex-(1—3)-4-0-methyl-a-L-Rha-(1—3)-a-
t-Rha-(1—3)-a-L-Rha-(1—2)-6-d-a-1-Tal (Fig. 8B). The sero-
type 16 GPL should be listed as a group 2 polar GPL in the
structural classification of Chatterjee and Khoo (9).

The GPLs of serotypes 7, 12, 17, and 19 have already been
classified as group 2 GPLs, which are commonly composed of
R—sa-L-Rha-(1-+3)-a-1-Rha-(1—2)-6-d-L-Tal (R, variable re-
gion), possessing a characteristic terminal sugar such as N-acyl-
deoxy-Hex. Indeed, the presence of an amido sugar has been
reported in only five GPLs, serotypes 7, 12, 14, 17, and 25 (8,
9, 18). It has been determined that the OSE structure of the
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FIG. 6. Nondecoupled 'H-detected ['H, *C] HMQC spectrum of
serotype 16 GPL. Cross-peak labels correspond to those shown on the
structure,

serotype 17 GPL was 3-2'-methyl-3'-hydroxy-butanoyl-amido-
3,6-dideoxy-B-p-Gle-(1—3)-4-0-methyl-a-L-Rha-(1—3)-a-L-
Rha-(1-+3)-a-1-Rha-(1-2)-6-d-L-Tal (9, 25). Based on the be-
havior of GPLs in TLC and the GC-MS analysis of alditol
acetate derivatives, serotype 16 GPL seems to possess a unique
carbohydrate epitope similar to that of serotype 17 GPL. We
compared the OSE of serotype 16 GPL to that of serotype 17
GPL. The acylated amido group that was bound to the termi-
nal sugar was different, although the linkage position was iden-
tical. Except for the terminal-acylated amido sugar, the other
sugar compositions and glycosyl linkage positions were com-
pletely identical. An acylated amido group attached to the C-3
position of Hex is very unusual. To our knowledge, 3-amido-
Hex is irregular in nature, although 2-amido-Hex is known to
be glucosamine or galactosamine, which is frequently isolated
as a component of lipopolysaccharides and glycosaminoglycans
in prokaryotic and eukaryotic cells (7, 42). Further, existence
of short-chain fatty acid 2-methyl-3-hydroxy-4-methoxy-penta-
noic acid linked to the amido group of d-Hex is also unique.
The characteristic gene cluster is thought to regulate the pro-
duction of 3-acylated-amido-Hex. It is difficult to determine
the species of acylated amido sugars, because no reference
standard is available. The terminal sugar of the serotype 17
GPL was reviewed as a gluco-configuration, although firm ev-
idence was not shown (9, 25). The Jiy; and J, ; values for the
anomeric proton in the terminal sugar were 161 and 7.7 Hz,
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TABLE 1. Similarity to protein sequences of ORFs in cosmid clone no. 253 derived from M. intracellulare serotype 16 strain ATCC 13950"

Predicied
Predicted . Amino acid identity
ORF :;;cﬂlgL pl Exhibits similarity to E value (no. matched/total no.) ACCEISI0N NO
GtfB 456 6.35 Glycosyltransferase GufB 0.0 417/418 BAF45360
Orf 1 452 6.10 Putative glycosyltransferase 0.0 416/417 BAF45361
Orf2 78.9 851 Putative acyltransferase 0.0 5577128 BAF45368
Orf 3 310 5.88 Putative methyltransferase 2e-89 382421 NP_218045
Orf 4 15.7 494 Conserved hypothetical protein le-39 73/129 BADS50406
Orf § 16.0 4.69 Conserved hypothetical protein Se-40 751135 EAXS55190
Orf 6 411 5.88 Aminotransferase/DegT_Dnrl_EryCl be-119 208357 ABD68440
Orf 7 40.6 9.65 Conserved hypothetical protein 2c-89 1787304 AAS03547
Orf 8 36.7 532 Conserved hypothetical protein 2e-52 1167298 CAED&954
Orf 9 223 9.79 Putative N-acetyltransferase de-14 58/166 EAU11841
Orf 10 253 782 Short-chain dehydrogenase/reductase Te-47 101233 EAO61220
Orf 11 238 6.05 Putative hydrolase de-24 64/196 ABGR5599
Orf 12 372 6.50 Ketoacyl-acyl carrier protein synthase I11 3e-55 1267331 EAX48715
Orf 13 415 1mn Short-chain dehydrogenase/reductase 2e-42 97/248 ZP_01289005
Orf 14 65.8 470 Predicted enzyme involved in fe-85 201/575 ABBT3590
methoxymalonyl-acyl carmer protein
biosynthesis
Orf 15 500 623 Acyl coenzyme A synthetases 2e-128 233445 EAT27362
Orf 16 39.1 8.00 Putative glycosyltransferase 2e-106 196/318 NP_855197
Orf 17 377 9.46 Putative glycosyltransferase Be-160 278323 BAF45369
DrrC 28.6 11.47 Daunorubicin resistance protein C be-132 233261 BAF45370

respectively (Fig. 6; Table S1 in the supplemental material).
These results demonstrated unequivocally that the terminal
amido-Hex was B configuration and H-2 was in the axial posi-
tion. The terminal amido-Hex is considered to be derived from
glucose or galactose, not Rha.

Next, we explored the genetic mechanism of GPL biosyn-
thesis, because the.elongation of carbohydrate chains in sero-
type-specific GPLs is poorly understood. The ser2 gene cluster
of the M. avium serotype 2 strain (31) and a 27.5-kb DNA
fragment of the M. avium serotype 4 strain (28) were identified
to be responsible for the biosynthesis of each OSE in GPLs.

(A) M. avium strain 724

Recently, enzymatic characterizations of glycosyltransferase
and methyltransferase of nonpolar GPLs have been reported
for Mycobacterium smegmatis (36, 38). In the serotype-specific
polar GPL biosynthesis of MAC, only the rif4 gene was func-
tionally clarified to encode the transfer of 1-Rha to 6-d-Tal, but
which gene cluster transfers the sugars next to 1-Rha elongated
from 6-d-Tal is unclear.

In this study, we cloned the biosynthetic cluster of the sero-
type 16 GPL and analyzed its sequence. Seventeen ORFs were
detected in the serotype 16 strain, and the sequence homology
was analyzed. The transformant of the M. avium serotype 1
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FIG. 7. Comparison and overview of genetic maps of GPL biosynthetic cluster. The M. avium strain 724 annotated sequence obtained
from GenBank (accession no. AF125999) (A); the M. avium strain AS annotated sequence obtained from GenBank (accession no.
AY130970) (B); the M. intracellulare ATCC 35847 sequenced in our previous study (GenBank accession no. AB274811) (C); the M.
intracellulare ATCC 139507 sequenced in this study (GenBank accession no. AB355138) (D). The orientation of each gene is shown by the
direction of the arrow. In panels A and B, putative ORFs not showing homology to proleins seq are not depicted. The
sequences extending upstream in panels A and B and downstream in panel B are not included in the figure.
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FIG. 8. TLC pattern of M. avium serotype 1 and its transformant with cosmid clone no. 253 and proposed complete structure of the serotype
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strain carrying cosmid clone no. 253 produced serotype 16
GPL. These results strongly implied that this gifB-drrC region
is responsible for the biosynthesis of the serotype 16-specific
GPL. From the structural analysis of the serotype 16 GPL and
the sequence of cosmid clone no. 253, it is possible to predict
the relationship between the biosynthesis of serotype 16 GPL
and the function of each ORF.

The genetic map of the serotype 16 GPL biosynthetic cluster
was compared to those of serotype 2 GPL from M. avium strain
724, serotype 4 GPL from M. avium strain AS, and serotype 7
GPL from M. intracellulare strain ATCC 358477 (12, 18, 28).
Significant differences were found in the neighborhood of the
conserved region. The genetic organization of the serotype 16
GPL gene cluster was distinct from that of serotype 7, except
for some of the ORFs, and the ORFs in this region of serotype
2 and serotype 4 were completely different from ORFs 110 17
in serotype 16 (Fig. 7).

In addition 1o M. intracellulare serotype 7 (18) and serotype
16 strains, we have analyzed similar gene clusters of M. inra-
cellulare serotype 12 and 17 strains. The sequence homology of
the regions of ORF 1 and ORF 17 was highly conserved be-
tween only M. intracellulare serotype 16 and 17 strains (unpub-
lished data). ORFs 1, 16, and 17 may lead to transfer of the two
additonal molecules of L-Rha and terminal amido-Hex. ORF
2 was assigned to acyltransferase and may be responsible for
biosynthesis of the 3-2'-methyl-3'-hydroxy-4’-methoxy-pen-
tanoyl-amido group in the terminal Hex. ORF 3 is probably
responsible for the transfer of the O-methyl group at the C-4
position in the third 1-Rha from 6-d-Tal. ORF 6 is homologous
to aminotransferase and possibly associated with the biosyn-
thesis of an amido group in the terminal Hex. The deduced
amino acid sequences of ORF 6 in serotype 16 and ORF 4
in serotype 7 have homologies to DegT_Dnr]_EryCl1 amino-
transferases. However, these two ORFs are dissimilar 1o each

hesis gene cl are

other. Serotype 16 and 7 GPLs have an amido group at the
terminal Hex, although the attachment position is different.
The serotype 7 GPL has an amido group at the C-4 position in
the terminal Hex, but the serotype 16 GPL has it at the C-3
position. Nine ORFs between ORF 7 and ORF 15 are possibly
involved in fatty acid synthesis of the acyl chain moiety linked
by an amido bond of the terminal Hex. Taken together, this
gene cluster may participate in the biosynthetic pathway of the
serotype 16-specific GPL, although further study is needed to
clarify the function of each ORF.

Recent studies suggest that GPLs play an important role in
the phenotype and pathogenicity of MAC. The colony mor-
phology is considered to be influenced by cell wall GPL. MAC
colony phenotypes spontancously occur from smooth to rough
type, and this is due to a mutation lacking GPL (3, 13, 22). The
deletion of genomic regions encoding GPL biosynthesis may
result in the loss of GPL. Danelishvili et al. demonstrated that
the uptake by and growth in macrophages of a MAC mutant
with the gene belonging to the GPL synthesis pathway inacti-
vated by transposon insertion were decreased (11). Bhatnagar
and Schorey have reported that macrophages infected with
MAC release exosomes containing GPLs that result in the
transfer of the GPLs to uninfected macrophages and induce a
proinflammatory response (4). These findings imply that GPL
participates in the pathogenicity of MAC. By contrast, our
previous studies have demonstrated that anti-GPL antibodies
are detected in the sera of most immunocompetent patients
with MAC pulmonary disease and that the detection of anti-
GPL antibody is useful for the serodiagnosis of MAC disease
(15, 26, 27).

To understand the role of GPLs in MAC and its hosts, it is
necessary to define the chemical structure and biosynthesis path-
ways of GPLs. Elucidation of the structure-function relationship
of GPL may open a new avenue for controlling MAC disease.
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Abstract

We constructed a recombinant Mycobacterium bovis bacillus Calmette-Guérin
(BCG-AUT) that lacks urease, providing acidic intraphagosomal conditions to
drive an effective human immune T-cell response. BCG-AUT-infected macro-
phages stimulated autologous CD4" T cells more efficiently than parent BCG-
infected macrophages. For further T-cell activation, BCG-AUT-infected macro-
phages required pretreatment with exogenous recombinant granulocyte-macro-
phage colony-stimulating factor or costimulation with either CD40 ligand or
interferon-y. By contrast, BCG-AUT-infected dendritic cells induced significant
activation of naive CD4" T cells without costimulating signals, C57BL/6 mice
intradermally inoculated with BCG-AUT more efficiently produced memory
T cells that responded to recall antigen. Therefore, the depletion of urease from
BCG is useful for the activation of T cells.

Editor: Patrick Brennan
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Introduction

Mycobacteria, such as Mycobacterium leprae and Mycobacter-
ium tuberculosis, are representative parasitic intracellular
pathogens. Mycobacterium leprae is a causative agent of human
leprosy, in cases of which skin lesions and chronic progressive
peripheral nerve injury are usually observed (Stoner, 1979; Job,
1989). At present, around one-third of individuals are infected
with M. tuberculosis and several millions die as result of
tuberculosis each year (Dye et al., 2005; World Health Organi-
zation, 2006). Mycobacterium bovis bacillus Calmette-Guérin
(BCG) has been used as a vaccine against leprosy, although its
efficacy is quite limited (Andersen & Doherty, 2005; Setia et al.,
2006). The emergence of multidrug-resistant strains of these
mycobacteria is of concern (Maeda et al,, 2001; Kai et al., 2004;
Kaufmann, 2005), and therefore the urgent development of a
new vaccine, including a more efficacious recombinant BCG, is
desired (Kaufmann, 2005).

Among various immunocompetent cells, CD4" T cells,
especially IFN-y-producing cells, play an extremely impor-
tant role in inhibiting the multiplication of mycobacteria,
killing them in the early stages of infection, and keeping the
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bacterial load at a stable level (Orme et al., 1993; Dockrell
et al., 1996; Hashimoto et al.,, 2002). CD4™ T cells that
can respond quickly to pathogenic mycobacteria and pro-
duce IFN-y are known as memory T cells. The efficient
production of such memory T cells needs pre-exposure to
antigenic vaccinating molecules, which share their antigeni-
city with that of pathogenic mycobacteria (Kaufmann,
2006). BCG has been considered a good candidate for a
vaccine against M. leprae in this respect, however its efficacy
is limited in several aspects, including the ability to activate
T cells (Kaufmann & McMichael, 2005). BCG resides in the
phagosomes of macrophages and thus attenuates the traf-
ficking of antigenic molecules to the macrophage cell surface
(Grode et al., 2005). One possible strategy for improving the
ability of BCG to stimulate T cells is to enhance its ability to
fuse with the lysosomes. To this end, we knocked out
the urease gene from BCG. The urease-deficient recombi-
nant BCG (BCG-AUT) is expected to allow phagosomal
acidification in the host cells, and induce efficient
phagosome maturation for cytolytic activity of the antigenic
molecules of BCG (Schaible et al., 1998; Honerzu Bentrup &
Russell, 2001).

In the present study, we evaluated the ability of BCG-AUT
to activate IFN-y-producing type 1 CD4" T cells through

FEMS Immunol Med Microbiol 53 (2008) 96-106

— Q8 —



CD4* T-cell activation by urease-deficient recombinant BCG

antigen-presenting cells (APCs), and to produce memory
CD4" T cells. When used as a target of BCG-AUT, macro-
phages fully stimulated CD4" T cells in the presence of
costimulatory agents such as CD40 ligand (L) and IFN-v. In
addition, BCG-AUT-infected monocyte-derived dendritic
cells (DCs) activated type 1 CD4" T cells more efficiently
than parent BCG-infected cells in the absence of these
costimulators. Therefore, BCG-AUT was found to be a
useful T-cell-stimulating agent.

Materials and methods

Preparation of blood cells

Peripheral blood was obtained from healthy purified protein
derivative (PPD)-positive individuals with informed con-
sent. PPD-negative individuals provide more information,
however, as healthy individuals are PPD-positive, due to
compulsory BCG vaccination for children in Japan (0—4
years old). Peripheral blood mononuclear cells (PBMCs)
were isolated using Ficoll-Paque Plus (Pharmacia, Uppsala,
Sweden) and cryopreserved in liquid nitrogen until use, as
previously described (Makino & Baba, 1997). For the
preparation of peripheral monocytes, CD3" T cells were
removed from either freshly isolated heparinized blood, or
cryopreserved PBMCs using immunomagnetic beads coated
with anti-CD3 monoclonal antibody (mAb) (Dynabeads
450, Dynal, Oslo, Norway). The CD3~ PBMC fraction was
plated on collagen-coated plates and nonadherent cells were
removed by extensive washing. The remaining adherent cells
were used as monocytes (Makino & Baba, 1997). Macro-
phages were generated by culturing monocytes in the
presence of 20% fetal calf serum and recombinant (r)
macrophage colony-stimulating factor (M-CSF) (R&D Sys-
tems, Abingdom, UK) (Makino et al., 2007). Macrophages
were pulsed with rBCGs on day 5 of culture, and were used
as a stimulator of T cells on day 7 (Makino et al., 2007).
Monocyte-derived DCs were differentiated as described
previously (Makino et al., 1999). Briefly, monocytes were
cultured in the presence of 50 ng recombinant granulocyte-
macrophage colony-stimulating factor (GM-CSF; Pepro
Tech EC Ltd, London, UK) and 10ng of recombinant
interleukin (rIL)-4 (Pepro Tech) per millilitre (Makino
et al., 1999). On day 3 of culture, immature DCs were
infected with rBCGs at the indicated multiplicity of infec-
tion (MOI), and on day 5 of culture, DCs were used for
further analyses of surface antigens and for mixed-lympho-
Cyte assays.

BCG culture and DNA manipulation

The mycobacterial strain, BCG substrain Tokyo, for DNA
manipulation was grown in Middlebrook 7H9 broth (Difco
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Laboratories) with 0.05% Tween 80 or Middlebrook 7H10
agar (Difco) with 0.5% glycerol, each supplemented with
10% albumin-dextrose—catalase enrichment (Difco). DNA
manipulations including isolation of DNA, transformation
and PCR, were carried out as described previously (Miya-
moto et al., 2004). Escherichia coli strain DH5x was used for
routine manipulation and the propagation of plasmid DNA.
Escherichia coli strain STBL4 was used for the construction
of plasmid vectors derived from phAE87. Antibiotics were
added as required: hygromycin B, 150 ugmL™" for E. coli and
75pgmL~" for Mycobacterium smegmatis (mc’155) and
M. bovis BCG. A recombinant BCG that lacks a urease gene
was constructed. The sequence of the targeted gene, ureC
(BCG 1886), was obtained from the BCG list (http://
genolist.pasteur.fr/BCGList/). The ureC gene was inactivated
by inserting a hygromycin-resistance cassette (hyg) using
a specialized transducing phage system for homologous
recombination (Bardarov er al, 2002; Miyamoto et al,
2006). To construct the disrupted sequence, fragments of
around 0.9 kb both upstream and downstream of ureC were
amplified from BCG-Tokyo genomic DNA using the follow-
ing two pairs of primers: F UureC and R UureC for
upstream of wreC, and F DureC and R DureC for down-
stream of ureC. The PCR products were digested with each
restriction enzyme and cloned into the corresponding site
flanking hyg of pYUBB854 to give pYUBB854-ureC-UD.
This plasmid was used for packaging into the phasmid
vector phAES7 to construct a specialized transducing myco-
bacteriophage for gene disruption as described previously
(Bardarov et al., 2002; Miyamoto et al., 2006). BCG-Tokyo
infected with the mycobacteriophage at an MOI of 50 was
incubated at 37 °C for 3 h in 7H9 broth without Tween 80.
Harvested bacterial cells were then plated and cultured on
7HI0 agar containing hygromycin B (75pgmL™") for
3 weeks. The hygromycin B-resistant colonies were selected
and evaluated with a conventional urease assay. A change in
the color of the assay medium from yellowish to red was
scored as urease-positive. Furthermore, genomic DNA
obtained from these colonies was subjected to PCR to
confirm the disruption of the gene using primers F ureC
and R ureC (Fig. 1). The colony which tested negative in the
urease assay was named BCG-AUT, while the parental BCG
substrain Tokyo is referred to as BCG-Tokyo.

Preparation of M. Jeprae

Mycobacterium leprae (Thai-53) was isolated from the
footpads of BALB/c-nu/nu mice (McDermott-Lancaster
et al., 1987). The isolated bacteria were counted by Shepard’s
method (Charles & Shepard, 1960). The MOI for infection
to host cells was determined based on the assumption that
macrophages and DCs were equally susceptible to infection
with BCG or M. leprae (Hashimoto et al., 2002).
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Fig. 1. Disruption of the ureC gene. (a) Schematic diagram of the ureC
region on the chromosome of the wild-type Mycobacterium bovis BCG
Tokyo strain and its gene disruptant, AUT. The shaded boxes indicate the
regions included in the recombinant phage for gene disruption, The
black arrow represents the coding region of the ureC gene. The gray box
represents the hygromycin-resistace cassette (hyg). The primers used for
PCR analysis are indicated by small arrows. (b) PCR analysis of the wild-
type and the disruptant using the primers indicated above

Preparation of mycobacterial antigen

The cytosolic fraction of BCG-Tokyo (BCC) was obtained as
described previously (Maeda et al, 2003). Briefly, the
mycobacterial suspension containing the protease inhibitors
was mixed with zirconium beads at a ratio of ¢. 1:1 (v/v)
and homogenized using a Beads Homogenizer Model BC-20
(Central Scientific Commerce, Tokyo). The suspension was
centrifuged at 10000 g to remove the cell-wall fractions. The
supernatant was then ultracentrifuged at 100 000 g and the
resulting supernatant was taken as the cytosolic fraction. For
preparation of the M. leprae membrane (MLM) fraction,
M. leprae was used instead of BCG and treated similarly. The
pellet obtained by ultracentrifugation (100 000 g for 1 h) was
used as a membrane fraction (MLM). The optimal concen-
tration of BCC and MLM for stimulating T cells was
determined in advance.

Analysis of cell surface antigens

The expression of cell surface antigens on macrophages and
DCs, either untreated or treated with exogenous rIFN-y
(R&D Systems), was analyzed using a FACSCalibur flow
cytometer. Dead cells were eliminated from the analysis by
staining with propidium iodide (Sigma Chemical Co.,
St. Louis, MO), and 1 x 10* live cells were analyzed. For the
analysis of cell surface antigens, the following mAbs were
used: fluorescein isothiocyanate (FITC)-conjugated mAbs
against HLA-ABC (G46-2.6), HLA-DR (L243), CD14
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(M5E2), CD40 (5C3) and CD86 (FUN-1). These mAbs were
obtained from BD PharMingen (San Diego, CA).

APC function of rBCG-infected macrophages
and DCs

The ability of rBCG-infected macrophages to stimulate
T cells was assessed using an autologous mixed-lymphocyte
assay as previously described (Wakamatsu er al., 1999;
Hashimoto et al., 2002). The responder CD4™ T cells were
purified from freshly thawed PBMCs by using a CD4-
negative isolation kit (Dynabeads 450; Dynal) (Wakamatsu
et al., 1999). The purity of CD4" T cells was more than 95%
as assessed by fluorescence-activated cell sorting (FACS)
analysis. Naive CD4" T cells were produced by further
treatment of CD4" T cells with an mAb to CD45RO
antigen, followed by incubation with beads coated with goat
antimouse IgG. Memory-type T cells were similarly pro-
duced by the treatment of cells with an mAb to CD45RA
antigen. The purified responder cells (1 x 10° well ") were
plated in 96-well round-bottom tissue culture plates and
macrophages or DCs were added to give the indicated APC/
CD4" T-cell ratio. Supernatants of the cocultures were
collected on day 4 and the concentration of cytokines was
determined. In some cases, macrophages were treated with
the indicated dose of exogenous rGM-CSF (Pepro Tech) in
advance of infection with rBCGs. Further, macrophages
were infected with rBCGs in the presence of neutralizing
mAb to IL-10 (JES3-9D7; Rat IgG, BD PharMingen) or
control normal rat 1gG. Macrophages infected with BCGs
were further costimulated with either rCD40L (Pepro Tech)
or rIFN-y (R&D Systems), and in some cases, the macro-
phages were stimulated with rIFN-y in the presence of anti-
IFN-y receptor a chain (CD119) (GIR-208, mouse IgG1, BD
PharMingen) or control normal mouse IgG. In other cases,
macrophages infected with BCG-AUT in the presence of
exogenous rIFN-y were treated with either mAb to HLA-DR
(L243, mouse IgG2a), CD86 (IT2.2, mouse IgG2b, BD
PharMingen) or control normal mouse IgG, and subse-
quently cocultured with responder CD4" T cells. The
concentration of IFN-y produced by CD4™ T cells was
quantified using an enzyme assay kit [OptEIA Human
enzyme linked immunosorbent assay (ELISA) Set; BD
Biosciences|.

Production of IL-12p70 and IL-1p by DCs

The ability of DCs to produce IL-12p70 and IL-1B on
stimulation with BCG-Tokyo or BCG-AUT was assessed.
The DCs were stimulated with BCGs at the indicated MOI
for 24h, and the concentration of these cytokines was
quantified using the Opt EIA Human ELISA Set.
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Animal studies

For inoculation into mice, BCG-Tokyo and BCG-AUT were
cultured in Middlebrook 7H9 to log phase and stored at
10*CFUmL™ at —80°C. Before aliquots were used for
inoculation, the concentration of viable bacilli was deter-
mined by plating cells on the Middlebrook 7H10 agar plate.
Three 5-week-old C57BL/6] mice per group were inoculated
intradermally with 0.1 mL phosphate-buffered saline (PBS)
containing 1 x 10° or 1 x 10’ BCG-Tokyo or BCG-AUT.
The animals were kept under specific pathogen-free condi-
tions and were supplied with sterilized food and water.
Four weeks after injection, the spleens were removed, and
the splenocytes were suspended at a concentration of 2 x
10°cellsmL™" in culture medium, and stimulated with the
indicated concentration of BCC or MLM in triplicate in
96-well round-bottomed microplates. The individual cul-
ture supernatants were collected 3 days after stimulation,
and IFN-y and IL-2 were measured using an OptEIA mouse
ELISA set.

Statistical analysis

The Student’s r-test was applied to determine statistical
differences.

Results

Induction of the fusion of BCG-AUT-infected
phagosomes with lysosomes

The efficacy with which BCG-AUT-infected phagosomes
fused with lysosomes in macrophages was examined using
confocal microscopy. Lysosomes were stained with anti-
LAMP1 mAb after treatment of THP-1 cells with FITC-
labeled BCG-Tokyo or BCG-AUT for 24h. The parental
BCG colocalized with lysosomes less efficiently than BCG-
AUT (data not shown). Therefore, BCG-AUT may at least
partially enhance the ability to induce phagosomal matura-
tion.

T-cell-stimulating activity of BCG-AUT

The activity of BCG-AUT to stimulate IFN-y-producing
CD4™" T cells, when infected to macrophages, was assessed
(Fig. 2). BCG-AUT-infected macrophages activated unsepa-
rated CD4" T cells to release IFN-y substantially more
efficiently than parent BCG-infected macrophages.
Although BCG-AUT-infected macrophages also induced
production of IL-2 from CD4" T cells (data not shown),
the extent of [FN-y (< 50 pg mL™") and IL-2 production was
not as high as expected. Furthermore, BCG-AUT did not
induce the activation of naive CD4" T cells (data not
shown). As the activation of T cells is largely influenced by
the cytokine milieu, in which T cells and their stimulators
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Fig. 2. Production of IFN-y by CD4* Tcells. Macrophages, differentiated
by 5 days of culture with rM-CSF from monocytes, were infected with
BCG-Tokyo (parental BCG) or BCG-AUT at the indicated MOI, and
cultured for another 2 days in the presence of rM-CSF. These macro-
phages were used as a stimulator of autologous CD4™ T cells
(1 x 10° cells well™") at the indicated T-cell/macrophage ratio in a 4-day
culture. A representative example of three separate experiments is
shown. Assays were performed in triplicate and the results are expressed
as the means =5D. Titers were statistically compared using Student’s
t-test.

are present, we determined the level of cytokines produced
from macrophages on stimulation with BCG-AUT. BCG-
AUT produced significantly more cytokines, such as IL-10,
GM-CSF, TNFa and IL-1p, than the parental BCG (data not
shown). It has been reported that IL-10 inhibits the APC-
mediated activation of T cells (Granelli-Piperno et al., 2004)
and GM-CSF regulates the function of macrophages (Maki-
no et al., 2007). To examine the role of IL-10 on T-cell
activation, macrophages were infected with BCGs in the
presence of a neutralizing mAb to IL-10 (Fig. 3a). The IFN-y
production by stimulated CD4™ T cells was not influenced
by the treatment of macrophages with control IgG; however,
a significantly higher level of IFN-y was produced on
treatment with the neutralizing mAb to IL-10. The up-
regulation by IL-10 mAb treatment was observed in both
BCG-Tokyo and BCG-AUT in a similar fashion. Further-
more, the pretreatment of macrophages with exogenous
GM-CSF also significantly upregulated the antigen-present-
ing function of macrophages, although the effect of GM-
CSF was more pronounced in BCG-AUT-infected macro-
phages (Fig. 3b).

Next, we phenotypically assessed the effect of BCG-AUT
on macrophages (Fig. 4a). BCG-AUT induced enhanced
expression of both CDI14 and CD40 on macrophages
compared with BCG-Tokyo. Based on these results, we
treated BCG-infected macrophages with CD40L to examine
its role as a costimulator of macrophages (Fig. 4b). The
CD40L treatment upregulated the T-cell activation by BCG-
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Fig. 3. Effect of IL-10 and GM-CSF on IFN-y production. (a) Macrophages differentiated from monocytes by using rM-CSF were infected with either
BCG-Tokyo or BCG-AUT at an MOI of 0.25 on day 5 of culture and cultured for another 2 days in the presence of rM-CSF. The BCG-infected
macrophages were treated with neutralizing mAb to IL-10 or isotype-matched control IgG (10 ugmL™"), and used as a stimulator of CD4™ Tcells, ata
T-cel¥macrophage ratio of 10: 1, and cultured for another 4 days. The optimal concentration of mAb was determined in advance. (b) Macrophages
obtained by 4 days of culture with rM-CSF were treated with the indicated dose of rGM-CSF. The macrophages pretreated with rGM-CSF were infected
with BCG-Tokyo or BCG-AUT at an MOI of 0.25, cultured for ancther 2 days in the presence of rM-CSF used as a stimulator of CD4™ T cells on day 8, at
a T-celmacrophage ratio of 10: 1 (4 days of stimulation). A rep i ple of three separate experiments is shown. Assays were performed
in triplicate and the results are expressed as the means + SD. Titers were statistically compared using Student's t-test
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Fig. 4. (3) Expression of CD14 and CD40 molecules on macrophages. Macrophages produced by using riM-CSF were infected with BCGs at an MOI of
0.25, and cultured for another 2 days in the presence of rM-CSF. The macrophages on day 7 of culture were gated and analyzed. Dotted lines, isotype-
matched control IgG; solid lines, the indicated test mAb. The number in the top right-hand comer of each panel represents the difference in mean
fluorescence intensity between the control IgG and the test mAb. Representative results of three separate experiments are shown. (b) IFN-y production
by CD4™" Tcells stimulated with BCG-infected macrophages. Macrophages differentiated from monocytes using riv-C SF were infected with BCGs at an
MO of 0.25 on day 5 of culture, further treated with CD40L (1 pugmL~") on day 6, and used as a stimulator of CD4* T cells (T-cel/macrophage ratio of
10:1, 4 days of stimulation). A representative of three separate experiments is shown. Assays were performed in triplicate and the results are expressed
as the means £ SD. Titers were statistically compared using Student’s t-test,
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Fig. 5. (a) Effect of exogenous IFN-y on CD4™* T-cell activation. Macrophages produced by 5 days of culture with rM-CSF from monocytes were infected
with BCGs at an MOI of 0.25 and simultaneously treated with the indicated dose of exogenous IFN-y. The macrophages were used as a stimulator of
CD4" Teells (T-cellmacrophage ratio of 10: 1, 4 days of stimulation). A representative of three separate experiments is shown. Assays were performed
in triplicate and the resuits are expressed as the means = SD. Titers were statistically compared using Student's t-test. (b) Involvemnent of IFN-y receptor in
T-cell activation. Macrophages produced as in (a) were infected with BCG-AUT (MOI of 0.25), stimulated with exogenous IFN-y (100UmL™") in the
presence of mAb to IFN-y receptor a-chain (CD119) or isotype matched control IgG (10ugmL™"), and cultured for ancther 2 days in the presence of
A-CSF. The macrophages were used as a stimulator of C04* T cells (F-celymacrophage ratio of 10: 1, 4 days of stimulation). A representative of
three separate experiments is shown. Assays were performed in triplicate and the results are expressed as the means £ 5D. Titers were statistically
compared using Student’s t-test. (c) Surface expression of various molecules on BCG-AUT-infected, IFN-y-treated macrophages. Macrophages produced
as In (a) were infected with BCG-AUT (MOI of 0.25), stimulated with exogenous IFN-y (100UmL™") and cultured for another 2 days in the presence
of rM-CSF. The macrophages on day 7 of culture were gated and analyzed. Dotted lines, isotype-matched control IgG; solid lines, the indicated test
mAb. The number in the top right-hand corner of each panel represents the difference in mean fluorescence intensity between the control igG and
the test mAb. Representative results of three separate experiments are shown. (d) Involvement of surface antigens of BCG-AUT-infected, IFN-y-
stimulated macrophages in T-cell activation. Macrophages produced as in (a) were infected with BCG-AUT (MOI of 0.25), treated with exogenous
IFN-y (100U mL™") and cultured for another 2 days in the presence of rM-CSF. These macrophages were cocultured with autologous CD4™ Tcells at a
T-celVmacrophage ratio of 10: 1 in a 4-day culture in the presence of the indicated mAb (10 pgmL~"). A representative of three separate experiments
is shown. Assays were performed in triplicate and the results are expressed as the means = SD. Titers were statistically compared using Student’s t-test.

infected macrophages, but it more efficiently affected BCG-  activity of rBCG-infected macrophages. The IFN-y
AUT-infected macrophages. Similarly, there was a signifi-  treatment was effective against both BCG-Tokyo- and
cant difference between parent BCG and BCG-AUT in  BCG-AUT-infected macrophages; however, more than a
sensitivity to IFN-y (Fig. 5a). However, other cytokines such 10-fold increase in the production of IFN-y from T cells
as TNFu and IL-1P did not enhance the T-cell-stimulating ~ was achieved only when BCG-AUT-infected macrophages
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were stimulated with exogenous IFN-y. The optimal stimu-
lation of T cells induced the production of more than
500 pg mL™" IFN-y. The exogenous IFN-y seems to contri-
bute directly to the enhancement of APC function, as the
IFN-y-mediated enhancement was cancelled out by the
pretreatment of BCG-AUT-infected macrophages with
mAb to IFN-y receptor a-chain (Fig. 5b). Furthermore,
IFN-y significantly enhanced the expression of HLA-DR
and CD86 on BCG-AUT-infected macrophages (Fig. 5c),
while the phenotypic alteration of BCG-Tokyo-infected
macrophages by [FN-y was minimum (data not shown).
When BCG-AUT-infected, IFN-y-treated macrophages
were treated with mAb to either HLA-DR or CD86 in
advance of being cocultured with CD4" T cells, IFN-y
production by the T cells was significantly inhibited, while
normal murine IgG treatment did not have any effect
(Fig. 5d).

CD4" T-cell activation by BCG-AUT-infected DCs

As BCG-AUT significantly but less efficiently activated
CD4" T cells through macrophages in the absence of
costimulation, the potency of BCG-AUT-infected DCs as a
T-cell activator was evaluated. Expression of surface mole-
cules on DCs infected with either BCG-Tokyo or BCG-AUT
was examined (Fig. 6a). Expression of HLA-ABC, HLA-DR,
CD86 and CD83 was more significantly upregulated by the
infection with BCG-AUT than with BCG-Tokyo. Higher
levels of IL-12p70 and IL-1P were produced by BCG-AUT
stimulation (Fig. 6b). Furthermore, we assessed whether
BCG-AUT activated naive and memory CD4* T cells
through DCs by using various MOI titers and multiple
T/DC ratios (Fig. 6¢). IFN-y levels were significantly higher
following stimulation with BCG-AUT than with parent
BCG in both naive and memory CD4™ T cells. Also, a higher
level of CD40L was expressed on CD4" T cells after
stimulation with BCG-AUT-infected DCs (data not shown).
These results indicate that the infection of DCs with
BCG-AUT alone was sufficient, as compared with macro-
phages which required costimulators to drive a strong T-cell
response.

Memory T-cell production by BCG-AUT

Another important aspect of using BCG as a vaccine is the
production of memory T cells in vivo. We examined the
response of splenic T cells obtained from BCG-infected
C57BL/6 mice to mycobacterial recall antigen (Fig. 7).
We used BCC as a recall antigen. At 4 weeks following
infection, splenic T cells from BCG-AUT-infected mice
produced more IFN-y than those from mice infected
with BCG-Tokyo by responding to BCC. The lymphocyte
population producing IFN-y was found to be CD4™ T cells
by intracellular staining (data not shown). Furthermore,
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upon stimulation with MLM, which contains immunodo-
minant antigens of M. leprae, CD4™ T cells from BCG-AUT-
infected mice produced significantly higher levels of IFN-y
than those from uninfected or BCG-Tokyo-infected
mice (Fig. 7).

Discussion

To date, BCG is the only suitable vaccine against leprosy;
however, its efficacy is quite limited. Overall efficacy in one
meta-analysis was reported to be only 26% (Setia et al.,
2006). Several reasons might explain why BCG cannot block
multiplication of M. leprae or inhibit the development of
leprosy. The most important defect of BCG is that it is
retained in phagosomes of macrophages, avoiding phagoso-
mal acidification and hence interfering in the efficient fusion
of BCG-containing phagosomes with lysosomes (Clements
et al., 1995; Reyrat et al., 1995; Grode et al., 2005). The lack
of phagosome-lysosome fusion inhibits the trafficking of
BCG-derived antigens through the major histocompatibility
class (MHC) 11 pathway, which is enrolled for preferential
stimulation of CD4" T cells, the most important cells
involved in inhibition of M. leprae growth (Sendide et al.,
2004). Further, macrophages produce abundant amounts of
IL-10 on infection with BCG, which, in turn, inhibits the
activation of CD4 " T cells (Mochida-Nishimura et al., 2001;
Granelli-Piperno et al., 2004).

In the present study, we constructed a recombinant BCG
(BCG-AUT) that lacks a urease gene through allelic ex-
change of chromosomal DNA. As urease is involved in the
maintenance of intraphagosomal pH at neutral (Grode
et al., 2005) or slightly alkaline values (Sendide et al., 2004),
lack of this enzyme may contribute to the induction
of phagosomal acidification (Sendide et al., 2004), thereby
promoting the fusion of BCG-containing phagosomes with
lysosomes. The efficient colocalization of BCG-AUT
with lysosome was observed, leading us to expect an
efficient enhancement of T-cell activation by BCG-AUT-
infected macrophages. Previously, rBCG deficient in
urease C was produced by a similar system and found
to be superior to parental BCG in producing acidic condi-
tions (pH 4.5-5.5) in BCG-infected phagosomes in murine
macrophages (Reyrat er al, 1995; Grode et al, 2005).
However, it was not demonstrated whether the rBCG
deficient in urease C promoted the MHC class 11 trafficking
pathway and actually activated human CD4" T cells
through APCs. The newly constructed BCG-AUT lacked
urease activity and in vifro studies confirmed that it could
not degrade urea to ammonia. When BCG-AUT was in-
fected to macrophages, it activated human CD4™ T cells
more efficiently than the parental BCG. However, the
amount of [FN-y released from the T cells was not as high
as expected (< 50pgmL™'). These results suggest that
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(&)

BCG-Tokyo

BCG-AUT

(b)

Fig. 6. (a) Expression of various molecules on BCG-
infected DCs. Monocyte-derived immature DCs
were infected with either BCG-Tokyo or BCG-AUT
at an MOI of 0.25 and cultured for another 2 days
in the presence of rGM-CSF and riL-4. The DCs
from day 5 were gated and analyzed. Dotted lines,
isotype-matched control IgG; solid lines, the indi-
cated test mAb. The number in the top right-hand
corner of each panel represents the difference in
mean fiuorescence intensity between the control
IgG and the test mAb. Representative results of
three separate experiments are shown. (b) Cytokine
production from DCs stimulated by BCG. Mono-
cyte-derived DCs from 4 days of culture in the
presence of rGM-CSF and ril-4 were stimulated
with the indicated dose of either BCG-Tokyo or
BCG-AUT for 24 h, The concentration of the indi-
cated cytokine was determined by the ELISA meth-
od. A representative of three separate experiments
is shown. Assays were performed in triplicate and
the results are expressed as the means + 50. Titers
were statistically compared using Student’s f-test.
(c) IFN-y production by naive CD4 ™ T cells and
memory CD4* T cells. DCs obtained from mono-
cytes infected with either BCG-Tokyo or BCG-AUT
were used as a stimulator of nafve and memory
CD4™ T cells in a 4-day culture. A representative of
three separate experiments is shown. Assays were
performed in triplicate and the results are expressed 0
as the means =+ SD. Titers were statistically com-
pared using Student’s t-test,

(pgmL™")

s

IFN-y production by CD4* T celis (MO1)
8

improvement of intraphagosomal pH milieu for efficient
phagosome-lysosome fusion was not sufficient for the
induction of full T-cell activation as far as macrophages
were concerned. Thus, we further searched for factors which
might be helpful in inducing full activation of T cells. First,
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we examined the influence of endogenously produced IL-10,
as abundant IL-10 was produced from macrophages by
infection with BCG-AUT (data not shown). The neutraliza-
tion of IL-10 from macrophages drastically enhanced T-cell
activation (Fig. 3a). Furthermore, pretreatment of

© 2008 Federation of European Microbiclogical Societies
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B2 : BCG-Tokyo (1x10°head)
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"': 4000 P<0.05 600 P<05
E o | |
g 500 Fig. 7. IFN-y production by splenic T cells ob-
’% 3000 tained from C57BL/6 mice infected with BCG-
- 400 Tokyo or BCG-AUT. Five-week-old C57BL/6 mice
2 were infected with the indicated dose of BCG
$ 2000 S0 intradermally. Four weeks after the inoculation,
§ 5 1
splenocytes (2 x 107 cells well ) were stimulated
& 3 with the indicated dose of either BCG-derived
-S 1000 P;&\Oﬁ cytosol protein or Mycobacterium leprae-derived
membrane protein for 4 days. Assays were per-
g 100 formed in triplicate for each mouse, and the
= 7 results for three mice per group are given, ex-
£ 9 : A = pressed as the means + SD. Representative results
e ] -1 0.1 pg mL 0.5 pg miC
10ugmb A0pg mt " " - for two separate experiments are shown, Titers
BCG-cytosol protein M. leprae-membrane protein were statistically compared using Student’s r-test.

macrophages with GM-CSF, which is normally produced
from activated CD4" T cells, monocytes and macrophages
(data not shown), and inhibits IL-10 production (Makino
et al.. 2007), was also quite efficient in enhancing the BCG-
AUT-mediated T-cell activity. Therefore, the unexpectedly
weak activation of CD4" T cells by BCG-AUT seemed to be
at least partly due to the immunosuppressive effect of IL-10.
Secondly, we focused on the costimulating factors capable
of actively up-regulating the T-cell-stimulating function of
macrophages, and found that both CD40L and IFN-y were
quite efficient. It was previously reported that both CD40L
and IFN-y were needed to costimulate macrophages in-
fected with M. leprae (Makino et al., 2007); however, in the
present study, the sole treatment of BCG-AUT-infected
macrophages with either CD40L or IFN-y was enough to
confer a sufficient effect (Figs 4 and 5). The high sensitivity
of BCG-AUT-infected macrophages to CD40L may be due
to the ability of rBCG to induce greater expression of CD40
(Fig. 4a). The exogenous IFN-y may contribute to increased
production of IFN-y from T cells by activating macro-
phages, as it enhanced the surface expression of HLA-DR
and CD86 on BCG-AUT-infected macrophages, which
facilitated antigen-specific T-cell activation. As reported,
M. leprae is less sensitive to IFN-y (Makino et al., 2007),
and also parental BCG was found to be clearly less sensitive
to IFN-y than BCG-AUT. These results indicate that each
mycobacterium may have differential sensitivity to IFN-y
(Verreck et al., 2004). Although the molecular mechanism
responsible for the difference in sensitivity remains unex-
plained, it is well known that IFN-vy facilitates the digestion
of intracellular mycobacteria in macrophages, and thus the
following speculation may be possible: in the present system,
the alteration of the pH milieu of BCG-containing phago-
somes caused by the depletion of urease activity may help to
establish circumstances where cell activation as well as

© 2008 Fed of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

enhanced trafficking of mycobacterial antigens to the surface
by the MHC class II pathway can be induced by IFN-y
treatment. The urease gene of pathogenic mycobacteria may
be a good target for combination immunotherapy/che-
motherapy as urease depletion downregulates the growth of
mycobacteria (data not shown) and upregulates the immu-
noactivity of intracellular digestion of bacteria in
host cells,

In contrast to macrophages, DCs were highly activated by
the sole infection with BCG-AUT in terms of phenotype and
cytokine production, and BCG-AUT-infected DCs effi-
ciently activated both naive and memory CD4" T cells in
the absence of additional costimulation. The activated
T cells produced abundant amounts of both IFN-y (Fig. 5¢)
and GM-CSF, and induced CD40L expression (data not
shown). Therefore, DCs can inherently provide the critical
factors needed by BCG-AUT-infected macrophages. As BCG
infects both macrophages and DCs in vivo, we evaluated
the efficacy of BCG-AUT as a T-cell activator by using
C57BL/6 mice. BCG-AUT was superior to BCG-Tokyo in
the production of murine memory CD4" T cells, which can
respond to BCG-derived recall antigen and also proteins
derived from pathogenic M. leprae. Just 100 BCG-AUT
bacilli were sufficient to produce such memory T cells.
These findings indicate that BCG-AUT convincingly stimu-
lated CD4" T cells in vivo. As the C57BL/6 strain is a
T helper (Th)1 response-prone mouse, further study using
Th2 response-prone mice would provide further insight
into how memory T cells are generated by inoculation with
BCG-AUT.

Taking our data together, BCG-AUT is more potent than
the parental BCG in the activation of macrophages, DCs and
CD4™ T cells. The depletion of urease from BCG may be
useful in upregulating the potency of BCG as an immuno-
stimulator.
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A serological diagnostic test using phenolic glycolipid-1 (PGL-I) developed in the 1980s is commercially
available, but the method is still inefficient in detecting all forms of leprosy. Therefore, more-specific and
-reliable serological methods have been sought. We have characterized major membrane protein IT (MMP-II)
as a candidate protein for a new serological antigen. In this study, we evaluated the effectiveness of the
enzyme-linked immunosorbent assay (ELISA) using the MMP-I1 antigen (MMP-11 ELISA) for detecting
antibodies in leprosy patients and patients’ contacts in the mid-region of Vietnam and compared to the results
1o those for the PGL-I method (PGL-1 ELISA). The results showed that 85% of multibacillary patients and 48%
of paucibacillary patients were positive by MMP-IT ELISA. Comparison between the serological tests showed
that positivity rates for leprosy patients were higher with MMP-1I ELISA than with PGL-1 ELISA. Household
contacts (HHCs) showed low positivity rates, but medical staff members showed comparatively high positivity
rates, with MMP-I1 ELISA. Furthermore, monitoring of results for leprosy patients and HHCs showed that
MMP-1I is a better index marker than PGL-1. Overall, the epidemiological study conducted in Vietnam

suggests that serological testing with MMP-11 would be beneficial in detecting leprosy.

Leprosy is a chronic infectious disease caused by Mycobac-
terium leprae infection, which sometimes leads to progressive
peripheral nerve injury and systematic deformity (16, 30).
Early detection of M. leprae infection and early start of treat-
ment are key in avoiding deformities. Also, in order to de-
crease the incidence of new cases, it is important to find and
treat the sources of the infection as soon as possible. Thus,
early detection of these infected individuals who cannot be
clinically diagnosed is critical (34). The diagnosis of leprosy is
based on microscopic detection of acid-fast bacilli in skin
smears or biopsies, along with clinical and histopathological
evaluation of suspected patients. Recently, diagnostic methods
for leprosy based on M. leprae DNA sequences have been
developed (10, 20, 25). However, it is difficult to use these
methods in developing countries which still have leprosy hot
spot areas, because such methods require expensive machines
and materials as well as skilled technicians. Although many
developing countries have recently established laboratories for
DNA-based diagnosis, it is harder to perform DNA tests than
serodiagnostic tests. Thus, in countries where leprosy is en-
demic, diagnosis still relies on clinical observations and easy,
inexpensive tests,

Serodiagnosis is generally accepted as the casiest way of
diagnosing a disease. For leprosy serodiagnosis, the only anti-
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ology, Leprosy Research Center, National Institute of Infectious Dis-
cases, 4-2-1 Aoba-cho, Higashimurayama, Tokyo 189-0002, Japan.
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gen currently used is phenolic glycolipid 1 (PGL-I), which is
supposedly specific to M. leprae (21, 26, 27). Since the identi-
fication of PGL-I in 1981 by Hunter and Brennan (14), a
number of serological tools have been developed. Simple as-
says, such as the Serodia-Leprae method, a dipstick assay, and
lateral flow tests based on the PGL-I antigen, have been used
to detect leprosy patients in areas where leprosy is endemic (3,
15, 17, 32). However, these tests seem to be insufficient for
detection of both multibacillary (MB) and paucibacillary (PB)
patients, as well as for early diagnosis, and have not been used
as widely as would be expected in field situations (6, 29).
Therefore, we have begun the search for a more sensitive
antigen. Major membrane protein II (MMP-I1; encoded by the
ML2038c gene, named bfrA, also known as bacterioferritin)
was previously identified from the cell membrane fraction of
M. leprae as an antigenic molecule capable of activating both
antigen-presenting cells and T cells (19, 24). A homology
search of the mycobacternia nucleotide database revealed that
MMP-II is conserved between M. leprae, M. tuberculosis, and
M. avium. The amino acid identity is about 86% among the
three species. However, we have previously examined the role
of MMP-II in the humoral responses of Japanese patients and
showed that MMP-II could contribute to the specific serode-
tection of leprosy patients (18).

In the present study, we performed a serological test using
serum samples collected in regions of leprosy endemicity in
Vietnam and evaluated the use of MMP-II as an antigen for
serodiagnosis of leprosy. We believe that identifying the ap-
propriate antigens for serodiagnosis could facilitate the devel-
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opment of simple diagnostic tests, like dip-stick assays, for use
in developing countries.

MATERIALS AND METHODS

Serum samples. A total of 974 serum samples from various individuals, in-
cluding in- and out-patients of Quyhoa National Leprosy & Dermato-Venere-
ology Hospital (NDH), were obtained under informed consent. The sera were
donated by 205 leprosy p (163 p dh and 42 new
patients), 428 houschold uumx:u (HHCs), 130 medical sun members, and 211

act healthy indi . Sera of leprosy patients and their contacts were
taken at regional medical centers in the midregion of Vietnam, including those
in the Danang, Quangnam, Quangngai, Binhdinh, Phuyen, Khanhhoa,
Ninhthuan, Gialai, Kontum, Daklak, and Daknong provinces, where the average
prevalence rate is 0.17 (number of cases/10,000 persons) and the average detec-
tion rate 18 2.13 (number of cases/10,000 persons). Among these provinces,
Bmhdmh ththuan Gialai, and Kontum had hot spot areas. The medical staff
d of k in Quyhoa NDH, including medical doctors,
nurses, pharmacists, technicians, and helpers. Only the sera from medical staff
members who were not HHCs of leprosy patients were used in this study. Sera
were also obtained from healthy persons living in the Binhdinh province (n =
126) and the Longan province (n = 85), which are distantly located from each
ather. Out of 205 leprosy patients, 121 had MB leprosy and 84 had PB leprosy.
We made the mitial diagnosis according to the Ridley-Jopling classification
system and classified patients as MB and PB types based on the WHO recom-
mendation. In Vietnam, the M. bovis bacille Calmette-Guérin (BCG) vaccination
against tuberculosis has been underaken in carnest since 1976, Almost all
medical stafl personnel who donated their blood for this study were vaccinated
with BCG.

MMP-1I and PGL-1 antigens. The MMP-I1 gene (ML2038c, or bfrd) was
expressed in Eschenchia coli as a fusion construct by using 8 pMAL-c2X expres-
sion vector (New England BioLabs) (18). Synthetic bovine serum albumin-con-
jugated trisaccharide-phenyl propi for the detection of PGL-I antibodies
was produced by our laboratory. The procedure for synthesis of the antigen is
descnbed elsewhere (12).

ELISAs for detection of antibodies. MaxiSorp (Nalge Nunc) microtiter plates
were coaled with 50 ul antigen solution (MMP-I1 [0.4 pg/ml] and PGL-1 (02
wg/ml]) in carbonate-bicarbonate buffer (pH 9.4) and k:pt at 4°C overnight. The
optimal e ions of these antigens were d in ad The en-
zyme- llnl(ed immunosorbent assay (ELISA) protocol was performed as de-
scribed previously (18). We measured anti-MMP-11 immunoglobulin G (IgG)
antibodies and anti-PGL-1 IgM antibodies. Plate-to-plate variations in optical
density (OD) readings were controlled for by using a common standard serum.

Monitoring. One hundred forty-eight leprosy patients have been monitored
using MMP-I1 ELISA and PGL-1 ELISA during their multidrug therapy (MDT)
treatment since 2001, Twelve-month MDT for MB was carried out, and sampling
was performed three to five times. Also, HHCs were monitored once every 3 or
6 months by bath the MMP-I1 and the PGL-1 ELISA methods from 2001 to 2004,

Statistics. The data were analyzed using a fi package (version
9.3.2.0;, MedCalc soft ) A h i (ROC] curve was
drawn 1o calculate the cutoff levels (2). Addi lly, the

differences berween assays were confirmed by the chi -Square test [28)

RESULTS

Comparison of the distribution of ELISA values between
MMP-11 and PGL-1. We focused on the distribution of ELISA
values derived from MB leprosy patients and compared them
to those from healthy individuals (Fig. 1). The cutoff OD,,
value for anti-MMP-II antibody was defined as 0.103 (95%
confidence interval, 85.2 to 93.7), and that for anti-PGL-I an-
tibody was defined as (.452 (95% CI, 85.2 10 93.7), by ROC
curve analysis (MedCalc software) using OD titers from 211
healthy individuals and 205 leprosy patients. The distribution
pattern of MMP-I1 ELISA values was quite different from that
of PGL-I ELISA for healthy individuals. While the OD values
of most healthy individuals were in the low range for MMP-11
ELISA (Fig. 1A), the titers obtained by PGL-I ELISA showed
a bell-shaped curve which was similar 1o that of MB leprosy
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pattern of PGL-1 ELISA values in patents and healthy individuals.
The solid squares show the number of MB leprosy patients in each OD
value range, and the open squares show the number of healthy indi-

viduals.

£

sample numbers
& &

patients (Fig. 1B). The PGL-I ELISA values for PB leprosy
patients also showed a similar bell-shaped curve (data not
shown).

Detection rate of antibodies in sera of leprosy patients.
Among the MB patients, 85.1% were positive by MMP-II
ELISA and 57.0% were positive by PGL-1 ELISA; 47.6% of
PB patients were positive by MMP-II ELISA, and 20.2% were
positive by PGL-1 ELISA (Fig. 2). The MMP-II ELISA values
for both MB and PB patients were significantly higher than the
PGL-1 ELISA values (P < 0.001) (Fig. 2). Patients undergoing
treatment and new cases showed a similar difference (data not
shown).

Seropositivity rates of contacts, medical staff members, and
healthy volunteers. There was no significant difference in pos-
itivity rate between MMP-II ELISA and PGL-1 ELISA for
healthy individuals and HHCs (Fig. 3). Also, there was no
significant difference in positivity rate between MMP-11 ELISA
and PGL-1 ELISA for healthy individuals from different prov-
inces, namely, Binhdinh and Longan (data not shown). In
contrast, the medical staff showed a significantly higher rate of
positivity by MMP-I1 ELISA (26.2%) than by PGL-1 ELISA.
The anti-MMP-I1 antibody positivity rate for the medical staff
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FIG. 2. Comparison of positivity rates of patients as determined by
MMP-1I and PGL-1 ELISA. Black bars show percentages of healthy
individuals and patients positive by MMP-11 ELISA. and white bars
show those for PGL-1 ELISA. Statistically significant differences were
confirmed by the chi-square test and are indicated as P values.

was significantly higher than those for healthy individuals and
HHCs.

Monitering of HHCs. Previous studies suggested the useful-
ness of PGL-1 ELISA in monitoring the effects of leprosy
treatment (5, 8, 9, 22). Therefore, we monitored anti-MMP-I1
antibody titers in patients after treatment and compared them
1o anti-PGL-1 antibody titers. Ninety-two MB and 56 PB pa-
tients were monitored. The anti-MMP-II antibody value of
approximately 30% of monitored MB patients declined within
1 to 2 years after the start of treatment, in accordance with
changes in bacterial index values (data not shown), although
approximately 509 of MB patients showed no reduction in
ELISA values and 20% of patients showed mild increases in
value, Three representative samples of MB patients are shown
in Fig. 4. Among PB patients, 18% of the monitored patients
had reduced anti-MMP-II antibody titers. On the other hand,
anti-PGL-I antibody titers were reduced approximately only
20% in both MB and PB patients during the monitoring pe-
riod. Therefore, anti-MMP 11 antibody may reflect the efficacy
of treatment similarly o or slightly better than anti-PGL-I
antibody in some cases. Furthermore, 9 individuals out of 428
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FIG. 3. Positivity rates of HHCs and medical staffi members as
determined by MMP-II and PGL-1 ELISA. Black bars show percent-
ages of HHCs and medical staff members positive by MMP-I1 ELISA,
and white bars show those by PGL-I ELISA. Statistically significant
differences were confirmed by the chi-square test and are indicated as
P values,
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FIG. 4. Monitoring of three MB leprosy patients by MMP-II and
PGL-1 ELISAs. Three cases of monitored leprosy patients are shown.
The closed circles show MMP-11 ELISA values, and the open circles
show PGL-1 ELISA values. Note that the cutoff value for MMP-I1 is
0.103 and that of PGL-1 1s 0.452.

HHCs developed leprosy after several years of monitoring.
Among the nine cases, two individuals had increasing antibody
titers by MMP-1I and/or PGL-1 ELISA | year before manifest-
ing clinical symptoms (data not shown), Patient HHC192
showed a prominent rise in anti-MMP-II antibody values dur-
ing the asymptomatic period. Both patients developed MB
leprosy. The other seven, whose antibody levels did not show
an apparent increase during the observation period, developed
PB leprosy.

DISCUSSION

Serodiagnosis is the easiest, cheapest, and least invasive di-
agnostic tool for infectious diseases. Currently, PGL-1 is used
as a specific antigen for M. leprae, but in practice, ils sensitivity
and specificity are not as high as expected, even though previ-
ous studies using stock sera reported that the detection rate for
MB patients was more than 80% (1, 3, 4, 7). The present study
involving Victnamese leprosy patients indicated that there is a
significant difference between MMP-11 ELISA and PGL-I
ELISA in detecting both MB and PB leprosy. The positivity
rate of anti-MMP-II antibody for MB leprosy was approxi-
mately 85%, and that for PB leprosy was 48%; these titers were
significantly higher than the titers obtained by PGL-1 ELISA
(57% and 20%, respectively). The detection rates obtained by
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MMP-II ELISA were similar to those for a previous study
using stock sera from Japanese leprosy patients (18). However,
the positivity rates of anti-PGL-1 antibody in the present study
were significantly lower than those for the Japanese patients,
although the same antigens for both MMP-II and PGL-I were
used in the two studies.

There are several possible reasons why the sensitivity of
PGL-1 ELISA was low in the present study. One reason may be
that some healthy Viemnamese individuals have high anti-
PGL-I antibody titers. Although we could not conduct further
detailed analysis on the subjects, these individuals might be
highly exposed to M. leprae, and so their B lymphocytes might
be repeatedly stimulated with M. leprae-derived antigens, in-
cluding PGL-1. It seems quite difficult to discriminate the
healthy individuals from MB or PB leprosy patients by PGL-1
ELISA, as shown in Fig. 1. Furthermore, we concluded that a
reasonable cutoff point for PGL-1 ELISA was an OD,, of
0.452, as deduced from Fig. 1 and the ROC values, but this
resulted in lower sensitivity. The difference in sensitivity be-
tween PGL-1 ELISA and MMP-11 ELISA may also be due to
differences in the biochemical features of the antigens. PGL-1
is a glycolipid component, and as such, it might be retained in
some infected cells for a long time after the initial exposure
(13, 33). This speculation is supported by previous reports
showing that healthy individuals residing in areas where lep-
rosy is endemic had high anti-PGL-1 antibody titers, and M.
leprae DNA was recovered by PCR from the nasal swabs of
these individuals (31, 32). Also, it has been reported that the
usefulness of PGL-I-based tests for early diagnosis is limited,
since 7 to 10% of individuals testing positive do not develop
the disease (14).

In contrast, MMP-I1 is a protein antigen and is considered to
be one of the immunodominant antigens of M. leprae (19).
Therefore, in individuals who have been exposed to M. leprae
but have not developed leprosy, antigen-presenting cells ex-
pressing MMP-II might feasibly be eliminated from the body
by immune cells such as cytotoxic T lymphocytes and thus lack
the ability to produce anti-MMP-I1 antibodies through anti-
gen-presenting-cell-dependent mechanisms. These specula-
tions seem to be supported by our present observations with
sera from patients monitored over time. Anti-MMP-II anti-
body titers of MB patients declined earlier than PGL-I titers
with MDT treatment, indicating the disappearance of MMP-II
antigens, while no apparent reduction in PGL-1 antigens was
observed during the 12 months of observation (Fig. 4). Fur-
thermore, in one case the anti-MMP-II antibody titer in-
creased drastically before manifestation of clinically apparent
leprosy (data not shown).

Medical staff members (n = 130) showed a high positivity
rate by MMP-II ELISA, compared with healthy individuals or
HHCs. These medical staff members were mostly BCG vacci-
nated, as were the HHCs. Therefore, it seems that BCG
vaccination has no effect on anti-MMP-II antibody titers. Al-
though we could not determine a conclusive reason for the
high positivity rate, these medical personnel may be repeatedly
exposed 1o M. leprae in hospitals. However, we cannot elimi-
nate the possibility that they have produced the antibody in
response to exposure to other mycobacteria, since the MMP-11
protein is conserved in other pathogenic mycobacterial species,
such as M. tuberculosis and M. avium, though the staff members
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with high anti-MMP-I1 antibody titers did not manifest any
clinical signs or features indicating infection with other myco-
bacteria. We tried to perform nested PCR using the M. leprae-
specific repetitive element for DNA extracted from nasal
swabs of some hospital staff members (n = 25). However,
because the sampling dates for the serological test and the
PCR test were not coordinatcd, we could not come to a defi-
mite conclusion. Nevertheless. we were surprised to find that
=40% (n = 25) of the nasal swab samples were positive (data
not shown). As for tuberculosis, it is said that one-third of the
world population is infected with M. tuberculosis. The same
may be the case with leprosy, although further studies are
needed with larger populations, including medical staff mem-
bers as well as contacts and noncontacts of leprosy.

Taken together, our data indicate that MMP-II ELISA
could be useful as a supporting serodiagnostic tool in combi-
nation with other clinical diagnostic methods and may also be
useful in monitoring disease activity. Furthermore, in this study
the correlation between MMP-II and PGL-1 was low, with a
correlation coefficient among the 205 leprosy patients of only
0.63. If both PGL-1 and MMP-II antibodies could be measured
simultaneously, the sensitivity of the assay system could be
increased. Considering that PGL-1 is a sugar antigen (eliciting
1gM antibodies) and MMP-11 is a protein antigen (eliciting 1gG
antibodies), assaying for a combination of these antibodies
could lead to more-accurate detection of leprosy in the field.
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