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Fig. 4. DHPLC peak patterns of the rpsL and rrs genes of streptomycin-resistant clinical isolates and streptomycin-dependent strain b18.

reason is that streptomycin has been used for many years in
China as an anti-TB drug. In China, Japan and other countries
with a high frequency of rpsL and rrs mutation in streptomy-
cin-resistant clinical isolates, it is anticipated that this DHPLC
method will have a high predictive value. '

In this study, DNA sequencing and the DHPLC method
were applied to investigate the molecular mechanism of strep-
tomycin resistance in M. tuberculosis clinical isolates from
China. The results revealed that 85.2% of streptomycin-resis-
tant isolates had mutation in the rpsL or rrs gene. This rate is
much higher than those of 56—68% reported in America
{10,11], 48% in Germany [12], 60% in France [13], 52% in
Poland [14], 24% in Mexico [15], and 77.8% in Japan [16],
and indicates the different geographic distribution of rpsL
and rrs mutations among streptomycin-resistant M. tuberculo-
sis isolates, those from China showing the highest frequency.
There is a possibility that a high transmission frequency could
be the cause for the high frequency of rrs and rpsL mutations
in our isolates compared to those found in previous reports
{10—16]. It was found in this study that rpsL played a more
important role (76.5%, 88/115) than the rrs gene (rrsA:
9.6%, 11/115) in the mechanism of streptomycin resistance,
and no rpsL or rrs mutation was found among 100 streptomy-
cin-susceptible clinical isolates, strongly confirming and
extending the findings of other investigators [11—16]. The
relative proportions of rpsL versus rrs mutations in the

streptomycin-resistant isolates are similar compared with other
studies [11—16]. No relationship between mutation type and
resistance level was found in this study, thus differing from
the reports of Cooksey [5] and Bottger [17]. The reason may
be related to the difference in areas from which the strains
were derived, similarly to the differences in the geographic
distribution of mutation types discussed above. It is also pos-
sible that there are other reasons for no relationship between
MIC and mutation type. Unknown mechanisms may exist be-
tween different strain families of M. tuberculosis.

In this study, rpsL mutations were found to occur predom-
inantly at codon 43 (91%, 81/88 isolates). Codon 88 mutation
played a minor role (9%, 7/88 isolates). These results largely
confirm the findings of other researchers [21]. Two new point
mutations found in this study, at codon 39 (ACC — ACT)
with no amino acid substitution, and at codon 71 (GGC —
AGC, Gly — Ser), both compounded with codon 43
AAG — AGG, seemed to be of only minor importance. Previ-
ously reported mutations involving codon 43 AAG — ACG
(Lys — Thr) and codon 88 AAG — CAG (Lys — Gln) were
not found {21]. This is because they have been proved to be
restrictive mutations leading to fitness cost and show attenu-
ated virulence. Only non-restrictive mutations such as codon
43 AAG — AGG (Lys — Arg), which has unaltered virulence
properties, can be widely transmitted and finally dominate in
clinical isolates [22]. In this study, a total of 15 isolates
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(13%) were found to have rrs mutation. In contrast to most.

bacteria that have multiple copies of the rrs gene, M. tubercu-
" losis and other slow-growing mycobacteria have only one
copy [4,21]. Mutations in the rrs gene, which encodes the
loops of 16S rRNA, the highly conserved 530 loop, the 912
loop and the 1400 region that interact with the S12 ribosomal
protein, constitute an easily selected resistance site. In rrsA,
513 A —=C, 516 C — T, 464 A — C mutations were demon-
strated in these isolates from China, while 512 C — T muta-
tion and 491 C — T polymorphism [15,23] were not found.
Since only one isolate carried rrsB mutation and three rrsC-
mutated isolates were all compounded with rpsL codon 43
AAG — AGG mutation concurrently, it can be concluded
that rrsB and rrsC mutations are not common, while the ma-
jority of rrs point mutations producing streptomycin resistance
in M. tuberculosis occur in rrsA, which encodes the 530 loop
of 16S rRNA. Two isolates had identical rpsL codon 43
mutation plus rrsC codon mutation. There is a possibility of
transmission for the two isolates each with two identical
mutations, although no data are available. It is reported that
rrsC 1400 A — G mutation is the main mechanism invoived
in resistance to other aminoglycosides (amikacin and kanamy-
cin) in M. tuberculosis [24]. 1t is interesting that the double
mutations result in a higher MIC, although the numbers are
small. Further study will be required to clarify the mechanism
to undergo double mutations. In this study, 14.8% (17/115) of
streptomycin-resistant isolates revealed no mutation in the
rpsL or rrs gene. This observation implies that there is at least
one additional mechanism conferring streptomycin resistance,
and that future molecular genetic studies should be aimed at
identifying the gene(s) involved. Recently, Okamoto et al.
[25] reported that mutations within the gidB gene, which
encodes a conserved 7-methylguanosine methyltransferase
specific for the 16S rRNA, played a role in the mechanism
of streptomycin resistance. In fact, two of the 17 clinical
isolates in this study that were streptomycin-resistant but
with no rpsL or rrs mutation were found to harbor gidB
gene mutation (DHPLC results not shown), and the results
were also confirmed by DNA sequencing and therefore further
study is needed. Apart from this, a growth inhibition experi-
ment [17] has revealed that membrane-active agents such as
Tween 80 are capable of reducing the level of resistance
significantly by approximately 10-fold, supporting a hypothesis
that membrane permeability may play a role in streptomycin
resistance. It seems entirely possible that a combination of dif-
ferent resistance mechanisms may operate in a drug-resistant
clinical isolate. Therefore, for example, a permeability barrier
would be expected to increase the level of resistance of
isolates with an altered rpsL or rrs gene. Other factors, for
example a membrane efflux pump [26,27], may have some
relationship to streptomycin resistance. In order to further
explore the molecular mechanism of streptomycin, we have
also sequenced the streptomycin-dependent strain 18b. As is
the case for E. coli, M. tuberculosis also has three streptomycin
phenotypes: sensitive, resistant and dependent. Streptomycin-
dependent strain 18b was isolated in Japan in 1955 by Hashi-
moto [28], and in 1995 Cole [29] found that it possessed

a novel mutation in the 530 loop of the 16s rRNA: insertion
of an additional cytosine between 512 C and 513 A. In the
present study, we found-a second mutation in its 16s rRNA:
a 645 A deletion. How streptomycin has helped to stabilize
the conformational structure of 16s rRNA and S12 ribosomal
protein and eventually become a necessary component for the
process of translation is not clear. The mechanism responsible
for the streptomycin dependence of 18b still remains to be
discovered.
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Abstract

Mycobacterium leprae is an intracellular parasitic organism that multiplies in macrophages (M@). It inhibits the fusion of mycobacterial
phagosome with lysosome and induces interleukin (IL)-10 production from macrophages. However. macrophages are heterogenous in various
aspects. We examined macrophages that differentiated from monocytes using either recombinant (r) granulocyte-M@ colony-stimulating factor
(GM-CSF) (these M@ are named as GM-M@) or rM@ colony-stimulating factor (M-CSF) (cells named as M-M@) in terms of the T cell-stim-
ulating activity. Although both macrophages phagocytosed the mycobacteria equally, GM-M@ infected with M. leprae and subsequently treated
with IFN-y- and CD40 ligand (L) stimulated T cells to produce interferon-gamma (IFN-v), but M-M@ lacked the ability to stimulate T cells.
While M-M@ mounted a massive IL-10 production. GM-M@ did not produce the cytokine on infection with M. leprac. M. leprae-infected. IFN-
v- and CD40L-treated GM-M@ expressed a higher level of HLA-DR and CD86 Ags than those of M-M@, and expressed one of the dominant
antigenic molecules of M. leprae. Major Membrane Protein-1l on their surface. These results indicate that GM-CSF. but not M-CSF, contributes

to the up-regulation of the T cell-stimulating activity of M. leprae-infected macrophages.

© 2006 Elsevier Masson SAS. All rights reserved.

Keywords: Macrophage: M. leprac: GM-CSF; IFN-y

1. Introduction

Mycobacterium leprae (M. leprae), a causative agent of hu-
man leprosy, is a representative parasitic pathogen that induces
skin lesions and chronic progressive peripheral nerve injury,
leading to systemic deformity [1,2]. Leprosy represents a clin-
ical spectrum, in which clinical manifestations are associated
with different levels of immune responses to M. leprae

Abbreviations: Ag. antigen; APC. Ag-presenting cells; BCG. Mvcobacte-
rium bovis BCG: DC. dendritic cells; GFP-BCG. BCG expressing GFP;
GM-CSF. granulocyte-macrophage colony-stimulating factor; [FN-y. inter-
feron-gamma: IL. interleukin; L. ligand; mAb. monoclonal antibody; M@.
macrophages: M-CSF. M@ colony-stimulating factor; M. leprae. Mycobucte-
rium leprae: MMP-11. Major Membrane Protein-1I; PBMC. peripheral blocod
mononuclear cells; r. recombinant.

* Cormresponding author. Tel.: +81 42 391 8059; fax: +81 42 391 8212.

E-muail address: mmaki@nih.go.jp (M. Makino).

1286-4579/$ - see front matter © 2006 Elsevier Masson SAS. All rights reserved.

doi: 10.1016/j.micinf.2006.10.011

infection [3]. One representative type is a tuberculoid leprosy,
in which patients exhibit innate and adaptive immunities to
M. leprae and manifest a localized form of the disease with
granuloma formation in infected tissues [4—6]. For the activa-
tion of an adaptive immunity, dendritic cells (DC) derived
from inflammatory monocytes, play a central role {7,8]; and,
in in vitro experiments, both CD4* and CD8* T cells are
activated by DC infected with M. leprae, and these DC
expressed Major Membrane Protein-1I (MMP-II) as a dominant
antigenic molecule [9,10]. Another representative manifesta-
tion is lepromatous leprosy, in which patients show reduced
levels of host defense associated immunities and manifest
a disseminated form of the disease with a broad spread of
foamy M@, in which an abundance of bacilli are usually
involved [11,12]. M. leprae resides in the phagosome in M@
and replicates there without being digested by lysosomal
enzymes [13). Furthermore, M. leprae stimulates M@ to pro-
duce IL-10 [5,6} and suppresses the DC-mediated Ag-specific
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adaptive immunity [14,15]. These observations may indicate
that the induction of intracellular processing of M. leprae
and that of expression of molecules, such as MMP-II could
lead to the activation of IFN-y producing type | CD4™ T cells.
Another important element that should be considered for the
full activation of T cells is the suppression of IL-10 production
from M. leprae-infected M@.

So far, a variety of methods and tools, including cytokines,
have been used for the differentiation of M@ from human pe-
ripheral monocytes in vitro [16—18]. One representative M@
can be differentiated by using M-CSF, termed M-M@, and an-
other by using GM-CSF, termed GM-M@. Both M@ represent
different functions on infection with mycobacteria. However,
much remains not fully understood with regard to M. leprae
infection and the T cell-stimulating activity of these M@.

In this report, we analyzed the characteristics of M. leprae-
infected GM-M@ and M-M@, and tried to develop immuno-
logical methods to enhance the M@-mediated host defense
activities against the bacteria.

2. Materials and methods
2.1. Preparation of cells and bacteria

Peripheral blood was obtained from healthv PPD-positive
individuals under informed consent. We ¢ aware that PPD-
negative individuals would help to provide more information
for our study; however, in Japan. most healthy individuals
are PPD-positive, because Mycobacterium bovis BCG vaccina-
tion is compulsory for children (0—4 years old). Moreover,
PPD-negative individuals in the Japanese population are those
who do not respond to BCG vaccination, and therefore, it is
likely that they suffer from some immune insufficiency. There-
fore, these individuals cannot be used as controls for our ex-
periments. Peripheral blood mononuclear cells (PBMC) were
isolated using Ficoll-Paque Plus (Pharmacia, Uppsala, Sweden)
and cryopreserved in liquid nitrogen until use, as previously
described [19]. For preparation of peripheral monocytes,
CD3t T cells were removed from either freshly isolated
heparinized blood, or cryopreserved PBMC using immuno-
magnetic beads coated with anti-CD3 monoclonal antibody
(mAb) (Dynabeads 450, Dynal, Oslo, Norway). The CD3™
PBMC fraction was plated on collagen-coated plates and the
non-plastic adherent cells were removed by extensive washing.
The remaining adherent cells were used as monocytes [19].
M@ were differentiated by culturing monocytes in the pres-
ence of 20% fetal calf serum and either rM-CSF (R and D
Systems, Abingdon, UK) (M-M@) or rGM-CSF (Pepro Tech
EC LTD, London, UK) (GM-M®) [20]. Both GM-M@ and
M-M@ were pulsed with M. leprae, treated with an optimal
dose of IFN-y on day 3 of culture, further treated with
CD40L on day 4, and were used as a stimulator of T cells
on day 5 [21]). M. leprae (Thai-53) was isolated from the foot-
pads of BALB/c-nu/nu mice [22]. The isolated bacteria were
counted by Shepard’s method [22]. Killed M. leprae was pre-
pared by heating the bacteria at 60 °C for 18 h. BCG (Pasteur
strain) was cultured in vitro using Middlebrook 7H9 broth

supplemented with 0.05% Tween 80 and albumin-dextrose-
catalase. BCG expressing GFP was constructed as follows.
The GFP sequence was amplified from pEGFP-1 vector
(CLONTECH, Palo Alto, CA), and cloned into pMV26l
{23]. Transformants were selected on a 7H10 plate containing
25 ug/ml kanamycin. The phagocytosis of BCG by GM-M@
and M-M@ after culture was determined using FACScalibur
(Becton Dickinson Immunocytometry System, San Jose,
CA). The multiplicity of infection (MOI) was determined
based on the assumption that M@ were equally susceptible
to infection with M. leprae [24].

2.2. Analysis of cell surface antigen (Ag)

The expression of cell surface Ag on M@ was analyzed us-
ing FACScalibur. 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 analysis
of cell surface Ag, the following mAbs were used: FITC-
conjugated mAb against HLA-ABC (G46-2.6, PharMingen,
San Diego, CA), HLA-DR (L243, PharMingen), CDI4
(MSE2. BD Biosciences. San Jose, CA), TLR2 (TL2.3, Serotec,
Oxiord, UK), TLR4 (HTA125, Santa Cruz Biotech, Santa
Cruz, CA), CD209 (DCN46, PharMingen), CD86 (FUN-I,
PharMingen), and CD40 (5C3, PharMingen).

The expression of MMP-II, which is one of the dominant
antigenic molecules of M. leprae [9] on M. leprae-infected
M@ was determined using the mAb (IgM, kappa) against
MMP-II, followed by FITC-conjugated anti-mouse Igs Ab
(Tago-immunologicals, Camarillo, CA).

2.3. APC function of M. leprae-infected M@

The ability of M. leprae-infected M@ to stimulate T cells
was assessed using an autologous M@-T cell co-culture as pre-
viously described [24,25]. Freshly thawed PBMC were de-
pleted of CD56%, MHC class II" and CD8™ cells by using
magnetic beads coated with mAb to CD56, MHC class 1l
and CD8 Ags (Dynabeads 450; Dynal) [25). The purity of
CD47 T cells was more than 98% as assessed by FACS anal-
yses. The purified responder cells (1 x 10° per well) were
plated in 96-well round-bottom tissue culture plates and M@
were added to give the indicated M@:CD4™" T cell ratio. Su-
pernatants of M@-T cell co-cultures were collected on day 4
and the concentration of cytokines was determined.

2.4. Cytokine production

Levels of the following cytokines were measured; IFN-y
produced by CD4* T cells, IL-10, IL-1B, TNFa and IL-
12p40 produced by M@ stimulated for 24 h with M. leprae.
The concentrations of these cytokines were quantified using
the enzyme assay kits, Opt EIA Human ELISA Set (BD Phar-
Mingen International).
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2.5. Statistical analysis

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

3. Results

3.1. Characteristics of M@ differentiated from
monocytes using GM-CSF

M@ were differentiated from monocytes using either GM-
CSF (GM-M®) or M-CSF (M-M@). To characterize these two
types of M@, surface markers expressed on GM-M@ and M-
M@ were analyzed using the monocytes obtained from the
same donor by flow cytometry (Fig. 1). MHC class I (HLA-
ABC) and class II (HLA-DR) Ags were similarly expressed
on GM-M@ and M-M@, but the expression of CD14 Ag was
significantly reduced in GM-M@. While the expression level
of TLR2, CD209, CD40 and TLR4 Ags was not different be-
tween GM-M@ and M-M@, the expression of CD86 was sig-
nificantly higher on GM-M@ than M-M@. Then, we examined
the phagocytic capacity of GM-M@ and M-M@ by using BCG
expressing GFP (GFP-BCQG), since M. leprae cannot be cul-
tured in vitro or express GFP. The percentage of M@ express-
ing GFP after co-culture of M@ with GFP-BCG was similar
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between GM-M@ and M-M@ (Fig. 2). These results indicate
that GM-M@ and M-M@ differed in the expression of some
surface markers, but they similarly phagocytosed the
mycobacteria.

3.2. Effect of M. leprae infection to GM-M@ on
the T cell-stimulating activity

Since M. leprae is an intracellular parasitic bacterium and is
hardly digested with lysosomal enzyme in M@ unless M@ are
activated [26], we analyzed the T cell-stimulating activity of
M. leprae-infected GM-M@ and M-M@ (Table 1). When M-
M@ were infected with up to MOI 80 of M. leprae and treated
with IFN-y and CD40L,, they did not stimulate CD4™ T cells
to secrete a significant dose of IFN-y. In contrast to M-M@,
when M. leprae-infected, IFN-y- and CD40L-treated GM-
M@ were used as Ag-presenting cells (APC), T cells produced
significant levels of IFN-v in a manner dependent on the dose
of M. leprae. Since GM-M@ express CD40, and are activated
by IFN-v, we examined the effect of treatment with IFN-y and
CDA4OL on the T cell-stimulating activity of M. leprae-infected
GM-M@ (Table 2). While IFN-y production from CD4* T
cells was not significantly induced by GM-M@ untreated or
treated with either IFN-y or CD40L, the cytokine production
was significantly enhanced by the treatment of GM-M@ with

h 600.2 4 220.6 4 36.0 4 49.2
GM-MQ {1 | i i iy
; : M\ =
4792 & 148.0 1759 | & 42.4
i i & i
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. i i i
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CD209 CD40

CD86 TLR4

Fig. 1. Phenotype of GM-M@ and M-M@ differentiated from monocytes. Plastic adherent monocytes were differentiated into M@ by 3 days culture with either
rGM-CSF or rtM-CSF. Dashed lines. isotype-matched control [gG; solid lines, mAb staining. The number represents the difference in mean fluorescence intensity

between dashed and solid lines. Representatives of three independent experiments are shown.
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Fig. 2. Phagocytic activity of GM-M®@ and M-M@. Plastic adherent monocytes were differentiated into M@ by 3 days culture with either tGM-CSF or tM-CSF. For
analysis of the phagocytic activity of M@, GM-M@ and M-M@ were pulsed with BCG expressing GFP and assessed on day 4 of culture. Dashed lines. unpulsed
cells; solid lines, GFP-BCG pulsed cells. The number represents the difference in mean fluorescence intensity between the dashed and solid lines. The number in
parenthesis indicates the percent GFP-positive cell number. Representatives of three independent experiments are shown.

both IFN-y and CD40L.. Then, we compared the T cell-stim-
ulating activity of live and heat-killed M. leprae (Table 3).
Both forms of M. leprae stimulated CD4" T cells when pulsed
to GM-M@, but the heat-killed M. leprae more efficiently in-
duced T cell activation than live bacteria. When we examined
the effect of heat-killed M. leprae on M-M@, they did not
stimulate CD4™ T cells significantly, even when IFN-y and
CD40L were administered (data not shown). Also note that,
when GM-M@ and monocyte-derived DC were compared in
terms of their T cell-stimulating activity, GM-M@ were less
efficient in this respect (data not shown).

3.3. Factors associated with the enhancement of the
T cell-stimulating activity of GM-MQ

Various factors may be responsible for enhancing the T
cell-stimulating activity of APC. When we examined the ex-
pression of APC associated molecules on M. leprae-infected
M@ (Fig. 3), the expression of HLA-DR and CD86 on GM-
M@ was higher than on M-M@, although there was no

Table 1
T cell-stimulating activity of M. leprae-infected GM-M@ and M-M@*

significant difference in the expression of HLA-ABC between
GM-M@ and M-M@. The cytokines produced from APC
should also be considered to be another important factor that
should be monitored and M@ produce a variety of cytokines,
including IL-10, IL-1B, TNFa and IL-12 [6,11,27]. IL-10
was efficiently produced from M-M@ by stimulation with
M. leprae, but it was hardly produced from GM-M@
(Fig. 4a). When macrophages were differentiated by using
both GM-CSF and M-CSF, the function of GM-CSF was dom-
inant and, the production of IL-10 was suppressed (Fig. 4a).
Similarly to the production of IL-10, IL-1B was more effi-
ciently produced from M-M@ than GM-M@ (Fig. 4b). In con-
trast, TNFa, which is important for granuloma formation, was
more efficiently produced from GM-M@ (Fig. 4c). However,
there was no significant difference in the production of
IL-12p40 between GM-M@ and M-M@ (Fig. 4d). Finally,
we assessed whether M. leprae-infected GM-M@ expressed
dominant antigenic molecules of M. leprae on the surface
(Fig. 5). To this end, we examined the expression of MMP-
II on GM-M@ and M-M@. No apparent expression of

Stimulator of M. leprae infection of

IFN-y (pg/ml) production by CD4™ T cells after stimulation with macrophages at ratio (T:M@)

CD4™ T cells macrophages (MOD) 21 41 81

GM-M0@ 0 0.6 +0.2*! 05+0.1% 1.4+02%
40 38.1 £3.8% 342423 23.4+38"
80 230.7 £21.4' 120.5 + 16.9" 747+ 6.8

M-M@ 0 09401 31412 139+22
40 09+0.1 26413 122+£3.1
80 11.8+03 175+ 2.1 122+29

*5 < 0.005; 'p < 0.005; *p < 0.01; *p < 0.01; I < 0.01; 'p < 0.005.
P P (4

4 CD4* T cells (1 x 10%/well) were stimulated for 4 days with autologous GM-M@ or M-M@ at the indicated dose of macrophage. GM-M@ or M-M@ were
pulsed with M. leprae and IFN-y (100 IU/ml) on day 3, treated with CD40L (1 pg/ml) on day 4. and were used as APC on day 5. Representatives of three separate ,
experiments are shown. Assays were done in triplicate, and resulis are expressed as mean + SD. Groups with identical symbols were compared using Student’s

{-test.
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Table 2

Contribution of IFN-y and CD40L on T cell-stimulating activity of GM-M@"

M. Leprae Treatment of M. leprae-infected IFN-y (pg/ml) production by CD4* T cells after stimulation with GM-M@ at ratio (T:M@)
infection of GM-M@ GM-M@ with
(MOL: 80) IFN-y CD40L 21 41 8:1
(100 IU/mi) (1.0 pg/ml)
- + + 23403 0.1£02 0805
+ - - 40£1.1* 55%19" 6.0£2.1%
+ - + 214+ 301 227 +4.0% 14.8 £2.2%*
+ + - 203+ 1.7 159+130 10.7 £2.3"
+ + + 226.1 £209%H 107.8 + 13.7%% 948 £9.7%*+ 1

p < 0.005; 'p < 0.005; *p < 0.005; *p < 0.005; *p < 0.005; "p < 0.01: *p < 0.005; **p < 0.005; {'p < 0.005.

4 CD4* T cells (1 x 10%/well) were stimulated for 4 days with autologous GM-M@ at the indicated dose of macrophage. GM-M@ were pulsed with M. leprace
and IFN-y (100 IU/ml) on day 3, treated with CD40L (I pg/ml) on day 4. and were used as APC on day 5. Representatives of three separate experiments are
shown. Assays were done in triplicate. and the results are expressed as the mean £ SD. Groups with identical symbols were compared using Student’s /-test.

MMP-II was observed on M-M@, but, on GM-M, significant
expression of MMP-1I was induced. The expression was de-
pendent on the dose of M. leprae (Fig. 5). However, the
MMP-II expression on M. leprae-infected GM-M@ required
both IFN-y and CD40L, and apparent expression was not
induced by sole treatment of macrophages with either IFN-y
or CD40L (data not shown).

4. Discussion

In order to avoid the intracellular multiplication and inter-
cellular spread of M. leprae, the activation of adaptive immu-
nity, especially of 1IFN-y-producing type I T celis, plays an
important role [5,6]. In fact, paucibacillary (tuberculoid) lep-
rosy patients activate CD4* T cells through DC, although
the bacteria cannot be eliminated completely [8,28]. The
M. leprae-infected DC digest the bacteria and express domi-
nant antigenic molecules for the efficient IFN-y production
from T cells [9]. In contrast, multibacillary (lepromatous) lep-
rosy patients retain a large number of M. leprae in their M@,
and concordantly induce reduced levels or completely lack the
ability to effectively stimulate T cells [11,12]. Since tissue res-
ident M@ are heterogenous with regard to functional aspects
[17,29], we assessed two different types of M@: GM-M@
and M-M@, and found that GM-M@, but not M-M@, stimu-
lated T cells. GM-M@ were generated from monocytes using
cytokine GM-CSF whilst M-M@ were produced using M-CSF.

Table 3

Comparison of T cell-stimulating activity of live and heat-inactivated M. i prae’

Although there were some differences in the expression levels
of MHC class I, II, CD14 and CD209 Ags on GM-M@ and M-
M@, both forms were equally susceptible to mycobacteria as
far as phagocytosis of BCG-GFP was examined. However,
there was a striking difference between M. leprae-infected
GM-M@ and M-M@ in the expression of antigenic molecules;
only GM-M@ expressed MMP-II, which is one of the domi-
nant antigenic molecules capable of stimulating T cells in
M. leprae-infected individuals. The induction of MMP-II ex-
pression on GM-M@ requires not only GM-CSF, but also
the co-stimulation of M@ with IFN-y and CD40L. In case
of M. leprae-infected DC, the phagosomal bacteria could be
processed by lysosomal enzymes, and MMP-II expression
was observed on DC {9]. The MMP-11 expression observed
on GM-M@ may indicate that at least some intracellular
M. lepraec were processed. However, the processing of
M. leprae by GM-M@ still seemed partial, since the heat-
killed M. leprae induced T cell activation more vigorously
than live bacteria, and M. leprae-infected DC stimulated
T cells more efficiently than GM-M@, although other factors,
such as an induction of IL-12, cannot be ruled out completely.
The ceil wall architecture including surface-exposed mole-
cules, of heat-killed mycobacteria is globally altered [29,30],
resulting in the exudation of some soluble antigenic molecules
which may be feasibly digested in macrophages (unpublished
observation). Therefore, T cells are more efficiently activated
by heat-killed bacteria than by live bacteria.

M. leprae pulsed on

IFN-y (pg/ml) produciion by CD4™ T cells after stimulation with GM-M@ at ratio (T:M@)

GM-M®@ (MOD)

2:1 4:] 8:1
None 23 11 21412 24109
HK (40) 406.5 £ 49.3* 157.3+£20.1% 754 + 6.8%
HK (80) 399.8 + 33.21 187.7+£17.8" 1069+ 11.21
Live (40) 101.5 + 8.8% 302 +46 32+1.99
Live (80) 1520+ 12.7! 82.9 + 7.4% 3274248l

*p < 0.01: 'p < 0.005; p < 0.005; ¥p < 0.005; ¥p < 0.005; 'p < 0.005.

4 CD4™ T cells (1 x 10°/well) were stimulated for 4 days with autologous GM-M@ at the indicated dose of macrophage. GM-M® were pulsed with either heat-
killed (HK) or live M. leprae and IFN-y (100 1U/ml) on day 3, treated with CD40L (1 pg/ml) on day 4. and were used as APC on day 5. Representatives of three
separate experiments are shown. Assays were done in triplicate, and the results are expressed as the mean = SD. Groups with identical symbols were compared

using Student’s /-test.
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Fig. 3. Phenotype of M. leprae-infecied GM-M@ and M-M@. GM-M@ and M-M@ differentiated from monocytes by 3 days culture with rGM-CSF or rM-CSF
were infected with M. leprae. treated with IFN-y (100 IU/ml) on day 3. and further treated with CD40L (1 pg/ml) on day 4 of culture. On day 5, the phenotype of
GM-M@ and M-MO was analyzed. Dashed lines, isotype-matched control IgG: solid lines, mAb staining. The number represents the difference in mean fluores-
cence intensity between dashed and solid lines. Representatives of three independent experiments are shown.

Ottenhoff et al. have also reported that GM-CSF up-
regulates the T cell-stimulating activity of M@, but not
M-CSF, and mycobacteria-infected GM-M@ promoted the
type 1 cell-mediated immunity against pathogens [31]. Our

observations are in line with their data and provide ways to
enhance the cell-mediated immunity, especially in cases pro-
gressing towards lepromatous leprosy. To facilitate the T cell
activation and MMP-II expression, it was required to use

A o pages ptes B
MM IL-18 p<0.008
: GM-CSF '_|' 150 —/
600 []: M-CSF
: = 100
I : GM+M-CSF : ! p<0.01
)
e
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Fig. 4. Cytokine production from GM-M@ and M-M®@. M@ were differentiated by 3 days culture with rGM-CSF. rM-CSF or rtGM-CSF + tM-CSF., and were stim-
ulated with M. leprae for 24 h. The cytokines: (a) IL-10; (b) IL-1B; (c) TNFa; and (d) IL-12p40 were measured by ELISA. Representatives of three independent
experiments are shown. )
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Fig. 5. Expression of MMP-II on the surface of GM-M@ and M-M@. GM-M® and M-M@ were differentiated from monocytes by 3 days culture with either tGM-
CSF or rM-CSF. respectively. These macrophages were infected with an indicated dose of M. leprac and treated with IFN-y (100 IU/ml) on day 3 of monocyte
culture. further treated with CD40L (1 pg/ml) on day 4. and were analyzed for MMP-I] expression on day 5. Dashed lines. control IgM; solid lines. MMP-II mAb
staining. The number represents the difference in mean fluorescence intensity between dashed and solid lines. Representatives of three independent experiments are

shown,

both IFN-y and CD40L, in addition to the lineage-determining
cytokine GM-CSF. IFN-y and CD40L are probably required to
compensate for the lower antigenic characteristics of M. leprae
[24]. Studies using other mycobacteria, such as M. bovis BCG,
may provide further useful information. Although IFN-y is
known to activate M@ for bacterial digestion and to induce
IL-12p35 gene transcription [26,31], it remains to be deter-
mined if CD40L treatment on GM-M® furthers the intracellu-
lar processing of phagosomal bacteria or whether conditioning
of GM-M@ through CD40-CD40L interaction, such as in DC
[32], isrequired for T cell stimulation. In addition to MMP-II ex-
pression, there were some differences in the phenotypic features
of M. leprae-infected GM-M@ and M-M@. A higher level of
HLA-DR and CD86 Ags was expressed on the GM-M@ infected
with M. leprae and co-stimulated, than on similarly treated
M-M@. The mechanism, leading to the enhanced Ag expres-
sion, especially of Ag processing by IFN-y, has not been clearly
demonstrated and remains to be elucidated, but GM-CSF, IFN-y
and CD40L seem to at least partially co-ordinate and induce the
higher expression of HLA-DR and CD86. These phenotypic
differences between M. leprae-infected GM-M@ and M-M@
again contribute to the differences in T cell stimulatory activity.

Another peculiar difference observed between the two
types of M@, GM-M@ and M-M@, was the cytokines that
they induced. IL-10 suppresses DC-dependent as well as
DC-independent T cell activation [14.15.33], and creates a sit-
uation in which M. leprae can feasibly parasitize in the cells.
While M-M@ secreted a large amount of IL-10, GM-M¢ com-
pletely lacked in the production of cytokine upon stimulation
with M. leprae (Fig. 4) or lipopolysaccharide (data not shown).
Furthermore, the presence of GM-CSF diminished the IL-10
production from M-M@ by M. leprae. Thus, treatment of
monocytes with GM-CSF can wipe off the favorable condi-
tions for M. leprae survival. On the other hand, GM-M@ pro-
duced a higher level of TNFa than M-M@. TNFa plays an

important role in the granuloma formation, and TNFe is an im-
portant mediator of host defense activity in M@, in mycobac-
terial lesions [34,35]. The treatment of monocyte with GM-
CSF would be beneficial for M@-mediated host defense in
this respect. These observations were consistent with the previ-
ous findings that IL-10-deficient mice display increased anti-
mycobacterial immunity with concordant higher levels of
TNFa and a lower bacterial burden [36]. Our previous studies
show that T cells from lepromatous leprosy can mount a signif-
icant production of IFN-y by appropriate stimulation [10],
therefore, the present studies may provide useful information
for the development of immunotherapeutic tools, such as en-
dogenous or exogenous treatment of macrophages with GM-
CSF, and thus prevent the dissemination of M. leprae.

In this study, we analyzed the two types of M@ with regard
to T cell-stimulating activity, and found that GM-CSF and
co-stimulators enhance the host defense activity of M. leprae-
infected M@.
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As serodiagnosis is the easiest way of diagnosing a disease, the utility of
Mycobacterium leprae-derived major membrane protein-II (MMP-II), one of the
immuno-dominant antigens, in the serodiagnosis of leprosy was examined. The
percent positivity by an enzyme-linked immunosorbent assay for anti-MMP-II
antibody was 82.4% for multi-bacillary leprosy, and the specificity of the test was

90.1%. For pauci-bacillary leprosy where cell-mediated immunity predominates,
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Introduction

Leprosy represents a broad-spectrum disease caused by
Mpycobacterium leprae, with lepromatous leprosy at one pole
and tuberculoid leprosy at the other end of the pole,
depending on the clinical manifestation, which is an ulti-
mate effect of the immunity of the host (Ridley & Jopling,
1996). In all forms of the disease, M. leprae induces skin
lesions and a chronic progressive peripheral nerve injury, to
a lesser or greater extent, which leads to systemic deformity
(Stoner, 1979; job, 1989). Therefore, early detection of
M. leprae infection is the key to avoiding deformities. The
diagnosis of leprosy is based on microscopic detection of
acid-fast bacteria (AFB) in skin smears or biopsies, along
with clinical and histopathological evaluation. Acid-fast
staining requires at least a thousand organisms per gram of
tissue for reliable detection (Shepard & McRae, 1968),
resulting in an extremely low sensitivity, especially for the
tuberculoid form of the disease, where AFB are rare or
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39.0% showed positive results. These percentage values were significantly higher
than these values obtained for existing phenolic glycolipid-I based methods,
suggesting that MMP-II antibody detection would facilitate the diagnosis of leprosy.

absent. Recently, real-time PCR-based methods have been
developed (Martinez et al., 2006), but the sensitivity of the
test for clinical specimens is still problematic. In developing
countries, where leprosy is endemic, diagnosis still relies on
clinical observations and easy inexpensive tests. Serodiagnosis
is the most easy and tangible way of diagnosing a disease. For
leprosy, the only antigen currently used is phenolic glycolipid-
I (PGL-I), which is supposed to be M. leprae specific. Since the
discovery of PGL-I in 1981 by Hunter and Brennan, consider-
able progress has been made in the development of serological
tools (Hunter & Brennan, 1981). In this process, simple user-
friendly assays such as Serodia leprae®, a simple lateral flow
test, and dipstick assays, based on PGL-I antigen, have been
developed to detect leprosy patients in leprosy-endemic areas
(Izumi et al., 1990; Buhrer-Sekula et al., 2003). However, these
tests seem to be insufficient to detect both multi-bacillary and
pauci-bacillary patients, as well as for early diagnosis, and have
not been used as widely as would be expected, in the field
situations. Therefore, there is a need to look for more sensitive
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antigens. To date, various antigens of M. leprae have been
studied (Hunter et al., 1990), but due to a lack of either
specificity or sensitivity, their use has been limited. Major
membrane protein-II (MMP-II, #M12038¢, gene name bfrA,
also known as bacterioferritin) had been identified previously
from the cell membrane fraction of M. leprae as an antigenic
molecule capable of activating both antigen-presenting cells
and T cells (Pessolani et al., 1994; Maeda et al., 2005). These
findings prompted examination of the role of MMP-II in the
humoral responses of patients. Here, MMP-II was expressed
and purified in Escherichia coli and the use of MMP-II as an
antigen for the serodiagnosis of leprosy was evaluated.

Materials and methods

Study population

Sera were obtained with informed consent from healthy
individuals, leprosy patients, and tuberculosis patients from
Japan. The samples were frozen at — 30 °C before use. The
population studied included multi-bacillary (n=74) and
pauci-bacillary (n=77) leprosy patients, either treated or
untreated, from the National Sanatorium Oshimaseishoen,
and tuberculosis patients (n=55) from Fukujuji Hospital.
Classification of leprosy was performed according to WHO
recommendations. The home page is available at http://
www.who.int/lep/classification/en/index.html. Individuals
who have not been vaccinated with Mycobacterium bovis
bacillus Calmette-Guerin (BCG) are unavailable in Japan,
due to compulsory vaccination at least once in childhood.
Therefore, sera from BCG-vaccinated healthy volunteers
(n=81) residing in Japan were used as negative controls in
the enzyme-linked immunosorbent assay (ELISA) to deter-
mine the cut-off value for positivity. The age and sex of
normal individuals may not be fully matched with those of
patients because some of the details of leprosy patients as
well as normal individuals are unknown. This study was
approved by the ethics committee of the National Institute
of Infectious Diseases, Tokyo.

Expression and purification of protein

The MMP-II gene (ML2038c, bfrA) was expressed in E coliasa
fusion construct using a pMAL-c2X expression vector (New
England BioLabs). The protein was affinity purified to almost
homogeneity using an amylose column (data not shown), and
used as the antigen for the detection of anti-MMP-1I antibody
levels in the leprosy patients. The synthetic bovine serum
albumin (BSA)-conjugated trisaccharide-phenyl propionate
(NTP-BSA) for the detection of PGL-I antibodies was kindly
provided by Dr T. Fujiwara, Institute for Natural Sciences, Nara
University. The procedure for synthesis of the antigen is
described elsewhere (Fujiwara et al., 1984).
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Assay method for the detection of antibodies

The ELISA for the detection of anti-MMP-II immunoglo-
bulin G (IgG) antibodies or anti-PGL-I IgM antibodies was
performed as described previously, with modifications (Izu-
mi et al., 1990). Ninety-six well plates (Immunosorb, Nunc)
were coated overnight, with MMP-II at a concentration of
2 ugmL ™" in 0.1 M carbonate buffer (pH 9.5). After blocking
with 2% skim milk, the plates were washed with phosphate-
buffered saline containing 0.1% Tween 20 (PBST), and
human sera (normal or patient’s sera) diluted 100-fold were
added and incubated at 37 °C for 2h. After washing with
PBST, biotinylated anti-human IgG (Vector Laboratories)
was added at a concentration of 0.5 ugmL™" and incubated
for 1h. The plates were incubated with reagents from a
Vectastain ABC Kit (Vector Laboratories) for 30 min.
After further washing with PBST, a substrate solution
consisting of 0.2mgmL™" of 2,2’-Azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS) and 0.02% H,O; in
0.1 M citrate buffer was added until a blue color developed
and the OD was measured at 405nm using a spectro-
photometer. Plate-to-plate variations in OD readings were
controlled using a common standard serum with an OD
value of 0.350. For detecting anti-PGL-I antibody, NTP-BSA
was coated at a concentration of 0.5 ugmL™, and the same
procedure used to detect anti-MMP-II antibody was fol-
lowed, except that the secondary antibody used was biotiny-
lated anti-human IgM at a concentration of 1 ugmL™". The
volume of all solutions used in the 96-well plate was
100 pLwell ™.

Statistical analyses

The data were analyzed using Mepcalc software (MedCalc,
Belgium). A receiver operator characteristics (ROC) curve
was drawn to calculate the cut-off levels. The McNemar test
was applied (MMP-II vs. PGL-I test) to determine the
P value. The P value of < 0.05 was considered to be
statistically significant. The x value was calculated to deter-
mine the agreement between the two tests.

Results and discussion

MMP-II (bfrA) has been previously identified as one of the
components of M. leprae capable of stimulating CD4" and
CD8* T cells (Maeda et al., 2005). In multi-bacillary leprosy,
M. leprae is widely disseminated and abundant antibody
production is observed due to polyclonal B cell activation,
while in pauci-bacillary leprosy, the bacilli are usually
localized in skin lesions and type 1 T cells are predominantly
activated, and so the level of antibodies to M. leprae antigens
is usually low. However, preliminary experiments showed
that the pooled pauci-bacillary leprosy sera reacted to
MMP-II on polyvinylidene difluoride (PVDF) membranes.
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Table 1. Positivity rates of MMP-Il and PGL-I tests in various groups of subjects by an enzyme-linked immunosorbent assay

MMP-li PGL-| Inter-rater
McNemar test Rate difference agreement
Tested Positive % 95% ClI Tested Positive % 95% ClI (MMP-llvs. PGL) (95% ClI) (x)
Multi-bacillary 74 61 824 718903 74 51 68.9 57.1-79.2 P=0.063 13.5% (-0.7t024.2) 0.14
leprosy
Pauci-bacillary 77 30 39 28.8-50.1 77 15 19.5 12.2-29.7 P=0.007 19.5% (5.4 t0 28.9) 0.189
leprosy
Tuberculosis 55 9 164 89-283 ND ND ND ND - - -
Healthy subjects 81 8 99 5.1-183 81 8 99 5.1-183 - - -~

ND, not detected.

Therefore, a systematic study was conducted, measuring the
anti-MMP-II antibody IgG levels in the leprosy patients’
sera. The study population consisted of multi-bacillary
leprosy, pauci-bacillary leprosy, tuberculosis patients, and
normal healthy BCG-vaccinated volunteers from Japan.
Some of the leprosy patients were already under treatment,
so that all patients were not active leprosy patients. The cut-
off value of OD 0.130 was defined by an ROC curve analysis
(MeDcALC software) using the OD titers from 81 normal
individuals and 74 multi-bacillary leprosy patients. Using
this cut-off value, it was observed that 61 (82.4%, 95% CI;
71.8-90.3) out of 74 multi-bacillary patients had positive results,
and 30 (39.0%, 95% CI; 28.8-50.1) out of 77 pauci-bacillary
patients had positive titers (Table 1). The only serological test for
leprosy that is currently available is the detection of antibodies to
PGL-I of M. leprae. The haptenic trisaccharide of PGL-I is
known to be M. leprae specific, and this trisaccharide unit could
be chemically synthesized (Fujiwara et al., 1987). Several reports
show the performance of PGL-1 for serodiagnosis (Agis et al,
1988; Cho et al,, 1991). When the anti-PGL-I IgM antibody
levels were examined in the same Japanese leprosy patients by
ELISA, it was found that only 68.9% (95% CI; 57.1-79.2) of
multi-bacillary patients (n = 74) and 19.5% (95% CI; 12.2-29.7)
of pauci-bacillary patients (n=77) showed positive values
(Table 1). These percentages were far lower than expected,
which may be due to the influence of chemotherapy. However,
the percent positivity for anti-MMP-II antibodies was signifi-
cantly higher than that for anti-PGL-I antibodies of the same
sera (P=0.0008, McNemar test, n=152) when both multi-
bacillary and pauci-bacillary leprosy were considered together.
‘When multi-bacillary sera were taken separately, the éigniﬁmnce
of the MMP-II test was statistically marginal compared with that
of the PGL-I test (P = 0.06), but there was a significant difference
(P=0.007) between the two tests for paudi-bacillary leprosy
(Table 1). The agreement between these two tests was low (x
value for multi-bacillary leprosy: 0.140, x value for pauci-
bacillary leprosy: 0.189), so that when positive titers for either
or both PGL-1 and MMP-II were considered, the percent
positivity increased to 91.9% in multi-bacillary patients and
48.7% in paudi-bacillary patients. The specificity of both the
MMP-II and PGL-I tests was 90.1%.

@© 2007 Federation of European Microbiological Societies
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When the anti-MMP-1I IgG levels were measured in the
normal individuals (BCG-vaccinated), a low level of sero-
positivity was found, 9.9% (95% CI; 5.1-18.3) (n=81). As
the amino acid homology between MMP-II protein from
M. leprae and its homologue in M. bovis BCG is 90.6%, it was
expected that a higher percentage of normal individuals
would be positive. But this result was to the contrary and
advantageous to the assay system. Also, tuberculosis patients
showed a low positive result of 16.4% (95% CI; 9.9-28.3)
(n=55). As, the genes encoding MMP-II were conserved
between M. leprae and M. tuberculosis, the low positivity in
tuberculosis was unexpected. The exact reason for the low
positivity in tuberculosis patients is not clear, but might be
due to slight conformational differences in the antibody
recognition site on MMP-II between M. leprae and M.

- tuberculosis. More intensive studies need to be carried out
using active tuberculosis patients and native MMP-II protein
derived from M. tuberculosis to fully realize the significance
of MMP-II homologue in the detection of tuberculosis.

There is only one report showing that the sera from leprosy
patients had a higher IgG titer to MMP-II, regardless of the
clinical type of leprosy (Deshpande et al., 1995). However, their
study was carried out with a limited number of individuals
(n=10 in each group), and so, here, a more systematic study
has been conducted for evaluating the expediency of measuring
anti-MMP-II antibody levels. In addition, when monitoring of
patients on multidrug treatment was conducted (n=4) for a
period of 2 years, there was a definite decline in the MMP-II
antibody levels after chemotherapy (data not shown). Further
intensive studies have to be carried out with a larger cohort of
patients to fully realize the significance of MMP-II in the
monitoring of chemotherapy.

This report showed that MMP-II could contribute to the
sero-detection of multi-bacillary as well as pauci-bacillary
leprosy patients. Further study will be pursued to evaluate
its efficacy for serodiagnosis in developing countries and for
the development of user-friendly tools.
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Abstract Glycolipids of Mycobacterium leprae obtained from
armadillo tissue nodules infected with the bacteria were ana-
lyzed. Mass spectrometric analysis of the glycolipids indicated
the presence of trehalose 6,6'-dimycolate (TDM) together with
trehalose 6-monomycolate (TMM) and phenolic glycolipid-I
(PGL-I). The analysis showed that M. leprae-derived TDM
and TMM possessed both a- and keto-mycolates centering at
C78 in the former and at C81 or 83 in the latter subclasses,
respectively. For the first time, MALDI-TOF mass analyses
showed the presence of TDM in M. leprae.

© 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Keywords: Trehalose 6,6'-dimycolate; Trehalose 6-
monomycolate; Matrix-assisted laser desorption/ionization
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Mycobacterium leprae

1. Introduction

Mycolic acids and mycolyl glycolipids are unique and ubiqui-
tous components of mycobacterial cell envelopes. Among such
components, trehalose 6,6’-dimycolate (TDM) was first iso-
lated as cord factor from highly virulent Mycobacterium tuber-
culosis showing cord-like growth on the surface culture in liquid
media [1-3]). TDM of M. tuberculosis was recognized as one of
the virulence factors capable of inhibiting fusion of phagosome
with lysosome in infected macrophage [4]. However, on the
other hand, the TDM was considered to be associated with host
defence against the mycobacterial infection since it induced im-
mune responses such as type 1 T cell activation and the forma-
tion of granuloma in the mycobacteria-infected lesion [5-7].
Wang et al. have reported that a high proportion of patients in-
fected with Mycobacterium leprae possess IgG antibody against
TDM of unknown origin as well as trehalose 6-monomycolate
(TMM), a biosynthetic precursor of TDM [8]. These observa-

“Corresponding author. Fax: +81 42 391 8807.
E-mail address: mkai@nih.go.jp (M. Kai).

Abbreviations: TDM, trehalose 6,6’-dimycolate; TMM, trehalose 6-
monomycolate; M. leprae, Mycobacterium leprae; M. tuberculosis,
Mycobacterium tuberculosis, M. bovis, Mycobacterium bovis; TLC,
thin-layer chromatography; MALDI-TOF mass, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry

tions suggest the possible existence of both TDM and TMM
in M. leprae. Previously, TDM has been isolated from almost
all species of culturable mycobacteria [9,10], and also TMM
was isolated from M. leprae, however, the search for TDM in
M. leprae has been unsuccessful [11]. The possible reason for
not being able to identify TDM, may be due to (1) inadequate
supply of M. leprae, (2) negligible amount of the product, (3)
technically inefficient to identify TDM. Recent development
of newer techniques such as MALDI-TOF mass spectrometry
has enabled us to identify even several pg amounts of products.
Therefore, the present study was designed as an attempt to
directly detect TDM in M. leprae, by use of newer technolo-
gies. In the process, higher amounts of M. leprae phenolic
glycolipid-I (PGL-I) was obtained which was analyzed by
MALDI-TOF mass spectrometry.

2. Materials and methods

2.1. Sources for extraction of glycolipids

M. tuberculosis Aoyama B (ATCC 31726) and Mycobacterium bovis
BCG Connaught (ATCC 35745) were grown at 37 °C on Sauton’s
medium for four weeks as surface pellicles until early stationary phase.
Cultivated mycobacterial strains were used for extraction of glycolip-
ids. Because M. leprae cannot be cultivated in any artificial media,
armadillo tissue nodules infected with M. leprae (Thai 53 strain) were
used for the extraction of glycolipids.

2.2. Extraction of glycolipids and mycolic acid methyl esters

Glycolipids were extracted according to the methods described pre-
viously [12]. In brief, bacterial culture or tissues infected with M. leprae
[13] were autoclaved at 121 °C for 15 min and collected by centrifuga-
tion. Lipids were extracted from homogenized tissue with 20 volumes
of chloroform/methanol (2:1, v/v) three times with vigorous grinding.
The two phases were separated in a funnel, the lower organic phase
was collected, and the solvent was evaporated from the organic phase.
The total lipids were separated by solvent fractionation and tetrahy-
drofuran-soluble fraction was further separated by thin-layer chroma-
tography (TLC) on silica gel plates (Uniplate; Analtech Inc. Newark,
DE) with the solvent system of chloroform/methanol/water (90:10:1,
by vol.) or chloroform/methanol/acetone/acetic acid (90:10:6:1, by
vol.). Glycolipid spots were visualized with a 9 M H,SQ4 spray fol-
lowed by charring at 200 °C for 10 min or with iodine vapor for pre-
parative purposes.

To determine the subclass composition of the mycolic acids in each
mycobacterial TMM and TDM, mycolic acid methyl esters were pre-
pared by alkaline hydrolysis of glycolipids. The glycolipids were hydro-
lyzed with 1.25 M NaOH in 90% methanol at 70 °C for 1 h and the
resultant mycolic acids were then extracted with n-hexane after acidifi-
cation with HCI, followed by methylation with benzene/methanol/
H,S0, (10:20:1, by vol.) [14]. Mycolic acid methyl esters from each
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glycolipid were fully separated into subclasses by TLC with the solvent
system of benzene in a draft chamber under reduced pressure.

2.3. Mass spectrometry analysis

Analysis by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF mass) was carried out on a Voyager
DE-STR (Applied Biosysiems, Tokyo, Japan) with pulsed UV light
(337 nm) from an N, laser, essentially according to the method re-
ported previously [14). TDM and TMM were analyzed in the reflectron
mode by the instrument operated at 20kV in the positive ion mode.
The 2,5-dihydroxybenzoic acid (2,5-DHB) matrix was used at a con-
centration of 10 mg/ml in chloroform/methano! (2:1 v/v). Typically,
5 ul of TDM or TMM samples (5 ug) in chloroform/methanol (2:1 v/
v) solution and 5 pi of the matrix solution were mixed, and 1.5 ul of
the mixture was applied on a sample plate. An external mass spectrum
calibration was performed using calibration mixture 2 of the Sequa-
zyme Peptide Mass Standards kit (Applied Biosystems), including
known peptide standards in a mass range from 1290 to 5700 Da.
The molecular mass of mycobacterial TMM, TDM, and PGL-1 was
determined based on the quasimolecular mass ions [M+Na]” by the
reflectron mode. In general, nominal number of atomic mass is used
for calculation of number of molecular mass. However, there is a slight
difference between nominal mass number and accurate mass number
read from spectrometry [15]. For instance, when both of the two mol-
ecules of mycocerosates (Rjand Rj) in PGL-I are C32, the nominal
mass number [M+Na]® of PGL-I (Cj24H23:049) is [(Cx 124) +
(H x232) + (O x 19) + (Na x 1)] = 2047 (2024 + 23), but the accurate
number is 2050.15 [(12.0107 x 124) + (1.00794 x 232) + (15.9994 x
19) + 22.9898]. The nominal mass numbers are given in the text.

3. Results

3.1. TLC analysis of mycolic acids methyl ester

To determine the subclass composition of the mycolic acids
in each mycobacterial TMM and/or TDM, mycolic acid
methyl esters were analyzed by TLC. The TLC analysis indi-
cated that fatty acid methyl esters had two spots corresponding
to either a- and keto-mycolic acid (Fig. 1A). The same two
spots pattern was observed for M. bovis BCG Connaught
(BCG-C) and M. leprae while three spots were detected for
M. tuberculosis corresponding to o-, methoxy-, and keto-
mycolic acid [16,17]. The bottom spot in ML lane could be
cholestero} from armadillo’s tissues (data not shown).

3.2. MALDI-TOF-MS analysis of TMM

We separated the final solvent extracts of M. leprae into four
fractions (M1-M4). Fig. 1B shows a thin-layer chromatogram
of the TMM and TDM from M. tuberculosis and the solvent
fractionated glycolipids from M. leprae. M. leprae exhibited
bands, which were faint, but significantly reddish glycolipid-
like, migrating close to bands of TDM or TMM of M. tuber-
culosis. The major bands of M2 and M4 migrated close to
TDM and TMM positions of M. tuberculosis, respectively.
Therefore, we tried to carefully analyze the bands which may
correspond to TDM and TMM by mass spectrometry.

Major band in M4 in Fig. I B was analyzed using BCG-C as
a reference. The mass spectra of TMM from BCG-C showed a
biphasic distribution of pseudomolecular ions, [M+Na]
(Fig. 2A). In the higher mass ranges of BCG-C TMM, domi-
nant ions were detected at m/z 1555, 1583, 1597, 1611 and
1625 due to [M+Na]" of C82, C84, C85, C86 and C87 keto
mycolyl TMM, and the major mass ions in the lower mass
ranges were detected at m/z 1455, 1483, 1511 and 1539 due
to [M+Na]"* of a-mycolyl TMM centering at C78, respectively
(Fig. 2A) [18]. On the other hand, M. leprae derived TMM
showed in lower mass ranges at m/z 1427, 1455, 1483, 1511
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Fig. 1. Thin-layer chromatograms (TLC) of solvent extracts from
tetrahydrofuran soluble fraction and mycolic acid methyl ester
subclasses of M. rtuberculosis, M. bovis BCG Connaught, and M.
leprae. (A) TLC of mycolic acid methyl ester subclasses with the
solvent system of benzene/methanol/H.SO, (10:20:1, by vol.). Mycolic
acid methyl ester subclasses of M. tuberculosis (TB); a-, methoxy- and
keto-mycolic acid methyl esters are shown with the mycolic acid
methyl ester mixture of glycolipids derived from armadillo tissue
nodules infected with M. leprae (ML), and those of M. hovis BCG
Connaught (BCG-C). (B) TLC of solvent extracts from M. leprae
(ML) and M. tuberculosis (TB) with the solvent system of chloroform/
methanol/acetone/acetic acid (90:10:6:1, by vol.). Trehalose mono-
mycolate (TMM) and trehalose di-mycolate (TDM) bands of TB were
identified previously and used as references in this TLC. Fractions 1-4

. separated from the final extracts of M. leprae and designated M1-4.

and 1539 due to [M+Na]" of a-mycolyl TMM centering at
C78 same to that of BCG-C (Fig. 2B). In the higher mass
ranges, dominant ions were shifted lower and the major ions
were detected at m/z 1541, 1569 and 1597 (Fig. 2B), indicating
the major keto-mycolyl TMM consisted of C81, C83 or C85
mycolate, respectively. The molecular species of TMM from
M. leprae and that from BCG-C are summarized in Table 1.
These results indicate that M. leprae possess trehalose 6-mon-
omycolate, with C78 a- and C83 keto-mycolates, as the major
molecular species.

3.3. MALDI-TOF-MS analysis of TDM

TDM from BCG-C showed a diverse distribution of mass
ions according to the combination of di a-, a- and keto-, and
di keto-mycolic acid subclasses and each molecular species,
that leads to a multiphasic distribution of mass ions due to
the dominant combination of a—a, a—keto and keto-keto dim-
ycolyl TDM (Fig. 2C). Given the small sample size, the identi-
fication of M. leprae TDM was achieved primarily on the thin-
layer chromatographic behavior and MALDI-TOF mass anal-
ysis, in comparison with the analytical results from BCG-C
possessing the same mycolic acid subclasses. Fig. 2D shows
the positive MALDI-TOF mass spectra of M. leprae TDM
(Fig. 1B, M2). In contrast to TDM from BCG-C, TDM from
M. leprae showed a distinctive mass ion distribution shifted to
lower mass ranges due to the major combinations of a—a dim-
ycolyl TDM and a-keto dimycolyl TDM with a small shoulder
due to keto—keto dimycolyl TDM. In M. lepraec TDM, major
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Fig. 2. MALDI-TOF-MS spectra of TMM and TDM. (A) TMM of M. bovis BCG Connaught, (B) TMM of M. leprae Thai 53, (C) TDM of M.
bovis BCG Connaught, (D) TDM of M. leprae Thai 53.
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MALDI-TOF mass spectrometry data of the individual types of TMM from M. leprae (Thai 53) and M. hovis BCG (Connaught)
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Table 1

Species Mycolic  Total carbon number of TMM mycolate

{(strain) acid 34 3576 77 18 19 80
type

M. leprae I 1427 1455 1483 1497 1511

(Thai 53) H 1471 1499 1527

M. bovis BCG 1 1455 1469 1483 1511

(Connaught) 8

1539 1553
1555 1569 1583 1597

1539
1555 1569 1583 1597 1611 1625 1639 1653 1667 1681

4[; a-dicyclopropanoic or dienoic, II; keto-monocyclopropanoic or monoenoic. Major homologues are shown in bold.

mass ions due to molecular species possessing C76, C78, C80
a—~a dimycolic acids were detected at m/z 2573, 2601 and
2629, and those possessing a~keto dimycolic acids at m/z
2659, 2687 and 2715, and those possessing keto-keto dimycolic
acids at m/z 2731, 2745, 2773 and 2801, respectively. The de-
duced molecular species of TDM from M. leprae and that from
BCG-C are summarized in Table 2.

3.4. MALDI-TOF-MS analysis of PGL-I

The MALDI-TOF mass spectra of M2 in Fig. 1B showed
the existence of TDM as described above, however, the major
cluster ions in mass spectra of M2 were observed in lower mass
ranges from around m/z 1990 to 2100. So, we analyzed the
spectra in more detail. The result indicates that the cluster ions
are derived from phenolic glycolipid-I1 (PGL-I) (Fig. 3A). The
nominal mass number of the PGL-I, which is assumed to have
two molecules of C32 mycocerosates, was m/z 2047 (Fig. 3A
and B). Thus, the deduced combination of mycocerosic acids
with different carbon numbers in PGL-I are shown in
Fig. 3A and the general structure of PGL-I is shown in
Fig. 3B.

Table 2

4. Discussion

In the present study, we have directly detected TDM and
TMM from armadillo tissues infected with M. leprae. The pres-
ence of TMM in M. leprae possessing C74-82 a-mycolic acids
has been reported previously [8,18], however, the existence of
keto-mycolate in M. leprae TMM was not clear. We identified
keto-mycolate clearly in M. leprae TDM and TMM, and the
chain length of keto-mycolate in M. leprae was found to be
shorter than those from slow-growing culturable mycobacteria
such as M. tuberculosis and M. bovis BCG [19].

Previously, no detectable TDM was identified by the anal-
ysis of the lipids obtained from M. leprae infected armadillo
[9,20]. However, in our hands, we observed a meager but sig-
nificant spot on TLC from M. leprae extract which migrated
to the position of TDM of M. tuberculosis (Aoyama B
strain). When this spot was analyzed by mass spectrometry
in reference to TDM from M. bovis BCG Connaught
(BCG-C), TDM having a-a dimycolates were observed in
the lower mass ranges than m/z 2673 as seen in TDM from
BCG-C (Fig. 2C). Therefore, both M. leprae and M. bovis

Most probable combination of mycolic acids constructing TDM from M. leprae (Thai 53) and M. bovis BCG (Connaught)

Mass no. of TDM (m/z) M. leprae (Thai 53)

M. bovis BCG (Connaught)

2573 a76:a78

2601 76:080, «78:78

2617 a74:k82, «76:k80, «78:k78, a80:k76

2629 o78:080

2645 a74:k84, a76:k82, a78:k80, u80:k78, a82:k76

2659 a76:k83, «78:k81

2673 a76:k84, a78:k82, a79:k81, «80:k80, x82:k78 a76:k84, a78:k82
2687 a78:k83, a80:k81

2701 a78:k84, «79:k83, a80:k82, a81:k81, a82:k80 a76:k86, a78:k84, a80:k82
2715 a80:k83 a76:k87, a78:k85
2729 a78:k86, «80:k84
2731 k80:k83, k81:k82

2743 a78:k87, a80:k85
2745 k81:k83 k82:k82

2757 a80:k86

2773 k83:k83 k82:k84

2787 k82:k85

2801 k83:k85, k84:k84 k82:k86, k84:k84
2815 k82:k87, k84:k85
2829 k84:k86, k85:k85
2843 k84:k87, k85:k86
2857 k85:k87, k86:k86
2871 k86:k87

2885 k87:k87

a,a-dicyclopropanoic or dienoic; k, keto-monocyclopropanoic or monoenoic mycolic acid. Molecular ions of TDM with intensities > 30% of the

highest intensity observed are listed.
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Fig. 3. MALDI-TOF mass spectra of M. leprae PGL-I and the deduced chemical structure. (A) The mass spectra of the major cluster ions ranging
from around m/z 1997 (C30:C30) to 2103 (C34:C34) due to PGL-I separated by solvent fractionation, followed by TLC. C30-C34 shows carbon
numbers of two sets of mycocerosate in PGL-1. (B) The chemical structure of M. leprae PGL-1. R indicates mycocerosate.

BCG-C can synthesize a-mycolic acids with similar sizes (C74
to C82 centering at C78), however, the subclass composition
of keto-mycolate differed. M. bovis BCG-C synthesizes multi
sub-classes of ketomycolic acids such as cis-monoenoic, cis-
monocyclopropanoic, cis-monoenoic  cis-monocyclopropa-
noic, trans-monoenoic and trans-monocyclopropanoic myco-
lates [21], while M. leprae synthesize only cis-monoenoic
ketomycolate centering at C81 or C83 (Tables I and 2)
[22]. Recently, the immunological role of mycolic acid has be-
come a point of focus. The trans-, but not cis-cyclopropana-
tion of mycolic acids in TDM induce massive inflammation
in the lesion infected with M. rtuberculosis and, in this re-
spects, the trans-cyclopropane structure may be contributing
to virulence [23,24]. Furthermore, recently, it was reported
that the AkasB (a B-keto acyl-ACP synthase gene) mutant
strain of M. ruberculosis synthesized shorter chain mycolate
than the wild ones, and resulted in the loss of keto-mycolic
acid trans-cyclopropanation. The kasB deletion induced the
ability of the mutant strain to persist in infected mice for
up to 600 days without causing disease [25). Thus, the lack
of trans-cyclopropanoic keto-mycolic acid in M. leprae may

contribute to the low virulency in contrary to substantial
quantities found in most of the slow growing pathogenic
mycobacteria.

In the search for TDM, we also identified a major cluster
ions in M2 fraction. Detailed analyses showed that the ions
were derived from phenolic glycolipid (PGL-I), which is a ma-
jor species specific glycolipid of M. leprae. Previously, com-
bined GLC-mass spectroscopic analysis of the trisaccharide
of PGL-I had been achieved, but TOF-mass spectrometric
data have not been reported [26]. We analyzed the M1 fraction
by MALDI TOF mass spectrometry and detected some clus-
ters. Mass spectra of major clusters look like monoglycosyl
phthiocerol diester and diglycosyl phthiocerol diester (data
not shown), which differ from PGL-I in lacking the terminal
sugars [27]. The co-existence of both PGL-I and TDM in
armadillo tissue nodules infected with M. leprae indicates that
these lipids were originated actually from M. leprae. Thus, this
paper identifies TDM structure of M. leprae for the first time
and shows that M. leprae TDM contains only a-mycolic acids
and shorter chain cis-monoenoic keto-mycolic acids, exclu-
sively.
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