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Abstract

The potential of Mycobacterium bovis Bacillus Calmette-Guerin (BCG) needs to be
augmented to efficiently activate CD4™ T cells through macrophages. Mycobacter-
ium leprae-derived recombinant major membrane protein (MMP)-II induced
GM-CSF production from macrophages. A recombinant BCG-SM that secretes
MMP-II more efficiently produced GM-CSF and activated interferon (IFN)-v-
producing CD4* T cells than did vector control BCG when infected with
macrophages. The T-cell activation by BCG-SM was dependent on the GM-CSF
production by macrophages. Interleukin (IL)-10 production by macrophages
stimulated with M. leprae was inhibited in a GM-CSF-dependent manner when
the precursor monocytes were infected with BCG-SM. BCG inducing GM-CSF
production was effective in macrophage-mediated T-cell activation partially
through IL-10 inhibition.
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Introduction

Leprosy is a chronic infectious disease induced by parasitic
infection with Mycobacterium leprae (Stoner, 1979). Despite
the marked reduction in the number of both registered
leprosy cases and new cases, a significant number of new
cases (254 525 for the year 2007) are still detected each year
(World Health Organization, 2008). The emergence of
multidrug-resistant M. leprae (Kai et al., 2004), although
still few in number, and the complexity of leprosy reactions
are distressing (Moschella, 2004). These observations indi-
cate the urgent need to develop an efficacious vaccine
against leprosy. Mycobacterium bovis Bacillus Calmette—
Guerin (BCG) has been known to provide partial protection
against the development of leprosy (Ponnighaus et al,
1992). However, meta-analyses conducted by Setia et al.
(2006) demonstrated an overall protective effect of only 26%
against leprosy. There seem to be several reasons why BCG is
not as effective as previously predicted. One of them may be
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that the human immune cells most susceptible to BCG
infection are macrophages (Grode et al., 2005). On entry
into macrophages, mycobacteria inhibit phagosome-lyso-

some fusion, which results in a less efficient stimulation of
interferon (IFN)-y-producing type 1 CD4™ T cells (Ridley &.
Jopling, 1966; Frehel & Rastogi, 1987). Further, BCG as well
as pathogenic mycobacteria can induce the production of an

abundant amount of interleukin (IL)-10 from macrophages

(Yamamura et al., 1991), which inhibits activation of CD4*

T cells (Jonuleit et al., 2001; Granelli-Piperno et al., 2004),

Moreover, it has been demonstrated in a murine study that

BCG primarily infects macrophages in vivo, and the active

proliferation of T cells in vivo needs the enrolment of
dendritic cells (DC). Further, DC are known to be the most

professional antigen-presenting cells (APC) in terms of
T-cell activation. Thus, the transfer to DC of antigens

produced by the processing of intracellular BCG or of
proteins secreted from the mycobacteria in macrophages,

seems to be important (Winau et al., 2006).
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We previously identified major membrane protein
(MMP)-II (gene name, bfrA or ML2038), which is originally
identified as bacterioferritin (Pessolani et al., 1994) and
localized in the cell membrane, as one of the dominant
antigen of M. leprae (Maeda et al., 2005; Makino et al.,
2005). Recombinant (r) MMP-II-pulsed DC activate naive
CD4™ T cells to produce IFN-y in an antigen-specific
manner, and also stimulate T cells from not only pauciba-
cillary leprosy, a representative clinical leprosy at one pole of
the clinical spectrum, but also multibacillary leprosy, a
representative leprosy at the opposite pole (Makino et al.,
2005). The activation of type 1 CD4™ T cells is closely
associated with the inhibition of the spread of M. leprae
in vivo as observed in paucibacillary leprosy (Sieling et al.,
1999). In this respect, it was interesting to find that T cells
from some paucibacillary leprosy patients seemed to be
primed with MMP-II antigen in vivo (Makino et al., 2005).
Therefore, MMP-II was considered to be an immunodomi-
nant antigen of M. leprae. We constructed an rBCG strain
(BCG-SM) that secretes MMP-11 of M. leprae (Makino et al.,
2006). BCG-SM-infected DC stimulated quite efficiently
both human naive CD4" T cells and naive CD8" T cells
in vitro, and MMP-II-specific memory T cells were produced
in mice inoculated with BCG-SM (Makino et al., 2006).

Macrophages are heterogeneous in various aspects
(Randolph et al., 1999), and their differentiation is largely
influenced by the cytokine milieu (Nakata et al, 1991;
Akagawa, 2002). Previously, we analysed the characteristics
of two distinct macrophage subsets: rGM-CSF-mediated
macrophages (GM-M¢) and rM-CSF-mediated macro-
phages (M-M¢) (Makino et al., 2007). Both macrophages
were equally susceptible to mycobacterial infection in vitro,
but M-M¢ infected with M. leprae did not activate CD4 ™"
T cells even after activation using both CD40 ligand and
exogenous IFN-y. Likewise, Mycobacterium tuberculosis-
infected M-M¢ failed to stimulate T cells (Verreck et al.,
2004). Further, a large amount of IL-10 was produced from
M-M¢ on stimulation with mycobacteria. Therefore, the
fact that mycobacteria are highly susceptible to phagocytosis
by M-M¢ and poorly stimulate T cells through M-M, may
be closely associated with the affinity of mycobacteria to
macrophages, the induction of a latent infection and, in
some cases, the development of disease. Likewise, M-M¢ is
one of the major target immune cells of BCG infection.
However, to control the subsequently invading pathogenic
mycobacteria, such as M. leprae, by producing memory
T cells, modified BCG including the newly developed
recombinant BCG-SM is required to be able to fully stimulate
T cells even if M-M¢ are the initial target host cells.

In this report, we examined the T-cell-stimulating ability
of BCG-SM-infected M-Md, and further assessed the influ-
ence of BCG-SM on the IL-10-producing activity of M¢
upon a challenge with M. leprae.
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Preparation of cells and bacteria

Peripheral blood was obtained from healthy purified protein
derivative (PPD)-positive individuals with informed con-
sent. In Japan, most healthy individuals are PPD-positive
due to a compulsory BCG vaccination for children (04
years old). Peripheral blood mononuclear cells (PBMC)
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 freshly isolated heparinized blood or from
cryopreserved PBMC using immunomagnetic beads coated
with anti-CD3 monoclonal antiboby (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% foetal calf serum and either rM-CSF
(R and D Systems, Abingdon, UK) (M-M¢) or rGM-CSF
(PeproTech EC Ltd, London, UK) (GM-M¢) (Makino et al.,
2007). Both GM-M¢ and M-M¢ were pulsed with rBCGs
on day 3 or 5 of culture, and were used as a stimulator of
T cells on day 5 or 7 (Makino et al., 2007). A recombinant
BCG that secretes M. leprae-derived MMP-II was con-
structed as described previously (Makino et al., 2006). In
brief, a shuttle vector, pMV-261, having a kanamycin
resistance gene and origins of replication for Escherichia coli
and mycobacteria was used to construct pMV-SM (Secreting
MMP-II) having the MMP-II ¢cDNA fragment. The BCG
substrain Pasteur was cultured in vitro using Middlebrook 7H9
broth (BD Biosciences Pharmingen, San Jose, CA) supplemen-
ted with 0.05% Tween 80 and 10% albumin—dextrose—
catalase (BD). Expression vectors were introduced into BCG
by electroporation (Snapper et al., 1988). Transformants were
selected on Middlebrook 7H10 agar (BD) plates supplemented
with 10% OADC (BD) and 25 pgmL™" kanamycin. Mycobac-
teria were subsequently grown in Middlebrook 7H9 broth
containing 25 ugmL™" of kanamycin. BCG containing pMV-
SM as an extrachromosomal plasmid is referred to as BCG-
SM, and BCG containing pMV-261 is referred to as BCG-pMV
(vector control BCG). Mycobacterium leprae (Thai-53) was
isolated from the footpads of BALB/c-nu/nu mice (McDer-
mott-Lancaster et al, 1987). The isolated bacteria were
counted using Shepard’s method (McDermott-Lancaster
et al., 1987). The multiplicity of infection (MOI) was deter-
mined based on the assumption that macrophages were
equally susceptible to infection with BCG or M. leprae
(Hashimoto et al., 2002). A recombinant MMP-II protein was
produced as reported previously (Maeda et al., 2005). Briefly,
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the MMP-II gene (ML2038) was inserted into the expression
plasmid pET28 (Novagen, Madison, WI) and transformed
into E. coli strain ER2566 (New England BioLabs, Ipswich,
MA). The expressed protein was eluted using Whole Gel
Eluter (Bio-Rad Laboratories, Hercules, CA). As a control for
M. leprae antigen, we have purified hsp18 (ML1795) in E. coli
using the PET expression system. The cytosolic fraction of the
parental BCG was obtained as described previously (Maeda
et al., 2003).

Antigen-presenting function of rBCG-infected
macrophages

The ability of rBCG-infected macrophages to stimulate T
cells was assessed using an autologous macrophage-T cell
coculture system as previously described (Wakamatsu et al.,
1999; Hashimoto et al., 2002). The responder CD4™ T cells
were purified from freshly thawed PBMC using a CD4-
negative isolation kit (Dynabeads 450) (Wakamatsu et al.,
1999). The purity of CD4™ T cells was > 95% as assessed by
FACS. The purified responder cells (1 x 10° per well) were
plated in 96-well round-bottom tissue culture plates and
macrophages were added to give the indicated macropha-
ge:CD4" T-cell ratio. Supernatants of macrophage-T cell
cocultures were collected on day 4. To identify molecules
restricting T-cell activation, the following purified mAbs
were used: anti-HLA-DR Ab (L243) and anti-CD86 Ab
[IT2.2, Becton Dickinson (BD), San Jose, CA]. The concen-
tration of IFN-y produced by CD4" T cells was quantified
using an enzyme assay kit, OptEIA Human enzyme-linked
immunosorbent assay(ELISA) Set (BD). In some cases,
M-M¢ were pulsed with BCG-SM in the presence of
10 pgmL ™" of either normal rat IgG or neutralizing mAb to
GM-CSF (rat IgG2a) (BD).

Production of IL-10 and GM-CSF by macrophages

The ability of M-M¢ to produce IL-10 on stimulation with
M. leprae was assessed. The monocytes were pretreated with
the indicated dose of rBCG and subsequently made to
differentiate into M-M¢ by culturing for 5 days in the
presence of rBCG and M-CSE These macrophages were
stimulated with M. leprae at the indicated MOI for 24 h. In
some cases, monocytes were infected with BCG-SM in the
presence of 10ugmL™" of neutralizing mAb to GM-CSE
Also, the ability of M-M¢ to produce GM-CSF on stimula-
tion with rBCG for 24 h was assessed. The concentration of
these cytokines was quantified using OptEIA Human ELISA
Set (BD).

Statistical analysis

Student’s #-test was applied to determine statistical
differences.
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Results

Effect of rBCG-infected macrophages on T-cell-
stimulating activity

We analysed the T-cell-stimulating activity of rBCG-infected
GM-M¢ and M-M¢ (Fig. 1). GM-M¢ infected with either
BCG-SM or BCG-pMV significantly stimulated CD4%
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Fig. 1. Production of IFN-y by CD4* T cells. (a) GM-M¢, differentiated
by 3 days of culture with rGM-CSF from monocytes, were infected with
BCG-pMV (vector control BCG) or BCG-SM (rBCG that secretes MMP-1))
at the indicated MOI, and cultured for another 2 days. These GM-M¢
were used as a stimulator of CD4* T cells (1 x 105 cells per well)) at a
Tcell: GM-M¢ ratio of 40: 1 in a 4-day cuiture. (b) M-M¢, differentiated
by 5 days of culture with rM-CSF from monocytes, were infected with
BCG-pMV or BCG-SM at the indicated MO, and cultured for another
2 days. M-M¢ were then used as a stimulator of CD4™ Tcells (1 x 10° cells
per well) at a T cell: M-M¢ ratio of 20: 1 in a 4-day culture. A represen-
tative experiment based on three separate experiments conducted using
three separate PPD-positive individuals is shown. Assays were performed
in triplicate and the results are expressed as the mean 4 SD. Titres were
statistically compared using Student’s t-test.

IFN-y production by CD4* T cells (pg mL™")
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T cells. However, a larger amount of IFN-y was produced by
the T cells when GM-M¢ were infected with BCG-SM (Fig.
1a), although BCG vaccination did not prime for MMP-II-
specific T-cell response (not shown). We then analysed the
T-cell-stimulating activity of BCG-infected M-M¢ (Fig. 1b).
Again, M-M¢ infected with BCG-SM induced a higher
amount of IFN-y production by T cells than did BCG-
pMV-infected M-M¢, although the IFN-y production was
less efficient than that induced by rBCG-infected GM-M¢
even though higher doses of BCG-infected M-M¢ were used
as a stimulator.

Factors associated with the induction of the
T-cell-stimulating activity of M-M¢

To define the factors associated with the CD4™ T-cell
activation by BCG-SM-infected M-M¢, we phenotypically
analysed M-M¢ infected with either BCG-pMV or BCG-
SM. There was no significant difference between BCG-pMV-
infected M-M¢ and BCG-SM-infected M-M¢ in the
expression of HLA-DR, CD86 or CD40 molecules (not
shown). The cytokines produced by M-M¢ stimulated with
rBCGs, including GM-CSF and IL-23, were examined. Both
rBCGs induced GM-CSF production, but BCG-SM did so
more efficiently than BCG-pMV (Fig. 2). However, IL-23
was not produced by M-M¢ on stimulation with either
BCG-pMV or BCG-SM. We also assessed whether tMMP-11
protein can induce GM-CSF production in macrophages.
Whereas M. leprae-derived cytosolic protein (not shown),
other mycobacterial proteins such as BCG-derived
cytosolic protein (5-10pugmL™), control recombinant
M. leprae antigen (hsp18), and lipopolysaccharide (amount
present with rMMP-II protein) did not stimulate Mo,
MMP-II induced GM-CSF production in a concentration-
dependent manner (Fig. 3). rMMP-II also efficiently
induced the production of other cytokines including
tumour necrosis factor (TNF)o and IL-12p40 from M¢
(not shown).

We examined the influence of surface antigens on M-M¢.
The T-cell-stimulating activity of BCG-SM-infected M-M¢
was significantly inhibited when the infected M-M¢ were
pretreated with the mAb to HLA-DR or CD86 antigens,
whereas the control IgG did not affect IFN-y production by
T cells (Fig. 4a). However, IFN-y production was partially
inhibited when BCG-SM-infected M-M¢ were treated with
the mAb to MMP-II (not shown). Next, we examined the
effect on T-cell activation of GM-CSF produced by M-M¢
stimulated with BCG-SM (Fig. 4b). When M-M¢ were
infected with BCG-SM in the presence of the neutralizing
mAb to GM-CSE, IEN-y production by CD4% T cells
was significantly inhibited. The T-cell-stimulating activity
of BCG-SM-infected M-M¢ was not affected by normal
rat IgG.
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Fig. 2. Production of GM-CSF by M-M¢é. M-M¢ differentiated by 5 days
of culture with rM-CSF from monocytes, were stimulated with BCG-pMV
or BCG-SM for 24 h at the indicated MOI. A representative experiment
based three separate experiments conducted using three separate PPD-
positive individuals is shown. Assays were performed in triplicate and the
results are expressed as the mean £ SD. Titres were statistically compared
using Student's t-test.

[ None

Hl MMP-

B3 Cytosolic fraction
60, [ Hspis
3 LPS

P<0.005
P<0.005

P<0.005
[

P<0.005
P<0.005
T
P<0.005
~—

40

GM-CSF production by M-M¢ (pg mL™")

Antigen dose

Fig. 3. GM-CSF production by M-M¢. M-M¢ obtained after 5 days of
culture with rM-CSF were stimulated for 24 h with tMMP-ll, the BCG-
derived cytosolic fraction or Mycobacterium leprae-derived hsp18 anti-
gen [dose of antigen in (a) 5pgmL™" and that in (b) 10pgmL™"].
Lipopolysaccharide, assumed to be present with rMMP-li protein
{660 ngmg~' MMP-Ii protein), was used as a negative control (lipopoly-
saccharide in (a) 3.3ngmL™" and that in (b) 6.6 ngmL™"). A representa-
tive experiment based on three separate experiments conducted using
three separate PPD-positive individuals is shown. Assays were performed
in triplicate and the results are expressed as the mean =+ SD. Titres were
statistically compared using Student's t-test.

Effect of infection of monocytes with BCG on
1L-10 production by M-M¢

Macrophages are one of the cells most sensitive to M. leprae
infection and M-M¢ produce abundant IL-10 when in-
fected with the bacteria (Makino et al., 2007). As precursor
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