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FIGURE 5. A, Expression of MMP-1I on DCs. Immature DCs were either treated with 50 uM chloroquine for 2 h or untreated and subsequently infected
with either BCG-261H or BCG-D70M at an MOI of 0.25. After 2 d culture in the presence of rGM-CSF and rlL-4, DCs were gated and analyzed. Dotted
lines, control normal IgM; solid lines, anti-MMP-II mAb (IgM). The number in the top right corner of each panel represents the mean £ SD for six
independent experiments of the difference in mean fluorescence intensity between the control IgM and the test mAb. Representative results of six separate
experiments are shown. B, Effect of chloroquine treatment of DCs and macrophages on the activation of T cells. Immature DCs from 4 d of culture were
treated with chloroquine (50 pM, 2 h) or untreated and subsequently infected with BCG-D70M at the indicated MOI. These DCs were used as the
stimulator of responder autologous naive CD4™ T cells or naive CD8" T cells (I X 10%/well) at T/DC ratio of 40:1 or 20:1, as indicated. Macrophages from
5 d of culture in the presence of M-CSF were treated with chloroquine as above and subsequently infected with BCG-D70M at the indicated MOL. These
macrophages were used as the stimulator of responder autologous unseparated CD4" T cells (1 X 10%/well) at T/DC ratio of 20:1. IFN-y produced by
T cells was measured. C, Effect of treatment of immature DCs with brefeldin A or lactacystin on the activation of naive CD8" T cells. Immature DCs from 4
d of culture were treated with the indicated dose of brefeldin A or lactacystin or untreated and subsequently infected with BCG-D70M at the indicated MOL
These DCs were used as the stimulator of responder autologous naive CD8" T cells (1 X 10°/well) at T/DC ratio of 20:1. IFN-y produced by T cells was
measured. A representative of three separate experiments is shown. Assays were performed in triplicate, and the results are expressed as the mean * SD.

Titers were statistically compared using Student ¢ test.

inhibited by chloroquine. Also, on treatment of macrophages with
chloroquine, ~90% of IFN-y produced from CD4* T cells by
BCG-D70M stimulation (MOI: 0.25 and 0.50) was inhibited.
Similarly, the production of IFN~y from naive CD8" T cells was
significantly inhibited by the chloroquine treatment of DCs, which
were subsequently infected with BCG-D70M (MOL: 0.25 and
0.50). We further confirmed that BCG-D70M secreted 92 kDa
protein (molecular mass: MMP-II 22 kDa and HSP70 70 kDa)
in vitro (not shown). These results suggest the possibility that the
secreted HSP70-MMP-II fusion protein is one of the responsible
elements for the activation of both CD4™ T cells and CD8" T cells
as observed in BCG-70M. Further, we previously reported that
BCG-70M stimulated naive CD8" T cells through TAP- and
proteosome-dependent cytosolic cross-presentation pathway, be-
cause the T cell activation was inhibited by the pretreatment of
DCs with brefeldin A and lactacystin (25). In this study, we
assessed whether BCG-D70M activates naive CD8" T cells by
using the similar cross-presentation pathway (Fig. 5C). When
immature DCs were treated with either brefeldin A or lactacystin
and were subsequently infected with BCG-D70M at MOI 0.25 or

0.50, the IFN-y production from naive CD8" T cells was signifi-
cantly inhibited.

Effect of CD4" T cells on the activation of naive CD8" T cells

Because BCG-D70M activated both naive CD4™ T cells and naive
CDS8* T cells, we assessed the influence of the presence of CD4"*
T cells on the activation of naive CD8" T cells (Fig. 6A4). The
naive unseparated T cell population was stimulated with DCs
infected with BCG-261H or BCG-D70M, and CD8" T cells were
gated and analyzed by FACS. Compared to CD8" T cells stimu-
lated with BCG-261H, the BCG-D70M-stimulated naive CD8"
T cells produced significantly higher number of perforin-
producing CD8* T cells and CD62L'Y CD8* T cells. Further,
CCR7"% CD8* T cells and CD27"°% CD8" T cells were more
efficiently produced by BCG-D70M stimulation (Fig. 64). The
efficient production of these CD8" T cells was observed with
different doses of BCG; however, in the absence of naive CD4"
T cells, these changes were not induced (not shown). Also, CD4"
T cells producing intracellular perforin was not produced from
naive CD4" T cells by the stimulation with BCG-D70M-infected
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FIGURE 6. A, Perforin production and expression of activation or memory marker on naive CD8" T cells stimulated with DCs infected with BCG-
D70M. Monocyte-derived DCs were infected with either BCG-261H or BCG-D70M at an MOI of 0.25 and were cocultured with naive T cells (T/DC 20:1)
for 5 d. The stimulated CD8" T cells were gated and analyzed for perforin production and expression of the indicated molecules. The number in the top
right comer of each panel represents the difference in the fluorescence intensity between the control IgG and the test mAb. The number in the parenthesis
indicated either percent perforin-positive CD8" T cells or CD8" T cells expressing the test Ags among CD8" T cell population. B, Expression of migration
marker on naive T cells. Monocyte-derived DCs were infected with either BCG-261H or BCG-D70M at an MOI of 0.25 and were cocultured with naive
T cells (T/DC 20:1) for 5 d. The stimulated T cells of either CD4" or CD8" subsets were gated and analyzed for expression of CD162 molecules. The
number in the top right or’left corner of each panel represents the difference in the fluorescence intensity between the control IgG and the test mAb. The
number in the parentheses indicated percent CD162"#" T cells among CD4* or CD8* T cell population. A representative of three separate experiments is
shown. Assays were performed in triplicate, and the results are expressed as the mean * SD. Titers were statistically compared using Student ¢ test.

DCs. These results indicate that BCG-D70M may produce effec-
tor CD8" T cells having killing activity and memory type CD8*
T cells efficiently from naive population. When BCG is used as
a vaccine, it is required to produce memory T cells having a high
migratory function (34). To examine this point, we assessed the
expression of CD162 molecules on both CD4™ T cells and CD8*
T cells, which were stimulated with DCs infected with BCG-
D70M (Fig. 6B). On BCG-D70M stimulation, both CD4"
T cells and CD8" T cells that express high levels of CD162 Ag
were produced more efficiently than by the stimulation with BCG-
261H. A similar difference between BCG-261H and BCG-D70M
was induced when different doses of BCG were used (not shown).

Production of T cells responsive to the secondary stimulation
by BCG-D70M in vivo

The ability of BCG-D70M to produce T cells highly responsive
to the secondary in vitro stimulation was examined by in vivo
functional studies (Fig. 7). C57BL/6 mice were s.c. inoculated
with 1 X 10%mouse of rBCGs 4 wk prerestimulation in vitro.
Both MMP-II and HSP70 proteins were used as a restimulator.
These proteins induced IFN-y production from T cells in all
infected or uninfected mice because they have high immunoge-
nicity, and BCG-Tokyo, a parental strain of all rBCGs, has the
gene encoding BCG-derived MMP-II. However, splenic T cells
from BCG-D70M-infected mice respond most vigorously to the
stimulators and produced higher doses of IFN-y (Fig. 7A) and IL.-2
(not shown) than those from mice uninfected or infected with
control rBCGs including BCG-261H, BCG-AUT-11-3, and BCG-
70M. To examine the long-term effect of the inoculation of rBCGs
on the production of such responsive T cells, C57BL/6 mice were
s.c. inoculated with 1 X 10%mouse of rBCGs 12 wk before the
restimulation. Again, a significantly higher dose of IFN-vy (Fig.
7B) was produced from splenic T cells obtained from mice in-
oculated with BCG-D70M by the stimulation with MMP-II and
HSP70 than those from mice uninfected or infected with control
rBCGs.

Effect of BCG-D70M vaccination on the multiplication of
M. leprae in vivo

C57BL/6 mice vaccinated with either BCG-261H or BCG-D70M
1 x10° CFU/mouse) for 4 wk were challenged with 5 X 10° M.
leprae in the footpad. Thirty-two weeks later, the footpad was
removed, and the M. leprae recovered from the footpad was
enumerated (Fig. 8). A total of 2 X 10° M. leprae were recovered
from mice inoculated with PBS and challenged with M. leprae.
Although the mice vaccinated with BCG-261H inhibited the
multiplication of M. leprae significantly, the BCG-D70M vacci-
nation significantly and more efficiently inhibited the M. leprae
multiplication than BCG-261H. A similar difference was observed
when 1 X 10 CFU/mouse rBCG was inoculated for the inhibition
of M. leprae.

Discussion

M. leprae is well-known as a representative slow-growing My-
cobacterium. Usually, M. leprae needs 12~-14 d for one division
and at least 2-5 y for the manifestation of the disease. In vivo
studies using the immunodeficient nude mouse indicate that
adaptive immunities play an important role in inhibiting the
multiplication of M. leprae, and the activation of both CD4*
T cells and CD8" T cells is an essential element for controlling M.
leprae infection (5, 6, 35). Although CD4™ T celis chiefly act at
the initial phase of infection, the contribution of CD8" T cells in
terms of IFN-y production and killing of mycobacteria-infected
host cells is necessary in the chronic phase of the infection (36).
BCG was used so far as vaccine against leprosy; however, its
efficacy is nowadays considered not as convincing as expected
(12). The reason for why BCG cannot prevent the leprosy mani-
festation convincingly may be due to its inadequate ability to
stimulate T cells. The poor T cell-stimulating activity seems to be
based on the intrinsic defect of BCG not being able to enter the
lysosome feasibly. Also, poor stimulation of T cells would result
in the meager production of competent memory T cells, including
both CD4"* and CD8" subsets, capable of convincingly responding
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FIGURE 7. A, Production of T cells responsive to the secondary in vitro
stimulation in C57BL/6 mice by infection with rBCG. Three 5-wk-old C57BL/6
mice per group were infected with 1 X 10° CFU/mouse BCG-261H, BCG-
AUT-11-3, BCG-70M, or BCG-D70M s.c. Four weeks postinoculation,
splenocytes (2 X 10° cells/well) were stimulated with the indicated dose of
either MMP-II or HSP70 for 4 d in vitro, and IFN-y produced in the cell su-
pernatant was measured. B, Production of T cells capable of responding to the
secondary stimulation in C57BL/6 mice a long time postinfection with IBCG.
Three S-wk-old C57BL/6 mice per group were infected with 1 X 10° CFU/
mouse rBCGs s.c. Twelve weeks postinoculation, splenocytes (2 X 10° cells/
well) were stimulated with the indicated dose of either MMP-II or HSP70 for
3 d in vitro, and IFN-y produced in the cell supernatant was measured. Assays
were performed in triplicate for each mouse, and the results of three mice per
group are shown as the mean = SD. Representative results of three separate
experiments are shown. Titers were statistically compared using Student  test.

to mycobacterial Ags. Especially, BCG cannot activate naive
CDS8* T cells adequately in the absence of CD4" T cell-derived
help (14), so that BCG may poorly control the disease in the
chronic phase or in the inhibition of disease manifestation for
a long time postinfection (14). This fact is important when the
growth rate of M. leprae is taken into account.

However, BCG has also intrinsic benefit, because it activates
human naive CD4" T cells to produce IFN-y to some extent.
Therefore, we tried to improve the potency of BCG, especially
with regard to immunostimulatory activities. We chiefly focused
on overcoming the defect of BCG—that is, the ability to avoid the
fusion of BCG-infected phagosomes with lysosomes. One of the
approaches we carried out previously is the production of UreC
gene-deficient rBCG (BCG-AUT-11-3), which successfully pro-
duces acidic phagosomes and facilitates them to fuse with lyso-
somes (15). In fact, BCG-AUT-11-3 efficiently colocalizes with
lysosomes and preferentially and effectively stimulates human
naive CD4* T cells (15). Therefore, the disruption of the UreC
gene of BCG seems to be a useful strategy to translocate BCG to
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FIGURE 8. Inhibition of M. leprae multiplication by s.c. vaccination
with BCG-D70M. Five-week-old C57BL/6 mice (5 mice/group) were
vaccinated with 1 X 10* CFU/mouse either BCG-261H or BCG-D70M s.c.
and were challenged with 5 X 10° bacilli/mouse M. leprae in footpad 4 wk
postvaccination. The number of M. leprae recovered from the footpad at
32 wk postchallenge was enumerated by Shepard’s method (33). Repre-
sentative results of three separate experiments are shown. Titers were
statistically compared using Student ¢ test.

lysosomes. However, unfortunately, BCG-AUT-11-3 did not acti-
vate naive CD8" T cells effectively. Then, the second approach for
overcoming the lack of phagosome-lysosome fusion was carried
out—that is, to induce the secretion of immunodominant Ag into
phagosome. In this study, we used MMP-II as the immunodo-
minant Ag of M. leprae (7). In one case, sole MMP-II protein
(production of BCG-SM) and in the other case HSP70-MMP-11
fusion protein (production of BCG-70M) secreting BCG was
constructed (16, 25). Both BCGs were quite efficient in the in-
duction of activation of not only naive CD8" T cells, but also naive
CD4* T cells. However, BCG-70M was superior to BCG-SM in
activating both subsets of T cells, especially naive CD8" T cells
(not shown). The activation of naive CD8" T cells by BCG-70M is
highly dependent on the secretion of HSP70-MMP-II fusion
protein, because the activation seems to be induced by TAP- and
proteosome-dependent cross-presentation of the secreted protein
(24, 25, 37). Therefore, the secretion of MMP-II in the combi-
nation with HSP70 seems to be an efficient strategy to overcome
the intrinsic defect of BCG.

Because the two independent strategies for overcoming the
intrinsic defect of BCG were useful, we tried to combine both
strategies and produced new rBCG (BCG-D70M), in which BCG-
AUT-11-3 was integrated with gene encoding HSP70-MMP-II
fusion protein. As previously reported (25), BCG-70M secreted
92 kDa HSP70-MMP-II fusion protein after being phagocytozed
by APCs, and the secreted protein was transported to functional
lysosomes. In the phagolysosomes, some portions of HSP70-
MMP-II fusion protein could be degraded, but rest of the protein
may be sequestrated into the cytosol, where they could be de-
graded and used for cross-priming CD8" T cells. In this respect,
when immature DCs were pretreated with chloroquine and sub-
sequently infected with newly produced BCG-D70M, both the
expression of MMP-I1 and the activation of naive CD4" and CD8"
T cells by the rBCG were inhibited. Thus, protein secreted from
BCG-D70M seems to be responsible for the activation of naive
T cells. Further, the activation of naive CD8" T cells by BCG-
D70M was also abolished by pretreatment of immature DCs with
lactacystin, a proteosomal protein degradation blocker and bre-
feldin A that is an inhibitor of antegrade Golgi transportation and
of TAP-dependent transportation. Therefore, it is highly likely that
the 92-kDa fusion protein secreted from BCG-D70M could be
sequestrated into cytosol from lysosome, degraded in proteosome,
and used for loading on MHC class I molecules through the TAP-
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dependent pathway. Thus, similar to BCG-70M, BCG-D70M also
used the cytosolic pathway, which is known as the most effective
cross-presenting pathway (38), to cross-prime CD8* T cells. In
this respect, it is known that HSP plays an important role in the
induction of the cytosolic cross-presentation pathway (39, 40).
HSP70 secreted as a part of the fusion protein seems to be closely
associated with the cross-priming CD8" T cells. The activation of
both naive CD8" T cells and naive CD4" T cells by BCG-D70M
was induced in an Ag-specific fashion, because treatment of BCG-
D70M-infected DCs with mAb to MHC molecules or CD86 Ag
inhibited the IFN-y production from naive T cells. However, the
naive CD4" T cells seemed to be polyclonally activated by the
stimulation, because the treatment of DCs with mAb to MMP-II
partially, but significantly, inhibited the activation (Fig. 2C). In
C57BL/6 mice, a single injection of BCG-D70M produced T cells
capable of responding to both MMP-II and HSP70 several weeks
postinoculation. Therefore, the HSP70-MMP-1I fusion protein ac-
tivated both APCs and T cells by the similar mechanisms as ob-
served in in vitro experiments and was probably used as antigenic
molecules in vivo. Because M. leprae-infected DCs expressed
MMP-II-derived antigenic determinants on their surface (7, 16), the
production of T cells responsive to MMP-I1 in vivo may be useful to
prevent the disease manifestation. This speculation seems to be
supported by the present observation that the vaccination with
BCG-D70M more efficiently inhibited the multiplication of M.
leprae in vivo than that with vector control BCG.

The activities stimulating both subsets of naive T cells of BCG-
D70M were strongest among the all rBCGs produced so far in-
cluding BCG-70M. Although all of the rBCGs showed the dose-
dependent effect in the T cell activation, BCG-D70M showed
the strongest activity in terms of the T cell activation, even if an
MOI 1.0 of BCG was used. Further, BCG-D70M most strongly
activated DCs as revealed by IL-12p70 production from DCs.
Because BCG-70M activated DCs through the binding of HSP70-
MMP-II fusion protein with TLR2 (25), BCG-D70M seems to
activate DCs with a similar mechanism, at least partially. How-
ever, it did not induce an apoptotic cell death of target APCs in-
cluding DCs and macrophages, the in vitro growth rate of BCG-
D70M was almost identical with that of BCG-261H, and further,
the infectivity of these rBCGs to host cells in both in vitro and
in vivo was identical (not shown). It is likely that the stronger DC-
and T cell-activating ability of BCG-D70M than BCG-70M might
be due to the absence of ammonia, products of UreC gene-
encoding urease, in the phagosome. The urease depletion may
facilitate the translocation of HSP70-MMP-II fusion protein se-
creted in phagosomes from BCG-D70M into lysosomes. However,
another explanation could be that the absence of ammonia may
facilitate the translocation of BCG-D70M itself to lysosomes,
because it has previously reported that BCG-AUT-11-3 more ef-
ficiently entered lysosomes than parent BCGs, which possess the
UreC gene (15, 19). BCG-D70M translocated into lysosomes or
phagolysosomes secreted HSP70-MMP-II fusion protein. There-
fore, it can be speculated that a larger dose of secreted protein that
could be efficiently processed would be available in lysosomes, so
that much or many types of antigenic peptides could be loaded on
the MHC molecules. This speculation is important because it has
recently been reported that quick activation of CD8" T cells by
BCG requires the high antigenic load on MHC class I molecules
(41). These results indicate that the deletion of urease from BCG
and integration of gene encoding fusion protein into BCG may act
synergistically, although further detailed analyses is required.

The strong ability of BCG-D70M to stimulate T cells enables
macrophages to activate CD4"* T cells. The CD4* T cells stimu-
lated by BCG-D70M through macrophages seemed to be activated

T CELL ACTIVATION BY RECOMBINANT BCG

in an Ag-specific manner, because the IFN-y production from the
T cells was largely blocked by the treatment of BCG-D70M-
infected macrophages with mAbs to MHC class I and CD86 Ags.
So far, rBCG including BCG-AUT-11-3 and BCG-70M did not
activate CD4™ T cells efficiently through macrophages in the ab-
sence of costimulators such as CD40L and IFN-y (15, 25). The
definite reason for why BCG-D70M, but not BCG-70M, could
activate CD4" T cells through macrophages remains unanswered.
However, the secreted fusion protein either in the phagosome or
phagolysosome could be associated with CD4™ T cell activation
through macrophages, because pretreatment of macrophages with
chloroquine abolished their T cell-stimulating activities. BCG
infects not only DCs, but also macrophages, which are highly
active in phagocytosis of bacteria; thus, the successful activation
of CD4" T cells by macrophages upon an infection with BCG-
D70M would provide many chances to heterogeneous CD4"
T cells to receive antigenic stimuli. The CD4™ T cell activation by
macrophages should contribute to the efficient production of high
doses of IFN-y and to the production and maintenance of abun-
dant memory T cells. In addition, in the presence of the help
of CD4™ T cells, naive CD8" T cells were differentiated into
CCR7"¥CDS8* and CD27'°"CD8* memory type T cells by the
stimulation with BCG-D70M. Also, they produced phenotypically
activated CD62L'°YCD8* T cells as well as perforin-producing
effector CD8" T cells. Therefore, the efficient activation of na-
ive and memory type CD4* T cells may contribute to the efficient
production of effector and memory CD8" T cells. In our hands, we
could not confirm the possibility that the functional perforin-
producing CD8* T cells, which are produced from naive T cells,
can be further differentiated into memory subsets. If this were the
case, effector CD8" T cells having killing activity can be imme-
diately and efficiently produced from such memory T cells upon
an infection with M. leprae in vivo.

It has been reported that to prevent the disease manifestation
induced by infection with mycobacteria, such as M. tuberculosis,
by vaccination, the vaccinating agents should be able to produce
memory T cells that have a high potency to migrate into the in-
fection site (34). Thus, we evaluated whether BCG-D70M can
produce T cells with a migration activity by monitoring the sur-
face expression of CD162 molecules. The stimulation of naive
T cells with BCG-D70M-infected DCs induced the expression of
CD162 on both CD4* T cells and CD8"* T cells. Therefore, it
could be assumed that BCG-D70M may be a convincing stimu-
lator of naive T cells.

Taken together, in this study, we newly constructed an rBCG that
is deficient in production of urease, but instead produced HSP70—
MMP-1I fusion protein and is capable of effectively and strongly
activating both naive CD4" and CD8" T cells, thus overcoming
the intrinsic defect of BCG. Using the triple combination of ex-
pressing HSP70 and MMP-1I protein in BCG and depletion of
urease may result in sufficient production of memory T cells by
activating both subsets of naive T cells in human.
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&) T 9,126 FiILL L (3.54%) WALz,
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Table 1. Registered prevalence of leprosy and number of new cases detected, by WHO region, beginning of 2009

WHO region Registered prevalence,” beginning 2009 New cases detected,” 2008
African 30 557 (0.45) 29 814 (4.37)
Americas 49 069 (0.54) 41 891 (4.85)
South-East Asia 120 689 (0.69) - 167 505 (9.60)
Eastern Mediterranean 4967 (0.10) 3938 (0.80)
Western Pacific 9754 (0.05) 5859(0.33)
Total 213 036 249 007

* Values are number (rate/10 000 population).
® Values are number (rate/100 000 population).

Table 2. Trends in the detection of new cases of leprosy, by WHO regions, 2002-2008 (excluding European Region)

WHO region No. of new cases detected
2002 2003 2004 2005 2006 2007 2008

African 48 248 47 006 46 918 45179 34 480 34 468 29 814
Americas 39939 52435 52 662 41952 47 612 42135 41 891
South-East Asia 520 632 405 147 298 603 201 635 174 118 171 576 167 505
Eastern Mediterranean 4 665 3940 3392 3133 3261 4091 3938
Western Pacific 7154 6190 6216 7137 6190 5863 5 859
Total 620 638 514718 407 791 299 036 265 661 258 133 249 007
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