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Fig. 2. IFN-y production by splenocytes stimulated with overlapping peptides of CFP11, CFP17, and TB18.5 proteins. Inbred mice (BALB/c and C57BL/6) were immunized
with plasmid DNA encoding CFP11, CFP17, or TB18.5 proteins using gene gun four times at 1-week intervals. The splenocytes were stimulated with overlapping peptides
(7.5 nM) 2 weeks after the last immunization. IFN-y amounts in the supernatants were analyzed by ELISA 72 h later. The means and SD from three mice are shown. Asterisks

indicate statistical significance compared with the value without peptides (P < 0.0001).

2 g of plasmid DNA and the injection was performed with a single
shot of 0.5mg gold cartridge (device helium discharge pressure:
4001b/in.2). Mice were injected with plasmid DNA four times at
1-week intervals.

24. Peptides

Peptides spanning the entire CFP11 (Rv2433c; 96 aa), CFP17
(Rv1827; 162 aa), and TB18.5 (Rv0164; 161 aa) aa sequences of M.
tuberculosis were synthesized as approximately 20-mer peptides
overlapping by 10 residues (Fig. 1) by Bio Synthesis (Lewisville, TX,
USA). Short peptides used for minimal T-cell epitope determination
were synthesized by Hayashi kasei (Osaka, Japan). All peptides were
dissolved in phosphate-buffered saline (PBS) at a concentration of
1mM and stored at —80 °C until use.

2.5. Prediction of T-cell epitopes by MHC binding peptide
prediction algorithms

For the prediction of potential murine T-cell epitopes that could
bind to MHC class 1 molecules, the following MHC binding peptide
prediction algorithms were used through their web sites. These
are the National Institutes of Health Biolnformatics and Molec-
ular Analysis Section (BIMAS) [31] (http://bimas.dcrt.nig.gov/cgi-
bin/molbio/ken_parker.comboform), the SYFPEITHI program [32]

(http://www.syfpeithide/), and the RANKPEP program [33]
(http://bio.dfci.harvard.edu/Tools/rankpep.html).

2.6. Preparation of splenocyte culture supernatants

Two weeks after the last immunization, spleen cells were asep-
tically harvested from DNA-immune mice. A single cell suspension
was prepared and red blood cells were lysed with ACK lysis solu-
tion (0.15M NH4Cl, 1 mM KHCO3, and 0.1 mM EDTA, pH 7.2). Cells
were cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum (RPMI/10FCS) in 96-well plates
at 1 x 106 cells (for BALB/c mice) or 2 x 108 cells (for C57BL/6 mice)
per well in the presence or absence of 7.5 uM of each peptide at
37°C in a 5% CO, atmosphere. Supernatants were harvested 72 h
later and stored at —20 °C until they were assayed. The levels of [FN-
v in the culture supernatants were determined by a mouse-specific
sandwich enzyme-linked immunosorbent assay (ELISA), as shown
in our previous work [30].

2.7. Detection of IFNy-producing cells by enzyme-linked
immunospot (ELISPOT) assay

Single cell suspensions were tested for Ag-induced IFN-+y secre-
tion using a standard cytokine BD ELISPOT system (BD Biosciences,
San Jose, CA, USA). Briefly, cells were stimulated in RPMI/10FCS
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Fig. 3. Analysis of T-cell subsets responsive to CFP11, CFP17, and TB18.5 peptides. Mice were immunized with CFP11, CFP17, or TB18.5 DNA on the same schedule as in Fig. 2.
Immune splenocytes were subjected to intracellular IFN-y staining and cell-surface CD4/CD8 staining with respective mAbs. In the case of CFP17 and TB18.5 in C57BL/6,
immune splenocytes were treated with magnetic beads specific for CD4 or CD8. Cells of the negative fraction were stimulated with respective peptides (7.5 uM). IFN-y
amounts in the supernatants were analyzed by ELISA 72 h later. The representative data from two to six mice are shown.

medium with 7.5 wM of each peptide in nitrocellulose-backed 96-
well plates (MultiScreen 96-well plates; Millipore, Billerica, MA,
USA) coated with 2.5 wg ml~! anti-murine IFN-y monoclonal anti-
body (mAb) (R4-6A2; BD Biosciences). The plates were incubated
at 37°C in a 5% CO; humidified incubator for 18-24 h. IFN-y was
detected by incubation with 0.75 pM of biotin-labeled anti-murine
IFN-y mAb XMG1.2 (BD Biosciences) for 2h at room tempera-
ture followed by binding to horseradish peroxidase-conjugated
streptavidin (eBioscience, San Diego, CA, USA). BD AEC (3-amino-
9-ethyl-carbazole) substrate reagent (BD Biosciences) was used
to detect bound horseradish peroxidase-conjugated streptavidin.
Spots developed on the nitrocellulose filters were enumerated
manually under a dissecting microscope.

2.8. Intracellular IFN-y staining

The intracellular IFN-vy staining procedure was described in our
previous work [30]. In brief, immune splenocytes were treated
with ACK lysis solution to remove red blood cells, washed twice
with RPMI 1640 medium and resuspended in RPMI/10FCS at a con-
centration of 107 cellsmi~1. The cells (200 p!) were incubated for
2h at 37°C in the presence or absence of 7.5 pM peptide. Gol-
gistop solution (BD Biosciences) was added, further, the cells were
incubated for an additional 4h and then washed twice with FACS
buffer (PBS supplemented with 1% FCS), stained with fluorescein
isothiocyanate-conjugated anti-CD8 and PerCP-Cy5.5-conjugated
anti-CD4 mAbs (BD Biosciences) on ice for 30 min and washed
twice. Subsequently, intracellular IFN-y staining was performed

with phycoerythrin-conjugated anti-IFN-y mAb (clone XMG1.2,BD
Biosciences) using a Cytofix/Cytoperm kit (BD Biosciences) accord-
ing to the manufacturer’s instructions. These were analyzed with
an EPICS digital flow cytometer (EPICS XL: Beckman Coulter, Miami,
FL. USA).

2.9. Depletion of the CD4+ or CD8+ T-cell subset

CD4+ or CD8+ T-cell subsets of peptide-reactive T cells were
examined by depletion of CD4+ or CD8+ T cells, respectively, using
a BD IMag system (BD Biosciences). Briefly, immune splenocytes
were resuspended and centrifuged at 1200 rpm with 1x BD IMag
buffer. The supernatants were then carefully aspirated and 50 pl
of anti-mouse CD4 particles-DM or anti-mouse CD8a particles-DM
(BD Biosciences) was added for every 107 cells and the mixture
was placed at 12 °C for 30 min. The labeled cells were adjusted to
5 x 107 cellsml~? with 1x BD IMag buffer and immediately placed
on BD IMagnet and incubated at room temperature for 8 min. The
supernatants were carefully aspirated and confirmed to contain the
fraction with either CD4+ or CD8+ T cells depleted by flow cytom-
etry using fluorescent anti-CD4 or CD8 mAbs (data not shown).

2.10. MHC stabilization assay

MHC stabilization assay was originally described by Ljunggren
and Kirre [34). Wild-type RMA-S cells [35], or transfected RMAS-
K9, RMAS-DY, or RMAS-LY cells [30], were cultured in RPMI/10FCS
at 26 °C overnight and then incubated for 1h in the presence or
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aEstimated scores are derived from BIMAS (bold), SYFPEITHI (underlined), or RANKPEP (plain).

b_; score not shown in the program.

absence of 50 LM of the respective peptides at 26 °C. The cells were
then transferred to 37°C for 2 h, washed with FACS buffer, and
cell-surface expression of H2-KP, H2-Db, H2-Kd, H2-D4, or H2-L4
molecules was detected by flow cytometry using FITC-conjugated
mouse mAbs specific for H2-DYLY (28-14-8; eBioscience), H2-
K9D¢ (34-1-2S; eBioscience), or H2-KP (9013F; Cedarlane, Hornby,
Ontario, Canada). To allow comparison between multiple exper-
iments and to reduce interexperimental variations, the mean
fluorescence intensity (MFI) values, which are direct measures
of peptide binding, were converted to percent maximal stabi-
lization values. The values were calculated using the following
formula: (experimental MFI — control MFI)/(maximal MFI — control
MFI) x 100. Control MFI was obtained from cells incubated without
peptide at 37 °C while MFI of cells at 26 °C was taken as the maximal
MFIL

2.11. Statistics
Statistical analyses were performed using the StatView-] 5.0

program (Abacus Concepts, Berkeley, CA, USA). Data from multiple
experiments were expressed as mean and SD. Data were analyzed

by analysis of variance (ANOVA) followed by a post-hoc Fisher pro-
tected least significant difference (PLSD) test.

3. Results

3.1. IFN-y production by splenocytes of immune mice in response
to overlapping synthetic peptides from CFP11 (Rv2433c), CFP17
(Rv1827), and TB18.5 (Rv0164)

Splenocytes of mice immunized with plasmid DNAs encod-
ing CFP11, CFP17, or TB18.5 (pCI-CFP11, pCI-CFP17, or pCI-TB18.5,
respectively) were stimulated with the overlapping peptides of the
corresponding protein for 72 h and the IFN-y concentration of the
culture supernatants was measured by ELISA. As shown in Fig. 2,
robust [FN-y production was observed in splenocytes from the
immune BALB/c mice (H2¢ haplotype) in response to peptides P9
(aa 69-86), P7 (aa 52-70)/P8 (aa 61-79), or P9 (aa 72-89)/P10 (aa
82-100) for CFP11, CFP17, or TB18.5, respectively. Similarly, signif-
icantly high IFN-y production was observed in splenocytes of the
immune C57BL/6 mice (H2P haplotype) in the presence of peptides

—163—



G. Eweda et al. / Vaccine 28 (2010) 4616-4625

4621

CFP11 (Rv2433c) BALB/c

A)

IFN>y

PO p76-84 p70-78 ()

(pgimi)

(A)

IFN-y

P8 pB4-71 pB81-89 ()

Fig. 4. Determination of minimal T-cell epitopes in CFP11 (Rv2433c) with ELISA and ELISPOT analyses. Inbred mice (BALB/c and C57BL/6) were immunized with CFP11 DNA

hedul

on the same sc asinFig. 2. |

(B)

200

Number of IFNy-secreting cells/10° celis

P8 p76-84 p70-78 (

)

CFP11(Rv2433c) C57BL/6

)

Number of IFNy-secreting celis/10° ceils

% pa pB4-71  pB1-69 (-)'

splenocytes were stimulated with respective peptides (7.5 pM). IFN-y amounts in the supernatants were analyzed by ELISA 72 h

later, whereas the number of IFN-y-producing cells was examined using ELISPOT 18-24 h later. The results of ELISA (A) and ELISPOT (B) are shown. The means + SD from three
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P8 (aa 61-77), P14 (aa 112-130), or P1 (aa 1-19) for CFP11, CFP17,
or TB18.5, respectively.

3.2. Determination of T-cell subsets responsive to peptides of
CFP11, CFP17, and TB18.5

Next, we examined the T-cell subsets that reacted to the pep-
tides of CFP11, CFP17, and TB18.5. Intracellular IFN-y staining
analyses revealed that CD8+ T cells produced high amounts of IFN-
< in response to CFP11 P9 in BALB/c mice and P8 in C57BL/6 mice
(Fig. 3). Similarly, CD8+ T cells produced high amounts of IFN-y
in response to CFP17 P7 and P8 peptides in BALB/c mice (Fig. 3).
In TB18.5 DNA-immune BALB/c mice, CD8+ T cells produced high
amounts of IFN-y in response to TB18.5 P10 peptide (Fig. 3). In
CFP17 and TB18.5 DNA-immune C57BL/6 mice, results of intracel-
lular IFN-y staining assays were not clear. Therefore, a CD4/CD8
depletion assay was performed. In the assay, CD4+ or CD8+ T cells
were removed with magnetic beads and residual cells were stimu-
lated with the relevant peptide. In the case of CFP17 DNA-immune
C57BL/6 mice, treatment with CD8 mAb significantly reduced IFN-
vy amounts in the culture supernatants whereas treatment of CD4
mADb did not affect the IFN-y amounts, indicating that CD8+ T cells

are the main producer of IFN-y in the presence of CFP17 P14 peptide
in C57BL/6 mice. In the case of TB18.5 DNA-immune C57BL/6 mice,
treatment with CD4 mAb significantly reduced IFN-y amounts in
the culture supernatants whereas treatment of CD8 mAb did not
affect the IFN-y amounts, indicating that CD4+ T cells are the main
producers of IFN-vy in the presence of TB18.5 P1 peptide in C57BL/6
mice (Fig. 3).

3.3. Identification of minimal T-cell epitopes in the responsive
peptide regions of CFP11, CFP17, and TB18.5

Generally, CD8+ T cells recognize peptides of 8-11 aa residues
on MHC class I molecules and CD4+ T cells recognize peptides of
12-18 aa residues on MHC class 1I molecules [36]. Several MHC
binding peptide prediction algorithms are available on the Internet.
We employed the BIMAS, SYFPEITHI, and RANKPEP programs for
predicting CD8+ T-cell epitopes. Results of the analyses using these
algorithms are summarized in Table 1.

In the CFP11 antigen, the p76-84 9-mer peptide (GYLGARRGV)
in the P9 region showed the highest score (1000) for H2-K9 bind-
ing in the BIMAS program. Therefore, we examined the p76-84
peptide for induction of IFN-y production using ELISA (Fig. 4). The
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peptide induced robust IFN-y production compared with the p70-
78 peptide, which indicates that the p76-84 peptide is a minimal
T-cell epitope. We detected a significantly high number of IFN-
y-secreting cells in immune splenocytes in the presence of P9 or
the p76-84 peptide in ELISPOT assay (Fig. 4). In C57BL/6 mice, the
algorithms gave the highest score for binding to H2-K® to the p64-
71 peptide (INYLVPFL; Table 1). The p64-71 peptide stimulation
showed significantly high IFN-y levels on ELISA and significantly
high IFN-y-producing cell numbers on ELISPOT assay (Fig. 4).

In the CFP17 antigen, the p62-70 9-mer peptide (RGPNAGSRF)
in the P7/P8 region showed high scores (120 in BIMAS; 20.8 in
RANKPEP) for H2-D4 binding (Table 1). Therefore, we examined the
p62-70 peptide for induction of IFN-y production using ELISA and
ELISPOT assays. The p62-70 peptide stimulation showed signifi-
cantly high IFN-y amounts on ELISA and significantly high numbers
of IFN-y-producing cells on ELISPOT assay (Fig. 5), indicating that
the p62-70 peptide is a minimal T-ce!l epitope. In C57BL/6 mice,
SYFPEITHI algorithm gave a high score for binding to H2-D® to the
p113-121 peptide (VGSLNGTYV; Table 1), and the peptide showed
significantly high levels of IFN-y production and significantly high
numbers of IFN-y-producing cells with ELISA and ELISPOT assays,
respectively (Fig. 5).

In the TB18.5 antigen, the p83-91 9-mer peptide (VYYPGENQI)
in the P10 region has a high score (3456) for H2-K9 binding in the
BIMAS program (Table 1). Therefore, we examined the p83-91 pep-
tide for induction of IFN-y production using ELISA and determined
the number of IFN-y-producing cells via ELISPOT assay. The p83-91
peptide induced robust IFN-y production compared with p84-91,
which indicates that the p83-91 peptide is a minimal T-cell epi-
tope (Fig. 6). In C57BL/6 miice, no peptides were predicted to bind
to K? or DY with high scores, although P1 of TB18.5 elicited robust
IFN-y production (Fig. 2) and CD4+ T cells were the main IFN-y
producer (Fig. 3). Since C57BL{6 mice have a deletion of the H2-Ea
gene, therefore, they do not express H2-E molecules on the cell sur-
face [37], the identified CD4+ T-cell epitopes in C57BL{6 mice are
considered to be exclusively presented on H2-AP.

3.4, Identification of MHC class 1 restriction molecules for CFP11,
CFP17, and TB18.5 minimal epitopes

Finally, we investigated the binding and stabilization of MHC
class I restriction molecules by each identified minimal epitope of
CFP11, CFP17, or TB18.5. As shown in Fig. 7, the p76-84 peptide
of CFP11 and p83-91 of TB18.5 were strongly bound to the H2-K4
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molecule, whereas p62-70 of CFP17 was strongly bound to the H2-
DY molecule. In addition, p64-71 of CFP11 was bound to H2-KP and
p113-121 of CFP17 was bound to the H2-D® molecule.

4. Discussion

T cells have several features that are important for protec-
tive immunity against M. tuberculosis. These include production
of proinflammatory cytokines such as IFN-y and tumor necrosis
factor-o. IFN-y has been regarded as an important correlate of
protective immune responses [ 38). Activation of macrophages har-
boring M. tuberculosis by IFN-y has been considered to be crucial for
eradication of the intracellular bacterium. In addition, the majority
of IFN-y-producing CD8+ T cells have cytotoxic activity for cells har-
boring the bacterium, which also contribute to protective ability.
Analyses of the protective ability of the CD8+ T-cell epitope pep-
tides identified in this study is required to clarify their physiological
functions.

We have performed ELISA and ELISPOT assays for the identifi-
cation of minimal epitopes in this study. Basically, both ELISA and
ELISPOT assays showed similar results. However, we noticed that
in some cases these results differed. For example, P7 of CFP17 in
BALB/c mice (Fig. 5) induced higher IFN-y production than P8 on
ELISA, but P8 induced a higher number of IFN-y-producing cells
than P7 on ELISPOT assay. Although the differences were not very
high, similar results were obtained each time we performed the
experiments. The difference in the additional flanking aa residues
next to the common minimal epitope aa sequence in the peptides
may affect the stability of peptides and the kinetics of IFN-y pro-
duction during the different incubation times of ELISA (72 h) and
ELISPOT (18-24h). This may account for the differences observed
between the ELISA and ELISPOT results,

The T-cell epitopes identified in this study were all CD8+ T-cell
epitopes except for one CD4+ T-cell epitope in the TB18.5 pro-
tein in C57BL{6 mice. This may be caused in part by the fact that
DNA immunization is an efficient method for producing cytoplas-
mic antigens that are consequently detected by CD8+ T cells. In
addition, low-molecular-mass proteins may be easily degraded to
smaller peptides that tend to be subject to the antigen presen-

tation pathway through MHC class Ia molecules. Of note, among
mouse MHC binding motifs, the H2-K¢ binding motifs have been
shown to be quite similar to those of HLA-A24 [39], which is
the most popular subtype of HLA-A (approximately 60%) of the
Japanese population [40). Therefore, the H2-K9-restricted T-cell
epitopes identified in this study may also function as HLA-A24-
restricted epitopes although further investigation is needed to
confirm this.

The T-cell epitope repertoire determined by DNA immuniza-
tion method, using plasmids encoding mycobacterial antigens has
been reported to be broader than that stimulated by live mycobac-
terial infection. A variety of peptides induced IFN-y and/or IL-2
production in mice immunized with plasmid DNA encoding Ag85A,
Ag85B, or Ag85C [27,28]. However, in our study, only one peptide
or two overlapping peptides of CFP11, CFP17, or TB18.5 in BALB/c
or C57BL/6 mouse strains induced IFN-y production from immune
splenocytes. This may be due to the small size of the proteins exam-
ined here compared with the Ag85 family proteins, Previously, we
observed that only a restricted peptide region (one or two 20-mer
peptides) induced IFN-y production in mice immunized with DNA
encoding MPT51 that has a molecular mass similar to that of the
Ag85 family proteins [29,30]. In addition, our previous work [41]
showed that only one immunodominant epitope of Ag85A was
detected in the dendritic cell immunization system of BALB/c mice,
although at least three epitope peptides have been reported [27].
The mechanism of optimum epitope selection from several pre-
dicted peptides that fit well with the MHC binding motifs remains
to be clarified.

Concerning the importance of T-cell epitope mapping in mice,
immunodominant antigens in mice are also generally immun-
odominant in humans. However, precise, specific T-cell analyses
are possible only in mice. Therefore, T-cell epitope mapping in
mice and analyses using the identified epitope peptides will provide
important information that can be used for better understanding
of T cells specific for antigens of M. tuberculosis, although T-cell
epitope peptides themselves are, in principle, different between
mice and humans. T-cell epitope mapping is critical for the accu-
rate analysis of T cells specific for antigens and for the design of
epitope-based vaccines [42,43].

—166—



4624

G. Eweda et al. { Vaccine 28 (2010) 4616-4625

CFP11 (Rv2433c) CFP17 (Rv1827) TB18.5 (Rv0164)
100 1 T 100 I 100 T T
*
- *
X=]
©
N
=
5
7
™
E
3
E
p- 4
0
K¢ D¢ U4 K¢ DI Ld Ki DI d
CFP11 (Rv2433c) CFP17 (Rv1827)
120 T 120 T
*
HEi o0 .
®
Hleot 80
<
2
801
5 60
£
x|t 40
£
R 20} 20
0 0
K Db Kb Db

Fig. 7. MHC binding assay of peptides from CFP11, CFP17, and TB18.5. The ability of CD8+ T-cell epitope candidate peptides to bind to MHC class 1 molecules was measured
by MHC stabilization assay using RMA-S cells (for H2-K® and D® molecules) or the transfectants, RMAS-KY, RMAS-DY, or RMAS-L? cells (for H2-K?, DY, and L? malecules,
respectively). The results are expressed as percent maximal stabilization values and 5D. Asterisks indicate statistical significance compared with the value without peptides

(P<0.0001).

In conclusion, we identified murine T-cell epitopes of CFP11,
CFP17, and TB18.5, which are immunoreactive low-molecular-
mass antigens of M. tuberculosis. We identified two CD8+ T-cell
epitopes on CFP11 and CFP17, one in BALB/c mice and the other
in C57BL{6 mice, respectively. On TB18.5, we identified a CD8+ T-
cell epitope in BALB/c mice and a CD4+ T-cell epitope in C57BL/6
mice. With the aid of computer algorithms, we could identify the
minimal CD8+ T-cell epitopes. T-cell epitopes of CFP11, CFP17, and
TB18.5, as well as MPT51, would be feasible for analysis of T-cell
responses to M. tuberculosis infection.
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Differential recruitment of CD63 and
Rab7-interacting-lysosomal-protein to phagosomes
containing Mycobacterium tuberculosis in macrophages
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ABSTRACT

M.tbhis an intracellular pathogen which survives within the phagosomes of host macrophages by inhibit-
ing their fusion with lysosomes. Here, it has been demonstrated that a lysosomal glycoprotein, CD63, is
recruited to the majority of M.tb phagosomes, while RILP shows limited localization. This is consistent
with the author’s findings that CD63, but not RILP, is recruited to the phagosomes in macrophages
expressing the dominant negative form of Rab7. These results suggest that M.tb phagosomes selectively
fuse with endosomes and lysosomes to escape killing activity while acquiring nutrients.

Key words lysosome, macrophage, Mycobacterium tuberculosis, phagosome.

Phagocytosis of infected pathogens by macrophages plays
an important role in the early stages of innate immunity.
Phagocytosed pathogens are incorporated into phagoso-
mal vacuoles. These phagosomes then interact with en-
dosomal and lysosomal vesicles in a process referred to
as phagolysosome biogenesis. During phagolysosome bio-
genesis, phagosomes acquire degradative and microbicidal
properties, leading phagocytosed pathogens to be killed
and degraded.

M.tb, the causative bacterium of tuberculosis, infects
more than one-third of the human population. M.tb is
able to survive and proliferate within phagosomes of the
host’s macrophages by inhibiting phagolysosome biogene-
sis (1, 2). However, the exact process by which M.tb blocks
phagolysosome biogenesis is not fully understood. Re-
cently, it was reported that phagosomes containing M.th
(M.tb phagosomes) within dendritic cells are associated
with lysosomes in the early stages of infection (3). In ad-
dition, we have previously demonstrated that LAMP-2,
but not cathepsin D, is recruited to M.tb phagosomes in
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macrophages (4). These results suggest that M.tb phago-
somes selectively fuse with lysosomal vesicles which have
distinct characteristics. To investigate this possibility, we
further examined the localization of two lysosomal marker
proteins, CD63 and RILP, on M.tb phagosomes in this
study.

Raw264.7 macrophage was obtained from the Ameri-
can Type Culture Collection (Manassas, VA, USA) and
maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS (Invitrogen, Carlsbad,
CA, USA), 25 ug/ml penicillin G, and 25 pg/ml strep-
tomycin at 37°C in 5% CO,. M.tb strain H37Rv and
Mycobacterium smegmatis mc*155 were grown in 7H9
medium supplemented with 10% Middlebrook ADC (BD
Biosciences, San Jose, CA, USA), 0.5% glycerol, 0.05%
Tween 80 (mycobacteria complete medium) at 37°C.
M tb strain H37Rv transformed with a plasmid encoding
DsRed (5) was grown in mycobacteria complete medium
with 25 pug/ml kanamycin at 37°C. To construct the
plasmids encoding CD63-EGFP and EGFP-RILP, PCR
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Lysosomal markers localize on M.tb phagosomes

Fig. 1. Localization of CD63 on M.th
phagosomes. (a, b) Raw264.7 macrophages
expressing CD63-EGFP were infected with M.tb
expressing DsRed for (a) 30 min and (b) 6 hr.
Infected cells were fixed and observed by CLSM.
(c) M.tb-infected Raw264.7 macrophages were
stained with anti-CD63 and
Alexa488-conjugated anti-rat IgG antibodies and
observed by CLSM. Arrowheads indicate
CD63-positive phagosomes; scale bar, 10 um.
(d) CD63 localization in isolated mycobacterial
phagosome fractions. Whole cell lysates from
Raw264.7, the heat-inactivated M. smegmatis
phagosome and live M.tb phagosome fractions
were subjected to SDS-PAGE, followed by
immunoblotting using anti-CD63 antibody. HI,
heat-inactivated M. smegmatis phagosome
fraction; MTB, live M.tb phagosome fraction;
WCL, Raw264.7.

was carried out using cDNA derived from HeLa cells as
atemplate and the following primer sets: human CD63 (5'-
CCTCGAGCCACCATGGCGGTGGAAGGAGGAATGAA
ATG-3'and 5'-CGGATCCCCATCACCTCGTAGCCACTT
CTGATAC-3"), and human RILP (5'-CAGATCTATGGAG
CCCAGGAGGGCGGC-3" and 5-CGAATTCTCAG
GCCTCTGGGGCGGCTG-3'). The PCR products of
CD63 and RILP were inserted into pEGFP-N2 and
pEGFP-C1 vectors (Clontech, Mountain View, CA, USA),
respectively. Transfection of macrophages with plasmids,
infection of bacteria with transfected macrophages,
CLSM, immunofluorescence microscopy, and isolation of
mycobacterial phagosomes were performed as described
previously (4). For immunofluorescence microscopy,
macrophages were stained with rat anti-CD63 mon-
oclonal antibody (1:30 v/v, MBL, Nagoya, Japan) and
Alexa488-conjugated anti-rat IgG antibody (1:1000 v/v,
Invitrogen). For immunoblotting analysis, aliquots of
40 ug of cell lysates from Raw264.7 and 15 ug of phago-
somal fraction proteins were separated by SDS-PAGE
and then subjected to immunoblotting analysis using rat
anti-CD63 monoclonal antibody (1:100 v/v, MBL). The
unpaired two-sided Student’s ¢-test was used to assess the

(© 2010 The Societies and Blackwell Publishing Asia Pty Ltd

statistical significance of the differences between the two
groups.

CD63 has been shown to be localized to the phago-
some during phagolysosome biogenesis (2, 6), but its lo-
calization on live mycobacterial phagosomes is still con-
troversial (2, 3, 7). CD63 was originally identified as a
platelet activation marker (8) and has also been used as
a marker for late endosomes and lysosomes because of
its function in phagosome acidification (9-12). We there-
fore re-assessed CD63 localization on M.tb phagosomes
in infected macrophages (Fig. 1). Raw264.7 macrophages
transfected with a plasmid encoding CD63-EGFP were
infected with M.tb expressing DsRed. Infected cells were
fixed and observed by CLSM. Clear CD63 localization
was observed on more than 60% of M.tb phagosomes at
30 min and 6 hr post infection (Fig. 1a, b). To rule out the
possibility that CD63 localization on M.tb phagosomes
is caused by exogenous expression of CD63-EGFP, im-
munofluorescence microscopy with anti-CD63 antibody
was performed (Fig. 1c). We found that endogenous CD63
was also localized to about 60% of M.tb phagosomes at
6 hr post infection. To confirm the recruitment of CD63
to live M.th phagosomes biochemically, we carried out

17,
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Fig. 2. Localization of RILP on M.tb
phagosomes. (a, b) Raw264.7 macrophages
expressing EGFP-RILP were infected with M.tb
expressing DsRed. Infected cells were fixed and
observed by CLSM. (a) and (b) show
representative cell images of RILP-positive and

- | 2 =,

RILP-negative M.tb phagosomes, respectively.
Scale bar, 10 um. (c) The proportion of
RILP-positive phagosomes of M.tb and

& Staphylococcus aureus at 30 min and 360 min

] postinfection. , P < 0.05; MTB, proportion of
RILP-positive phagosomes of M.tb, N.S, no

significant difference between the groups; SA,

immunoblotting analysis for CD63 in isolated my-
cobacterial phagosome fractions (Fig. 1d). Raw264.7
macrophages were allowed to phagocytose heat-
inactivated M. smegmatis or infected with M.tb for 6 hr,
and the phagosomal fractions isolated as described previ-
ously (4, 13). Proteins extracted from isolated phagosomal
fractions were subjected to immunoblotting analysis using
anti-CD63 antibody. Immunoblotting analysis revealed
that CD63 is recruited to live M.tb phagosomes as well
as to heat-inactivated M. smegmatis phagosomes. These
results suggest that M.tb phagosomes fuse with CD63-
positive lysosomal vesicles.

RILP interacts with the active form of Rab7 and me-
diates the fusion of endosomes with lysosomes (14, 15).
RILP is also reported to be localized to the phagosome
and to recruit the minus-end motor complex dynein-
dynactin to the phagosome, resulting in migration of
the phagosome to the MTOC where late endosomal and
lysosomal vesicles accumulate (16). In the process of re-
cruitment of RILP to the phagosome, tubular vesicles ex-
pressing RILP have been observed to be elongated from
the MTOC, fusing with the phagosome (16). RILP has
been reported to be absent from the Mycobacterium bovis
strain BCG phagosome despite Rab7 localization (17). We
have previously shown that Rab7 is transiently recruited
to, and subsequently released from, M.tb phagosomes (4),
but the interaction of RILP with M.tb phagosomes has

172

50
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100 proportion of RILP-positive phagosomes of
Staphylococcus aureus.

not been previously reported. We examined the subcel-
lular localization of EGFP-RILP in macrophages infected
with M.tb (Fig. 2). In M.tb-infected macrophages, RILP-
positive phagosomes appeared and increased to 30% of
M.tb phagosomes up until 30 min post infection (Fig. 2a,
c). No further increase was seen after this time (Fig. 2b,
c). On the other hand, the proportion of RILP-positive
Staphylococcus aureus phagosomes continued to increase
beyond 30 min post infection (Fig. 2c). We also found that
the proportion of RILP-positive phagosomes containing
heat-inactivated M.tb reached more than 80% at 6 hr post
infection. These results suggest that further recruitment
of RILP to phagosomes containing live M.tb after 30 min
post infection might be actively inhibited.

Next, we examined whether recruitment of CD63 and
RILP to phagosomes depends on the function of Rab7
in macrophages. Raw264.7 macrophages transfected with
two plasmids encoding either EGFP-fused CD63 or RILP
and a dominant-negative form of Rab7, Rab7T22N, were
allowed to phagocytose latex-beads for 2 hr and were then
examined by CLSM for localization of lysosomal proteins
on the phagosomes. Both lysosomal markers were local-
ized to latex-bead-containing phagosomes in the control
cells (Fig. 3a-1, b-1). CD63 was found on the majority
of latex-bead-containing phagosomes in the cells express-
ing Rab7T22N (Fig. 3a-2, a-3), as well as in the control
cells. However, consistent with previous findings, RILP
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Fig. 3. Localization of lysosomal markers on latex-bead-containing
phagosomes in Raw264.7 macrophages expressing dominant-negative
Rab7. Raw264.7 macrophages expressing (a-2, a-3) Rab7T22N together
with CD63-EGFP or (b-2, b-3) EGFP-RILP were allowed to phagocytose
latex beads. Cells were fixed 2 hr after phagocytosis and observed by

was not present on latex-bead phagosomes in cells express-
ing Rab7T22N (Fig. 3b-2, b-3) (17). We also found that
clustering of RILP in the perinuclear regions was disrupted
and diffused by the expression of Rab7T22N. Collectively,
our data demonstrate that Rab7 is vital for recruiting RILP
to phagosomes during the maturation process, but not for
recruiting CD63.

How M.tb escapes the effects of the bactericidal compo-
nents within the phagosome while still acquiring nutrients
for growth is very important question. It has been sug-
gested that mycobacterial phagosomes arrest their mat-
uration at an early stage and completely avoid fusion
with lysosomes (18, 19). However, we have shown the
localization of CD63 (Fig. 2) and LAMP-2 (4) on M.tb
phagosomes in macrophages. It has been proposed that
phagolysosome biogenesis is achieved by a series of fu-
sions with heterogeneous lysosomes (20). This model is
supported by a report demonstrating the existence of sub-
populations of lysosomes in macrophages (6). Our pre-
vious and current studies demonstrating the alternative
localization of lysosomal markers on M.tb phagosomes
further support this model. From these observations, it
seems that dissociation of Rab7 from M.tb phagosomes
selectively inhibits fusion with harmful lysosomes despite
continued fusion with non-microbicidal lysosomes.

In conclusion, based on our findings we propose the fol-
lowing model for M.tb-induced inhibition of phagolyso-

(© 2010 The Societies and Blackwell Publishing Asia Pty Ltd

CLSM. (a-1, b-1) Cell images transfected with a control plasmid instead of
the plasmid expressing Rab7T22N. (b-3, c-3) Enlarged images of phago-
somes presented in b-2 and c-2, respectively. Scale bar, 10 um (left and
middle), 3 um (right). pCl, cell images transfected with a control plasmid.

some biogenesis: Early M.tb phagosomes are capable
of recruiting Rab7 and can potentially fuse with lyso-
somes. RILP is also recruited to M.tb phagosomes,
which form the Rab7-RILP-dynein/dynactin protein com-
plex followed by promotion of phagolysosome biogene-
sis. However, viable M.tb is able to release Rab7 from
phagosomes, resulting in inhibition of further fusion
with lysosomal vesicles and disassembly of the RILP-
phagosome complex. This causes the blocking of sub-
sequent phagolysosome biogenesis. On the other hand,
non-microbicidal vesicles expressing CD63 and/or LAMP-
2 continuously fuse with M.tb phagosomes despite Rab7
dissociation, and this fusion would support the acquisi-
tion of nutrients for mycobacterial proliferation within the
phagosome.
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We identified a novel HLA-DR4-restricted CD4+ T-cell epitope on a secreted antigen of Mycobacterium
tuberculosis, MPT51, in 004149-MM HLA-DR4-transgenic mice which express HLA-DRB1*0401, but not
murine MHC class Il molecules. The mice were immunized with plasmid DNA encoding MPT51 using
gene gun and interferon (IFN)-y production from the immune splenocytes was analyzed. In response to

overlapping synthetic peptides covering the mature MPT51 sequence, only one peptide, p191-210, stim-
ulated the splenocytes to produce IFN-y. Further analysis using flow cytometry and computer-assisted
algorithm, ProPred, narrowed down the region of CD4+ T-cell epitope to p191-202. The CD4+ T-cell epi-
tope would be feasible for vaccine design against tuberculosis as well as for analysis of MPT51-specific
T-cells in M. tuberculosis infection.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Tuberculosis (TB) has been a major cause of illness and death
worldwide. There were estimated 9.2 million new causes and 1.7
million deaths from TB in 2006 [1]. Although WHO’s “The Stop
TB Strategy” approach seems to work, especially in the African
region, multi-drug resistant strains and co-infection with human
immunodeficiency virus (HIV) remains difficult issues in TB pre-
vention (0.7 million cases and 0.2 million deaths from TB occurred
in HIV-positive people in 2006 [1]). The only TB vaccine currently
available is the attenuated Mycobacterium bovis strain Bacillus
Calmette-Guérin (BCG), the effect of which has been questioned for
preventing pulmonary TB in adults [2] and also reported to wane
with time since vaccination [3]. Therefore, the improved vaccine is
an urgent need against TB [2,4].

It has been widely accepted that cell-mediated immunity plays
a pivotal role in the control of Mycobacterium tuberculosis infection
[5.6). CD4+ type 1 helper T (Th1) cells are involved in the develop-
ment of resistance to the disease, primarily through the production
of macrophage-activating cytokines such as interferon (IFN)-y and
tumor necrosis factor-o. In addition, CD8+ cytotoxic T-lymphocytes
(CTL) have also been reported to contribute to disease resistance
[5.6].

* Corresponding author. Tel.; +81 53 435 2332; fax: +81 53 435 2332.
E-mail address: tnagata®hama-med.ac.jp (T. Nagata).

0264-410X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2009.10.063

Secreted and surface-exposed cell wall proteins, virulence
factors such as PE/PPE and EsX have been reported to be immun-
odominant antigens, which are able to induce protective cellular
immunity against TB [7-9]. The mouse model of TB infection
revealed that memory cells from immune mice produced substan-
tial amounts of IFN-vy in response to two fractions of culture filtrate
of M. tuberculosis represented by 6-10kDa proteins and antigen 85
(Ag85) complex, a 30-32 kDa protein family [7,8,10,11].

Ag85 complex (Ag85A, Ag85B, and Ag85C), which possesses
mycolyltransferase activity in cell wall synthesis and in the biogen-
esis of cord factor [12] and has been shown to be a major fraction of
the secreted proteins of M. tuberculosis | 13]. Another major secreted
protein, termed MPT51, has primary structure similarity (38-43%)
with those components and the antibody (Ab) against MPT51 was
demonstrated to cross-react with the three components of Ag85
complex [13,14]. Using DNA vaccine encoding MPT51, we found
that MPT51 can induce specific cellular immune responses and
the protective immunity against challenge with M. tuberculosis in
murine infection model [15]. We identified murine T-cell epitopes
using C57BL/6 and BALB/c mouse strains [16,17] and an HLA-
A*0201-restricted CD8+ T-cell epitope in MPT51 molecule [18].

Here, we identified an HLA-DRB1*0401-restricted CD4+ T-cell
epitope on MPT51 with a strategy using HLA-DRB1*0401-
transgenic (Tg) mice, gene gun immunization with expression
plasmid DNA encoding MPT51, overlapping synthetic peptides
spanning the entire mature MPT51 amino acid (aa) sequence, and
the computer-assisted major histocompatibility complex (MHC)
binding peptide prediction algorithms.
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2. Materials and methods
2.1. Animals

HLA-DRB1*0401-Tg mice (004149-MM) [19] were purchased
from Taconic Farms, Inc. (Hudson, NY, USA). The 004149-MM mice
do not express H2 class Il molecules, but express HLA-DRB1*0401
composed of HLA-DRA-IEa and HLA-DRB1*0401-IES chimeric genes
[19]. In 004149-MM mice, the HLA-DRB1*0401 is the only species
of MHC class Il molecule expressed. The mice were kept under spe-
cific pathogen-free conditions and fed autoclaved food and water ad
libitum at the Institute for Experimental Animals of the Hamamatsu
University School of Medicine. Two to three-month-old female
mice were used in all experiments. Animal experiments were per-
formed according to the Guidelines for Animal Experimentation,
Hamamatsu University School of Medicine.

2.2. Peptides

Peptides spanning the entire mature MPT5] aa sequence of
M. tuberculosis (266 aa residues) were synthesized as 20-mer
peptides overlapping by 10 residues, with the exception of the
carboxy-terminal 12-mer from aa 255 to 266, were described in our
previous work [16]. Briefly, lyophilized peptides were purchased
from Invitrogen Corporation (Carlsbad, CA, USA), purity of which
was confirmed by mass spectrometry. All peptides were dissolved
in distilled water to a concentration of 1 mM and stored at —80°C
until use.

2.3. Immunization of mice

For DNA immunization with Helios gene gun system (Bio-Rad
Laboratories, Hercules, CA, USA), preparation of DNA-coated gold
particle cartridge was followed to the manufacturer's instruction
manual. Finally, 0.5 mg of gold particles was coated with 2 pg of
plasmid DNA and the injection was carried out with 0.5 mg gold per
shot twice. Mice were injected with 4 p.g of plasmid DNA four times
at 1-week intervals. Mice were also immunized subcutaneously
with 1 x 105 CFU of M. bovis BCG (Tokyo strain; Japan BCG Inc.,
Tokyo, Japan) twice with a 2-week interval.

2.4. Preparation of splenocyte culture supernatants and
measurement of IFN-y amounts

Spleen cells were harvested from MPT51 DNA-immune mice.
Recovered cells were plated in 96-well plates at 1 x 105 cells per
well in the presence or absence of 5 M of each MPT51 peptide at
37°C with 5% CO; atmosphere. Purified protein derivative (PPD;
Japan BCG Inc.) (1 pgml~!) was used as a positive control. Super-
natants were harvested 72 h later and stored at —20°C until they
were assayed. Concentration of IFN-vy in the culture supernatants
was determined by a sandwich enzyme-linked immunosorbent
assay (ELISA). The ELISA was carried out as described in our previ-
ous work [16] with some modifications. The method is as follows.
The 96-well ELISA plates (EIA/RIA Plate A/2; Costar, Cambridge,
MA, USA) were coated with 2 wgmil-? of capture antibody (Ab)
(anti-murine IFN-y monoclonal Ab [mAb] R4-6A2; BD Biosciences,
San Jose, CA, USA) at 4°C overnight, washed with PBS supple-
mented with 0.05% Tween 20 (PBS-Tween), and blocked with Block
One Blocking solution (Nacalai Tesque, Kyoto, Japan) at room tem-
perature for 45 min. After washed with PBS-Tween, the culture
supernatants were added to the plates and the plates were incu-
bated at 4°C overnight. After washed with PBS-Tween, 0.5 g ml-!
of biotin-labeled anti-murine IFN-y mAb XMG1.2 (BD Biosciences)
was added to the plates, and the plates were incubated for 2h at
room temperature. After washed with PBS-Tween, horseradish per-

oxidase (HRP)-conjugated avidin (Bio-Rad Laboratories) was added
and incubated for 30 min at room temperature. After washed, the
plates were added with TMB one component HRP microwell sub-
strate (BioFX Laboratories, Owings Mills, MD, USA). After 10 min,
the enzyme reaction was stopped by adding 2 M H, S04, followed by
measuring the absorbance at 450 nm using an EZS-ABS Microplate
Reader (Asahi Techno Glass Tokyo, Japan).

2.5. Computer-assisted algorithms for prediction of Th epitope

Th epitope prediction of MPT51 was performed using
ProPred HLA-DR binding peptide prediction algorithm ([20],
http://www.imtech.res.in/raghava/propred/) at the default setting
(threshold value of 3.0). This server has been used for searching
the promiscuous binding regions which bind to a total of 50 alleles
of HLA-DR molecules. The annotated 50 alleles are composed of 9
serologically defined HLA-DR molecules, namely, HLA-DR1 (2 alle-
les), DR3 (7 alleles), DR4 (8 alleles), DR7 (2 alleles), DR8 (6 alleles),
DR11(9alleles), DR13 (11 alleles), DR15 (3 alleles) and DR51 (2 alle-
les). In addition, RANKPEP MHC binding peptide prediction algo-
rithm ([21], http://immunax.dfci.harvard.edu/Tools/rankpep.html)
was also used in this study.

2.6. Intracellular IFN-y staining

Antigen-specific T-cell subset was also determined with simul-
taneous flow cytometric assessment of T-cell phenotype and
intracellular IFN-y synthesis. Cell-surface staining of CD4 and CD8
and intracellular IFN-y staining were described in our previous
work [16,17]. Intracellular IFN-y staining was conducted using
a Cytofix/Cytoperm Plus (with GolgiStop) kit (BD Biosciences)
according to the manufacturer’s instruction.

2.7. Statistics

Statistical analyses were performed by using StatView-] 5.0
statistics program (Abacus Concepts, Berkeley, CA, USA). Data were
analyzed with unpaired Student’s t test.

3. Results

3.1. IFN-y production in response to overlapping synthetic
peptides from MPT51 by splenocytes of pCI-MPT51 DNA or M.
bovis BCG-immune 004149-MM HLA-DRB1°0401-Tg mice

The 004149-MM mice do not express H2 class Il molecules, but
express HLA-DR4 transgene [19]. Expression of HLA-DR molecules
on splenocytes of the mice was confirmed by flow cytometric anal-
ysis with anti-HLA DR mAb (data not shown). Splenocytes from
004149-MM HLA-DRB1*0401-Tg mice immunized with plasmid
DNA encoding mature MPT5I (pCI-MPT51) were stimulated with
the overlapping MPT51 peptides for 72h and IFN-y concentra-
tion of culture supernatants was measured by ELISA. As shown
in Fig. 1, robust IFN-y production was observed in the spleno-
cytes only in the presence of peptide 191 (p191; aa 191-210). As
expected, splenocytes from naive 004149-MM mice showed nosig-
nificant IFN-y production in response to any MPT51 peptides. In
addition, we examined the dose-response relationship by adding
serial amounts of MPT51 p191 peptide to the splenocyte culture.
The minimal concentration of the peptide for inducing IFN-vy pro-
duction by the splenocytes was approximately 1 x 10-8 M (10 nM)
(data not shown).

In order to examine whether the same peptide induce IFN-
vy following natural mycobacterial infection, splenocytes from
004149-MM HLA-DRB1*0401-Tg mice immunized with M. bovis
BCG were examined for IFN-y production in response to MPT51
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Fig. 1. IFN-y production of spleen cells from 004149-MM HLA-DRB1*0401-Tg mice
immunized with pCI-MPT51. IFN-y production of splenocytes from the mice immu-
nized with pCI-MPT51 plasmid in response to 1 of 26 overlapping peptides (5 M)
covering MPT51 molecule, medium alone [(-)], or PPD (1 pgml—!) was evaluated.
The splenocytes from naive mice were also examined as a control. Data are repre-
sentatives of three independent experiments.

peptides. Robust production of IFN-y was observed in the pres-
ence of PPD (Fig. 2). Only MPT51 p191 among all MPT51 peptides
induced production of high amounts of IFN-+y similarly to the case
of MPT51 DNA-immunized mice.

3.2. Prediction of CD4+ T-cell epitope on peptide 191 of MPT51

We predicted CD4+ T-cell epitope candidate peptides in the 20-
mer peptide by computer-based program, ProPred [20]. We found
that a core HLA-DRB1*0401 binding motif composed of 9-mer pep-
tide, p194-202 (WVWSPTNPG) at the default threshold setting.
This amino acid region was also predicted to bind to HLA-DR4 at the
highest score (17.65) in RANKPEP algorithm [21]. This core region
(p194-202) was predicted to bind 20 alleles froma total of 50 alleles
listed in ProPred program (Fig. 3). These HLA-DR alleles include 6
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Fig. 2. IFN-y production of spleen cells from 004149-MM HLA-DRB1*0401-Tg mice
immunized with M. bovis BCG. IFN-y production of splenocytes from the miceimmu-
nized with M. bovis BCG in response to 1 of 26 overlapping peptides (5 uM) covering
MPT51 molecule, medium alone [(-)], or PPD (1 pg ml~!) was evaluated. The spleno-
cytes from naive mice were also examined as a control. Data are representatives of
three independent experiments.

alleles in HLA-DR3 serological group, 8 alleles in HLA-DR4 group, 2
alleles in HLA-DR?7 group, 2 alleles in HLA-DR11 group, and 2 alleles
in HLA-DR13 group. Thus, the region (p194-202) was predicted to
bind 40% HLA-DR alleles included in the ProPred program. In gen-
eral, 12-20-mer antigenic peptides bind to MHC class Il molecules.
Therefore, we synthesized p191-202 peptide as a candidate CD4+

T-cell epitope, instead of examining jus t a core motif (p194-202)
for the following experiment.

3.3. Detection of MPT51 p191-202-, or p191-210-specific CD4+
T-cells in 004149-MM HLA-DRB1*0401-Tg mice by ELISA and
intracellular IFN-y staining

We then examined splenocytes derived from MPT51 DNA-
immune 004149-MM HLA-DRB1*0401-Tg mice for detection of
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Fig. 3. Prediction of HLA-DR binding sites in MPT51 protein. Prediction of HLA-DR binding sites of MPT51 was performed with ProPred algorithm. The 20 HLA-DR alleles on
which MPT51 p194-202 is predicted to be a core binding motif, are shown. Bold letters indicate predicted binding sites of MPT51 for each HLA-DR allele.
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Fig. 4. IFN-y production of MPT51 DNA-immune 004149-MM HLA-DRB1°0401-Tg
mice splenocytes in response to MPT51 p191-210 or p191-202 peptides. IFN-y
production from splenocytes of MPT51 DNA-immune or naive 004149-MM HLA-
DRB1°0401-Tg mice was analyzed in the presence of MPT51 p191-210 (20-mer) or
p191-202 (12-mer) peptides. Data are and standard deviations from five to
eight experiments. Asterisk indicates statistically significance with Student’s t test
(p<0.05).

MPT51 p191-202-, or p191-210-specific T-cells. As shown in
Fig. 4, the immune splenocytes, but not naive splenocytes pro-
duced robust amounts of IFN-y in response to MPT51 p191-202,
suggesting that MPT51 p191-202 peptide is a bona fide HLA-
DRB1*0401-restricted CD4+ T-cell epitope. Further, we examined
whether CD4+ T-cells produce IFN-y in response to MPT51
p191-202 or p191-210 peptide with intracellular IFN-+y staining
assay. Again, MPT51 DNA-immune, but not naive CD4+ T-cells pro-
duced IFN-vy in response to these MPT51 peptides (Fig. 5).

4. Discussion

Understanding of the nature of protective immunity to M. tuber-
culosis would facilitate the development of the future vaccine. The
cellular arm of the immune response mediated by CD4+ Th1 cells
and CD8+ CTL has been established as a pivotal component of the
protective immunity against M. tuberculosis [5,6]. CD4+ Th1 cells
have been reported to contribute to protection against M. tubercu-
losis infection through inflammatory cytokine production such as
IFN-v. IFN-y has been considered to contribute to the protective
immunity through activating macrophages and increasing natu-
ral killer cell activity. However, IFN-y production has been shown
not to be the only correlate of protection against M. tuberculosis

[22]. Production of IL-2 [23,24] or functions such as direct cytotoxic
ability of CD4+ T-cells [25,26] may be important for the protective
ability. Functions of MPT51 p191-202-specific CD4+ T-cells in this
report except for IFN~y production should be clarified in further
study.

Reports concerning the involvement of CD4+ T-cells to contain
M. tuberculosis infection have accumulated and an intense effort to
identify M. tuberculosis-derived CD4+ T-cell epitopes that are pre-
sented by HLA class I molecules, has been done. HLA-DR-restricted
T-cell epitopes in M. tuberculosis antigens have been identified,
including epitopes in heat shock protein 65 [27], Ag 85B [28],
ESAT-6 [29], Mce proteins [30], MPB70 [31], the 24 kDa secreted
lipoprotein (LppX) [32], and PPE68 [33]. MPT51 is a dominant
M. tuberculosis-derived secreted molecule which is related with
Ag85 family molecules, Ag85A, Ag85B, and Ag85C. The molecules
have been reported in a variety of mycobacteria. Functionally,
the molecule has been implicated in fibronectin binding as in
Ag85 family molecules [34]. However, MPT51 appears not to have
mycolyltransferase activity that Ag85 family molecules share since
MPT51 does not conserve the catalytic triad (Ser-His-Glu) in the
aa sequence [35]. Therefore, MPT51 seems to have the particu-
lar function that remains to be clarified. Importantly, MPT51 has
been reported as a potential marker for the diagnosis of TB, espe-
cially in AIDS patients. Ramalingam et al. [36] reported that early
immune responses against 38 kDa and 27 kDa (MPT51) proteins
were detected in pulmonary TB accompanied with HIV infection. In
addition, we demonstrated that MPT51 plays a pivotal role in the
protection against M. tuberculosis infection [15]. The identification
of human T-cell epitopes in MPT51 protein would be very useful
for early diagnosis of TB and development of TB vaccine.

HLA-Tg mice have been widely used for detection of HLA class
Il-restricted T-cell epitopes [37,38). We used in this study 004149-
MM HLA-DRB1*0401-Tg mice [19]. The Tg mice express the
transgene-encoded proteins consisted of antigen-binding domains
from HLA-DRA and HLA-DRB1*0401 molecules and the remaining
domains from the H2-E9-a and H2-E9-B chains, which has the same
antigen-binding specificity as HLA-DRB1*0401 molecules and func-
tion of presenting antigens to T-cells. In addition, the molecules are
the only species of MHC class Il molecule expressed in the mice due
to endogenous H2-AB, H2-Ea deficiency [19].

We predicted HLA-DR-restricted T-cell epitope candidates in
the 20-mer peptide by computer-based program, ProPred [20] in
this study. The ProPred algorithm is a virtual matrix-based T-cell
epitope prediction program based on TEPITOPE program [39]. TEPI-
TOPE first extracts all possible 9-amino acid peptide frames from
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Fig. 5. Intracellular IFN-y staining of spleen cells from MPT51 DNA-immune 004149-MM HLA-DRB1°0401-Tg mice. (A) The graph shows the percentages of IFN-y-producing
cells in total CD4+ T-cells after 4 h of stimulation with MPT51 p191-210 or p191-202 peptides. Intracellular IFN-y and CD4 were detected by flow cytometry in or on the
immune spleen cells after in vitro stimulation with the peptides. There were, however, no intracellular IFN-y-positive CD8+ T-cells after in vitro stimulation with these
peptides (data not shown). (B) Summary of frequency of IFN-y-producing cells in CD4+ T-cells in spleens of MPT51 DNA-immune 004149-MM HLA-DRB1*0401-Tg mice.

Data are means from two to four experiments.
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the input protein sequence. Each amino acid in this 9-mer peptide
is assigned to relative binding values using the position-specific,
and peptide side chain-specific values from the virtual matrices.
The first anchor position (p1) was shown to be a key factor for
high affinity binding to HLA-DR molecules and only aliphatic or
aromatic amino acid residues are considered as p1 anchor [40,41].
We found a core HLA-DRB1*0401 binding motif composed of 9-mer
peptide, p194-202 (WVWSPTNPG) in MPTS51 p191-210 region at
the default threshold setting of ProPred algorithm. As described in
Section 3, the same region was also predicted to bind to HLA-DR4 at
the highest score in RANKPEP algorithm [21], which is programmed
on position-specific scoring matrices.

MHC class Il binding motifs are not so restricted compared with
MHC class I binding motifs, but some rules of MHC class Il bind-
ing motifs have been reported. The DRB1*0401 binding motif was
reported to require an aromatic or aliphatic anchor residue in posi-
tion 1 (Y, W, F, L, I, V, M), and another anchor residue in position 6,
defined as either a hydroxyl (S or T) or hydrophobic (L, V, I, or M)
residue [42). MPT51 p194-202 amino acid residues, W in position
1 and T in position 6, fit the rule.

T-cell epitopes which are restricted to a variety of HLA alleles
(promiscuous T-cell epitopes) are quite useful for development of
epitope vaccines and diagnostic tools as human population is het-
erogeneous for HLA alleles. As described in Section 3, this region
was predicted to bind 20 alleles among a total of 50 alleles of HLA-
DR type in ProPred algorithm (40%). This result suggests that the
region is a promiscuous T-cell epitope, although a report mentioned
that the peptides predicted to bind over 50% HLA-DR alleles in Pro-
Pred were considered promiscuous for binding [43). The frequency
of the memory T-cells and the kinetics in human subjects after M.
tuberculosis infection would be important issues to be clarified in
future.

In conclusion, we identified one HLA-DRB1*0401-restricted
CD4+ Th1 epitope on MPT51 in HLA-DRB1*0401-Tg mice, which
may play a pivotal role in the protection against M. tuberculosis
infection. The identification of these T-cell epitopes will be very
useful for further elucidation of the role of MPT51-specific T-cells
in the protective immunity and also for future TB vaccine design.
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Mycobacterial DNA-binding protein 1 (MDP1) is a major protein antigen in mycobacteria and induces
protective immunity against Mycobacterium tuberculosis infection in mice. In this study we determined
murine T-cell epitopes on MDP1 with MDP1 DNA immunization in mice. We analyzed interferon-y pro-
duction from the MDP1 DNA-immune splenocytes in response to 20-mer overlapping peptides covering

MDP1 protein. We identified several CD4+ T-cell epitopes in three inbred mouse strains and one CD8+
T-cell epitope in C57BL/6 mice. These T-cell epitopes would be feasible for analysis of the role of MDP1-
specific T-cells in protective immunity and for future vaccine design against M. tuberculosis infection.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Tuberculosis (TB) has been one of the most serious infectious
diseases in the world. There were estimated 9.2 million new causes
and 1.7 million deaths from TB in 2006 [ 1). One third of people in the
world have been infected with Mycobacterium tuberculosis (Mtb),
the causative agent of TB. Multidrug-resistant TB and co-infection
of Mtb with human immunodeficiency virus are recent problems
[1).

The only TB vaccine currently available is the attenu-
ated Mycobacterium bovis strain Bacillus Calmette-Guérin (BCG).
Although the BCG vaccine is the oldest and the most widely used
vaccine [2], the effect of which has been questioned for prevent-
ing pulmonary TB in adults [3] and also to wane with time since
vaccination [4). Therefore, the improved vaccine is an urgent need
against TB [5].

Cell-mediated immunity plays a pivotal role in the control
of Mtb infection [6,7). There is mounting evidence that CD4+
type 1 helper T (Th1) cells are involved in the development
of resistance to the disease, primarily through the production
of macrophage-activating cytokines such as interferon (IFN)-y
and tumor necrosis factor (TNF)-a. In addition, CD8+ cytotoxic T
lymphocytes (CTL) contribute to disease resistance since suscep-

* Corresponding author. Tel.: +81 53 435 2335; fax: +81 53 435 2335.
E-mail address: zonxs@hama-med.ac.jp (D. Suzuki).

0264-410X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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tibility to Mtb is increased in mice with deficient in CD8+ T-cells
[8]-

Identification of protective antigens is a crucial step to develop
effective vaccines against TB. Many protective antigen candidates
have been reported. They include, secreted and membrane-bound
proteins, virulence factors such as PE/PPE or EsX, or proteins
expressed in host macrophages [9,10]. Since Mtb causes both acute
disease and asymptomatic latent infection, antigens expressed in
the dormant state have been also focused as target antigens for
therapeutic vaccination of latent tuberculosis. Persisting bacilli
resides within the hypoxic environment of the lung granulomas.
Therefore, it is generally accepted that low-oxygen tension induces
dormancy program of Mtb. Proteins expressed at the dormant
stage include, two-component response regulator, dormancy sur-
vival regulator (DosR; Rv3133c) [11] and at least 20 other proteins
encoded by the DosR regulon [12]. )

MDP1 is a major cellular protein of slow growers of mycobac-
teria [13]. The cellular content of MDP1 in mycobacterial
cells increases at stationary and low-oxygen tension-induced
non-replicating dormant phases [14]. MDP1 is a histone-like DNA-
binding protein binding to GC-rich DNA and considered to control
gene expression in mycobacteria [13,15]. MDP1 has an activity
to suppress the growth rate of bacteria presumably by inhibit-
ing macromolecular biosyntheses [16]. Recently, Lewin et al. [17]
showed that reduction of MDP1 expression by antisense plas-
mid increased the growth of BCG in both broth culture and
macrophages. They showed that the antisense DNA inhibited the
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