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Both mycobacterial hsp65 and the actively secreted antigen 85 complex of 30-kDa region proteins are

considered to be major immune targets in mycobacterial diseases. In this study, by using a novel series of
monoclonal antibodies (MAbs) directed to these antigens, we identified and partially characterized three unique
epitopes (Rb2, Pe12, and A2h11) that are shared between mycobacterial hsp65 and the individual components
of the antigen 85 complex. Dot blot assays with native purified proteins revealed that all three MAbs are
strongly bound to hsp65 and antigens 85A (MPT44) and 85B (MPT59), while a weak reaction or no reaction
was found with antigen 85C (MPT45). Inmunoblotting showed that MAb Rb2 reacted strongly with both hsp65
and the antigen 85 complex proteins, whereas MAbs Pel2 and A2h11 reacted strongly with the former but
weakly with the latter. Moreover, these MAbs did not react with other closely related MPT51 and MPT64
secreted proteins. Further characterization of these epitopes was performed by using recombinant fusion and
truncated proteins of Mycobacterium bovis BCG hsp65 (MbaA) and the M. leprae 30- and 31-kDa antigen 85
complex fusion proteins. In hsp65, Rb2-Pel2- and A2hl1-reactive epitopes were found to reside in the
C-terminal region of amino acid residues 479 to 540 and 303 to 424, respectively. In the M. leprae 30- and
31-kDa antigen 85 complex, all three epitopes were located in an N-terminal region of amino acid residues 55
to 266, one of the known fibronectin-binding sites of the M. leprae antigen 85 complex. Comparison of these
MAb-reactive amino acid sequence regions between mycobacterial hsp65 and the components of the antigen 85
complex revealed that these regions show certain amino acid sequence identities. Furthermore, by immuno-
peroxidase and immunogold ultracytochemistry, we demonstrated that Rb2-, Pel2-, and A2hl1-reactive
epitopes are expressed both on the cell wall surface and in the cytosol of M. leprae bacilli within the lesions of

lepromatous leprosy patients and in M. leprae-infected armadillo liver tissue.

The mycobacterial 65-kDa heat shock protein (hsp65) and
the antigen 85 complex of 30-kDa region antigens are known
to be major constituents of the somatic and actively secreted
proteins of pathogenic mycobacteria, respectively (14, 48).
These proteins have been implicated as important target
antigens in both leprosy and tuberculosis (43, 48, 49).
Antibody and T-cell responses to these antigens can be
detected in patients with leprosy and tuberculosis, as well as
in individuals sensitized with mycobacteria (11, 12, 26, 32,
39, 40, 42, 43). The human immune responses to these
antigens appear to be directed mostly against cross-reactive
epitopes, since they are widely distributed among many
mycobacterial species (3, 6, 11, 26, 27). These cross-reactive
antigenic determinants, like the species-specific ones, have
been shown to be important in both the pathogenesis of and
the protective immune response to mycobacterial infections
(10, 33, 35, 36).

Proteins associated with the mycobacterial cell wall and
proteins actively secreted by live mycobacteria have been
shown to be potentially important in protective immunity
and in immunopathological events that occur during myco-
bacterial infections (2, 4, 14, 18, 23, 24, 44). Cell wall
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proteins of Mycobacterium leprae have been shown to
contain powerful immunologic activity and are the predom-
inant antigens recognized by T cells (21, 23). Several protein
antigens, including the 28-kDa protein and hsp65, have been
shown to be associated with the M. leprae cell wall (15). Cell
wall-reactive T-cell clones have also been shown to react
with mycobacterial 28-, 30-, and 65-kDa proteins (4).

A number of antigens actively secreted from mycobacteria
have been identified in culture fluids of M. tuberculosis and
M. bovis BCG (14, 24, 45, 46). These studies have revealed
that the antigen 85 complex of the 30-kDa region is the major
secreted protein in mycobacterial culture fluid (14, 45). This
complex has been further characterized as three internally
cross-reacting components, namely, 85A, 85B, and 85C, that
are encoded by three separate genes (47). The genes that
code for these three components have been cloned and
sequenced (5, 9, 20). Interestingly, human fibronectin readily
binds to all three components of the antigen 85 complex.
This property has been implicated as the possible role of the
antigen 85 complex in the pathogenesis of mycobacterial
diseases (1). In a recent study using a monoclonal antibody
(MADb) specific for the components of the antigen 85 com-
plex, we have demonstrated the localization of this antigen
in various forms of leprosy lesions (28). Furthermore, by
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TABLE 1. Species specificity of MAbs Rb2, Pel2, and A2hll as
analyzed by immunoblotting using sonicates of different
mycobacterial species

MAD reactivity®
Mycobacterial species
Rb2 Pel2 A2h11
M. bovis BCG 3+ 2+ 3+
M. tuberculosis 3+ 2+ 3+
M. microti 3+ 2+ 3+
M. africanum 3+ 2+ 3+
M. leprae 3+ 2+ 3+
M. avium 2+ 2+ 3+
M. intracellulare + + +
M. scrofulaceum - - +
M. nonchromogenicum - - -
M. xenopi + + 2+
M. vaccae - - 2+
M. marinum + + +
M. duvali + + +
M. kansasii - - 2+
M. smegmatis - - +
M. terrae - - -
M. gordonae - - -
M. fortuitum - - +
M. flavescens - - -

¢ In all positive cases, MAbs showed a 65-kDa band whereas a weak 30-kDa
region band(s) was detected only in some mycobacterial species. Reactivity
was graded as negative (—) or from 1+ to 3+ in order of increasing intensity
of the 65-kDa band.

screening of an M. leprae genomic library with lepromatous
leprosy sera, the gene that encodes an M. leprae homolog of
the fibronectin-binding antigen 85 complex has been cloned
and sequenced (39).

These culminative data further indicate the importance of
both mycobacterial hsp65 and the 30-kDa region proteins as
immune targets in mycobacterial infections. Therefore, we
searched for possible target epitopes of these proteins in
relation to leprosy pathogenesis by using a novel series of
MAbs. We identified three unique epitopes shared between
the native proteins of mycobacterial hsp65 and actively
secreted components of the antigen 85 complex. Here we
report their inmunological characterization and their intra-
cellular and cell wall surface localization in M. leprae within
skin lesions of lepromatous leprosy patients and in M.
leprae-infected armadillo tissue.

(A part of this study was presented at the 8th International
Congress of Immunology, Budapest, Hungary, 23 to 28
August 1992.)

MATERIALS AND METHODS

Mycobacteria. The different mycobacterial species, includ-
ing armadillo-derived M. leprae, used in this study are listed
in Table 1. Sonic extracts of each of these mycobacterial
species were prepared as described previously (11). Culture
fluids were prepared from stationary-phase cultures of M.
tuberculosis H37TRv (ATCC 27294) and M. bovis BCG sub-
strain 1331 (Statens Serum Institute, Copenhagen, Denmark)
as described previously (24, 45, 47).

Isolation, fractionation, and purification of antigens. Anti-
gens in the 65- and 30-kDa regions were isolated from the
whole sonicate of M. tuberculosis (RIVM strain 7114 from
the National Institute of Public Health, Bilthoven, The
Netherlands) by preparative sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) as described
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previously (11). In addition, the cytosol fraction from the
same M. tuberculosis sonicate was prepared as described in
our earlier report (27).

The actively secreted antigen 85 complex, i.e., 85A
(MPT44), 85B (MPT59), and 85C (MPT45), as well as the
closely related proteins MPT51 and MPT64, were purified
from stationary-phase culture fluid of M. tuberculosis
H37Rv by a combination of ammonium sulfate precipitation,
gel filtration, and ion-exchange chromatography on DEAE-
Sepharose as described by Nagai et al. (24).

Recombinant fusion proteins. The native purified recombi-
nant M. bovis BCG hsp65 (MbaA) protein and the Cro--
galactosidase-MbaA fusion or truncated proteins carrying
either all or defined parts of MbaA that were expressed by
recombinant plasmids pRIB1404-pRIB1453 and pRIB1300-
pRIB1302 were prepared as described by Thole et al. (38,
40). Preparation of M. leprae 30- and 31-kDa antigen 85
complex fusion proteins expressed by pIHB1004 and
pIHB1006 has also been described by Thole et al. (39).

Preparation, purification, and labeling of MAbs. Antibody-
producing hybridomas were prepared as described previ-
ously (27, 30) and were based on the standard protocol (7).
Briefly, spleen cells from female BALB/c mice immunized
with gel-purified 65- and 30-kDa region antigen fractions
from the M. tuberculosis sonicate were fused with the
Ag8-653 BALB/c myeloma cell line at a ratio of 2:1 in the
presence of 5% polyethelene glycol 4000 (Serva Feinbio-
chemica, Heidelberg, Germany) in RPMI 1640. Antibody
activity in hybridoma supernatants was detected by using
gel-purified mycobacterial 65-kDa region, hsp65, and 30-kDa
region proteins in an enzyme-linked immunosorbent assay
(ELISA) and by using both the sonicate and the culture fluid
of M. tuberculosis in immunoblotting as described below.
Selected hybridomas were cloned by limiting dilution and
grown in bulk cultures. Most of the antibody-containing
culture supernatants were concentrated by the Minitan Ul-
trafiltration system (Millipore Corp., Bedford, Mass.),
whereas ascitic fluids were made from some clones. The
isotypes of immunoglobulins produced by the stable hybrid-
omas were determined by an ELISA-based isotype kit
(Zymed Laboratories, South San Francisco, Calif.). Immu-
noglobins were either partially purified from concentrated
culture supernatants by 45% ammonium sulfate precipitation
or affinity purified by using a protein G-Sepharose 4 column
(MAD Trap G; Pharmacia, Uppsala, Sweden) in accordance
with the instructions of the manufacturer. Affinity-purified
MADbs were labeled with horseradish peroxidase (HRP) as
reported earlier (25, 28).

In addition, the previously characterized anti-65-kDa
MADb F67-2 (3, 6) and anti-30-kDa MAb HYT27 (44) used in
this study were kindly provided by A. H. J. Kolk, Royal
Tropical Institute, Amsterdam, The Netherlands, and J.
Bennedsen, Statens Seruminstitut, Copenhagen, Denmark,
respectively.

ELISAs. ELISAs were performed as described in our
earlier reports, by using either gel-purified 65- or 30-kDa
region antigens (11), affinity-purified recombinant mycobac-
terial hsp65 (30), or secreted MPT44 (85A), MPTS9 (85B),
and MPT45 (85C) protein antigens (13). In addition, an
inhibition ELISA with HRP-labeled and unlabeled MAbs
using mycobacterial hsp65 was performed as described
previously (30).

SDS-PAGE, immunoblotting, and dot blot assay. SDS-
PAGE was performed on vertical slab gels (12%) in a
discontinuous Tris buffer system as described by Laemmli
(17). Sonicated mycobacterial antigen preparations and the
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cytosol fraction of M. tuberculosis were applied at a protein
concentration of 15 pg per slot, whereas 1 to 2 pg of proteins
from purified mycobacterial hsp65 and secreted MPT anti-
gens was loaded. In the case of recombinant fusion proteins
of the M. leprae 30- and 31-kDa antigen 85 complex, protein
extract from Escherichia coli POP2136 carrying recombinant
plasmids was analyzed by SDS-6% PAGE (39). Separated
proteins were electroblotted onto nitrocellulose paper
(Schleicher & Schuell, Inc.) as described by Towbin et al.
(41) incubated either with partially purified MAbs from
concentrated supernatants or with ascitic fluid at a dilution
of 1:500, and processed for immunoblotting (27).

Dot blot assays with purified native mycobacterial hsp65
and MPT proteins were performed as described previously
(46). Briefly, 1.5 pg of proteins in a 3-pl volume was spotted
onto nitrocellulose paper and air dried. Nonspecific binding
was blocked by 2% bovine serum albumin with 0.2% Tween
20 and 1% gelatin in phosphate-buffered saline (PBS), and
nitrocellulose papers were incubated with MAbs (1:500)
overnight at room temperature. After washing, nitrocel-
lulose papers were incubated with HRP-labeled sheep an-
ti-mouse immunoglobulin G F(ab’), (1:2,000) and further
processed to visualize the reaction by using standard diami-
nobenzidine tetrahydrochloride as an indicator system.

Mapping of epitopes on mycobacterial hsp65 and the M.
leprae antigen 85 complex. Mapping of MAb-defined epitopes
on mycobacterial hsp65 was performed by using Cro-B-
galactosidase-MbaA fusion or truncated proteins in a dot
blot ELISA (40). Mapping of MAb-reactive epitope-contain-
ing regions on the M. leprae 30- and 31-kDa antigen 85
complex was determined by immunoblotting analysis with
recombinant M. leprae fusion proteins as described in our
earlier report (39).

Patients and tissue specimens. The biopsies from skin
lesions of lepromatous leprosy patients (classified by the
clinicopathological criteria of Ridley and Joplin [31]) used in
this study were similar to those used in our previous study
(28). A liver specimen from an armadillo experimentally
infected with M. leprae was obtained from T. A. Eggelte,
Royal Tropical Institute, Amsterdam, The Netherlands. All
specimens were stained with hematoxylin and eosin for
histological diagnosis, and a portion of each biopsy was snap
frozen for immunoperoxidase and immunogold labeling stud-
ies.

Immunoperoxidase staining. A two-step MAb—peroxidase-
conjugated rabbit anti-mouse immunoglobulin staining sys-
tem with 3-amino-9-ethylcarbazole as the staining reagent
was used as previously described (29). Briefly, 6-pm-thick
cryostat serial sections were cut, dried, acetone fixed, and
incubated with MAbs at a predetermined optimum dilution
of 1:10 or 1:50 for 60 min. This step was followed by
incubation with peroxidase-conjugated rabbit anti-mouse
immunoglobulin for 30 min (Dako, Glostrup, Denmark).
Peroxidase activity was visualized with 3-amino-9-ethylcar-
bazole, and sections were counterstained lightly with hema-
toxylin. Control experiments were performed by substituting
either the primary antibody with an irrelevant antibody of a
similar isotype or with PBS (pH 7.4). Positive staining was
evaluated by at least two independent investigators.

The specificity of staining with mycobacterial antibody
was also confirmed by preabsorbing the optimally diluted
MADbs with excess antigens which were either purified
mycobacterial hsp65 (38), antigen 85B, or total culture fluid
of M. tuberculosis (24). Absorbtion was carried out for 1 h at
37°C and then overnight at 4°C. Absorbed MAb was then
used in immunoperoxidase staining with frozen sections of
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either armadillo tissue or leprosy lesions and compared with
the unabsorbed MAbs.

Immunogold labeling and electron microscopy. Frozen
6-um-thick sections of M. leprae-infected armadillo tissue
and lesional skin biopsies of lepromatous leprosy patients
were placed on cellotape-covered microscopic slides and
fixed in ice-cold acetone for 10 min. After fixation, the slides
were incubated with MAbs overnight at 4°C in a humid
chamber and washed extensively with PBS for 2 h at room
temperature, with changing of the buffer at least four times.
Then slides were incubated with rabbit anti-mouse immuno-
globulin G (DAKO, Glostrup, Denmark) diluted 1:25 in PBS
for 2 h and washed with a special PBS (PBSS) which
contained 0.02 M glycine and 0.002% Triton X-100 (19). This
step was followed by 3 h of incubation with 1-nm gold-
labeled goat anti-rabbit immunoglobulin G (Aurion, Wa-
geningen, The Netherlands) diluted 1:25 in PBSS. After
overnight washing with PBSS at 4°C, slides were postfixed in
2.5% glutaraldehyde for 10 min and again washed thoroughly
with ultrapure distilled water. Silver enhancement of the
gold particles was performed for 10 min by using the
enhancement kit provided by the manufacturer (Aurion).
Following dehydration with ethanol and impregnation with
Epon, a BEEM capsule (LADD, Burlington, Vt.) filled with
Epon was placed over the section and allowed to polymerize
overnight at 80°C. After cooling, the inverted BEEM cap-
sule, along with the section, was popped off and 50- to 80-nm
sections were cut and placed on Formvar-coated grids.
Sections were then stained with uranyl acetate and then lead
citrate and viewed in a Philips CM 10 electron microscope.
Control experiments with PBS or irrelevant MAbs were
performed to monitor nonspecific gold labeling.

RESULTS

Specificity and characterization of MAbs. Three hybridoma
clones that reacted specifically with both mycobacterial
hsp65 and the 30-kDa region protein-antigen 85 complex
were isolated by screening over 200 antibody-producing
hybridomas. Initial screening of these clones was performed
by ELISA by using the same immunization agents and
affinity-purified mycobacterial hsp65, followed by immuno-
blotting with both sonicate and stationary-phase culture fluid
of M. tuberculosis. The clones were further characterized
and established as stable hybridomas. The MAbs designated
Rb2 [IgG1(k)] and Pel2 [IgG1(k)] were isolated from a fusion
experiment after immunization with the 65-kDa antigen
fraction, whereas MAb A2h11 [IgG1(k)] was obtained from a
separate fusion after immunization with the 30-kDa antigen
fraction.

The reactivity patterns of MAbs Rb2, Pel2, and A2hll
with different antigen preparations are illustrated in Fig. 1
and 2. All MAbs showed strong reactivity with 65-kDa
proteins from sonicated M. tuberculosis, M. bovis BCG, and
M. leprae but not with that from E. coli (Fig. 1A). Only the
reactivity of Rb2 with 30-kDa region antigens could be
visualized weakly with all three sonicated mycobacteria,
whereas Pel2 and A2hll did not show any detectable
reaction with 30-kDa region proteins. Further, these MAbs
showed limited or broad cross-reactivity with the different
sonicated mycobacterial species tested (Table 1). In all
positive cases, reaction with the 65-kDa proteins was invari-
ably seen, whereas weak 30-kDa bands were observed only
with some mycobacterial species.

It is known that 30-kDa region proteins are present in
different concentrations inside and outside the bacteria and
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FIG. 1. (A) Immunoblot analysis of the reactivity of MAbs with sonic extracts of M. bovis BCG (lane 1), M. tuberculosis (lane 2), M.
leprae (lane 3), and E. coli (lane 4). Note the reactivity only with the mycobacterium-specific 65-kDa protein by all three MAbs and weak
binding to 30-kDa region proteins by MAb Rb2 alone. (B) Immunoblot analysis showing the reactivity of MAbs Rb2, Pel2, and A2h11 with
the cytosol fraction (Cyt) of M. tuberculosis. An amido black-stained Western blot containing the cytosol fraction is shown in the left. Note
the strong reactivity of MAb Rb2 with the 30-kDa region doublet protein (lower arrow) in the cytosol fraction compared with Pe12 and A2hl1.
The upper arrow indicates the 65-kDa band. Molecular size markers were in lane S.

also constitute the major proteins in culture fluid. Therefore,
we tested the MAD reactivity with a well-characterized M.
tuberculosis cytosol fraction and culture fluid in immuno-
blotting. Figure 1B illustrates the reactivities of MAbs with
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FIG. 2. Immunoblot analysis of MAbs that recognize mycobacte-
rial hsp65 and the components of the antigen 85 complex. (A) Amido
black-stained Western blots of purified mycobacterial hsp65 MbaA
protein (lane 1), antigen 85A (lane 2), antigen 85B (lane 3), and the
total culture fluid of M. tuberculosis H3TRv (lane 4) from which the
antigen 85 complex was derived. (B) Reactivity of MAbs with
Western blots containing the same antigens. Note the strong binding
of all MAbs to mycobacterial hsp65 (upper arrow) and the strong
reactivity of MAb Rb2 with the antigen 85 complex and correspond-
ing 30-kDa proteins (lower arrow) from culture fluid compared with
Pel2 and A2hll. Lane S contained molecular size markers.

the cytosol fraction. It can be seen that MAb Rb2 reacted
strongly with both the mycobacterial 65-kDa protein and
30-kDa doublet with similar intensities, whereas Pel2 and
A2h11 showed a very weak reaction with 30-kDa doublet
proteins but strongly bound to the 65-kDa protein. The
binding patterns of these MAbs to culture fluid prepared
from stationary-phase cultures of M. tuberculosis H37Rv is
described below (Fig. 2, lane 4). )

Relationship between mycobacterial hsp65 and the secreted
antigen 85 complex. The 30-kDa region prateins and the
antigen 85 complex of M. tuberculosis and M. bovis BCG
culture fluids correspond to the major mycobacterial se-
creted proteins. Therefore, we studied the reactivitics of
these MAbs with purified individual components of the
antigen 85 complex, namely, 85A (MPT44), 85B (MPT59),
and 85C (MPT45), and with mycobacterial hsp65 at the
epitope level.

(i) Immunoblotting. Figure 2 illustrates the relationship
between mycobacterial hsp65 and the secreted antigen 85
complex. Western blots (immunoblots) containing purified
mycobacterial hsp65, MPT44 (85A), and MPT59 (85B), as
well as total M. tuberculosis H37Rv culture fluid, were
separately reacted with all three MAbs. Rb2 showed a strong
reaction with both mycobacterial hsp65 and 85A-85B, as
well as with the 30-kDa doublet proteins from the total
culture fluid corresponding to the components of the antigen
85 complex. In contrast, the binding of Pel2 and A2hll to
purified MPT proteins and culture filtrate antigens was found
to be rather weak while the reaction to mycobacterial hsp65
was strong. The reactivity of Pel2 and A2hll to mycobac-
terial hsp65 showed an intensity similar to that of MAb Rb2.
The results indicate that all three MAb-defined epitopes are
shared between mycobacterial hsp65 and the antigen 85
complex. Although these MAbs bind to the same proteins,
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FIG. 3. Dot blot ELISA showing binding of MAbs to purified
native proteins of the secreted antigen 85 complex (MPT44 [85A],
MPT59 [85B], and MPT45 [85C], MPT51 (27 kDa), and MPT64 (26
kDa), as well as mycobacterial hsp65. Note the strong reactivity of
MAbs Rb2, Pel2, and A2h11 with native hsp65 and the MPT44
(85A) and MPTS59 (85B) components but not with the closely related
MPTS51 and MPT64 proteins. The reactivity of previously charac-
terized MAb HYT27 is shown as a positive control for the antigen 85
complex and MPT51 (44, 46). Note the nonreactivity of HYT27 with
hsp65.

there was a difference at the individual epitope level, as Pe12
and A2hl11 bound weakly to the antigen 85 complex alone
but strongly to hsp65.

(ii) MAD reactivity with purified native proteins. Binding of
MADs to a particular protein is known to vary significantly in
accordance with the native or denatured form of the protein
and the system used for detection. The individual identities
of the components of the antigen 85 complex cannot be
accurately determined by immunoblotting, as these compo-
nents do not resolve properly in SDS-PAGE (44). Therefore,
we employed a dot blot assay and a solid-phase ELISA using
previously characterized purified native proteins of the an-
tigen 85 complex (24) and mycobacterial MbaA hsp65 (38,
40) to study the binding pattern of these MAbs. In contrast to
the reactivity pattern in immunoblotting, all three MAbs,
bound strongly to the native proteins of the antigen 85
complex and mycobacterial hsp65 with similar intensities in
a dot blot assay (Fig. 3). Interestingly, MAb A2h11 reacted
specifically with 85A and 85B alone, whereas Rb2 and Pel2
bound strongly to 85A and 85B and less strongly to 85C (Fig.
3). None of these MAbs showed a positive reaction with
MPTS51 or MPT64, although these proteins show extensive
immunological cross-reactivity and sequence homology with
the antigen 85 complex, indicating that these MAb-defined
epitopes are specific for either the 85A or the 85B component
alone or only all three components of the antigen 85 com-
plex.

In the solid-phase ELISA, only MAb Rb2 showed a high
optical density in response to 85A, 85B, and hsp65, but Pe12
and A2h11 bound very weakly to 85A and 85B while showing
a high ELISA titer to hsp65 (data not shown). These results
indicate that the crucial epitopes on the antigen 85 complex
when coated in ELISA plates are not accessible for the latter
two MADs. In this study, the above reactivity patterns in
both the dot blot assay and the ELISA were compared with
that of previously characterized MAb HYT27 (1, 44).
HYT27 did not show any reactivity with mycobacterial
hsp65 but reacted strongly with the 85 complex and MPT51
and weakly with MPT64, indicating that the HY'T27 epitope
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TABLE 2. Reactivity of MAbs with Cro-LacZ-MbaA M. bovis
BCG hsp65 fusion proteins and truncated MbaA derivatives

provein e o MAb sy

expressing MbaA

plasmid expressed® Rb2 Pel2 A2h11
pRIB1404 1-540 + + +
pRIB1421 62-540 + + +
pRIB1418,1419 66-540 + + +
pRIB1424 84-540 + + +
pRIB1422 109-540 + + +
pRIB1425 110-540 + + +
pRIB1427 124-540 + + +
pRIB1426 171-540 + + +
pRIB1451 276-540 + + +
pRIB1430 280-540 + + +
pRIB1444 303-540 + + +
pRIB1453 424-540 + + -
pEX2 None - - -
pRIB1300 1-540 + + +
pRIB1301 1-14, 235-540 + + +
pRIB1302 1-481 : - - +

¢ The amino-terminal methionine was taken as residue 1 in MbaA hsp65,
which has a length of 540 amino acids (38, 40).

® Reactivities of MAbs with total proteins from induced cells carrying
various recombinant plasmids were determined in a dot blot ELISA as
described previously (40).

is present not only in the three components of the antigen 85
complex but also in MPT51 and MPT64 (Fig. 3). These data
further confirm the specific binding of MAbs Rb2, Pe12, and
A2h11 to mycobacterial hsp65 and to the secreted compo-
nents of the antigen 85 complex alone.

Mapping of epitopes on M. bovis BCG hsp65 and the M.
leprae antigen 85 complex. To identify the epitope-containing
regions shared between mycobacterial hsp65 and the antigen
85 complex, MAbs were tested with the fusion proteins of
M. bovis BCG hsp65 (40) and the M. leprae 30- and 31-kDa
antigen 85 complex fusion proteins (39). The reactivity
patterns of MAbs with fusion or truncated proteins of
mycobacterial hsp65 are shown in Table 2. These results
indicate that both Rb2 and Pel2 epitopes reside in the
carboxy-terminal region of amino acid residues 479 to 540,
whereas the A2hll epitope-containing region is located in
amino acid residues 303 to 424. The reactivities of these
MAbs with the M. leprae 30- and 31-kDa fusion proteins are
shown in Table 3. Interestingly, all three MAbs reacted only
with the fusion protein expressed by pIHB1004, which
expresses the amino acid sequence from 55 to 266, indicating
the presence of these shared hsp65 epitopes on the N-termi-
nal region of the M. leprae homolog of the antigen 85
complex.

TABLE 3. Reactivity of MAbs with the recombinant fusion
proteins of the M. leprae 30- and 31-kDa antigen 85 complex

Fusion protein®- AS‘:;‘:; :;id MAD reactivity?
expressing plasmid expressed Rb2 Pel2 et
pIHB1004 55-266 + + +
pIHB1006 265-237 - - -
pPEX2 None - - -

“ Expressed by recombinant plasmids containing two different parts of the
30- and 31-kDa antigen 85 complex gene of M. leprae (39).

® Determined by immunoblotting analysis using protein extracts from E.
coli POP2136 carrying recombinant plasmids.
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TABLE 4. Amino acid sequence similarities between
M. tuberculosis and M. bovis BCG hsp65 and the
M. leprae 30- and 31-kDa antigen 85 complex in
the MAb-reactive regions of the two proteins

- - 2
Compared amino acid sequences No. of amino acid

similarities/total no.

hsp65 Aé‘l(:‘ig;:le’s(s of amino acids
307-318 163-174 512
367-375 201-209 5/9
375-383 124-132 59
499-505 169-175 5n

2 From references 38 and 39.

To investigate the epitope specificities of these MAbs
further, especially for Rb2 and Pel2 epitopes, as they reside
in the same region of mycobacterial hsp65, we performed a
cross-inhibition ELISA by using HRP-labeled, affinity-puri-
fied MAbs (Table 4). These experiments revealed that MAbs
Rb2 and Pel2 partially inhibited each other for binding to
mycobacterial hsp65, indicating a certain overlap between
these two epitopes. On the other hand, A2h11 did not inhibit
the binding of the latter two MAbs to mycobacterial hsp65
and thus provided further evidence that the location of the
A2h11 epitope on mycobacterial hsp65 is different from that
of the Rb2 and Pel2 epitopes. Furthermore, binding of Rb2
and Pel2 to hsp65 was not inhibited by previously charac-
terized MAb F67-2, which has been mapped to a region
within the Rb2-Pel2 epitope on mycobacterial hsp65 (3, 40).
These results therefore indicate the occurrence of at least
three different epitopes of mycobacterial hsp65 that are
shared with the secreted antigen 85 complex of M. tubercu-
losis, M. bovis BCG, and M. leprae.

Amino acid sequence comparison. The epitope specificity
of these MAbs showed that two regions of hsp65 and a
region of the antigen 85 complex are involved in the cross-
reactivity. To determine whether specific sequences are
involved in this phenomenon, we searched the sequence
homologies between these specific regions of the two pro-
teins. Table 5 depicts the comparison of different sequences
within the MAb-reactive regions of hsp65 from M. tubercu-
losis and M. bovis BCG and the 30- and 31-kDa antigen 85
complex of M. leprae. A number of amino acid similarities
were found within these stretches. Figure 4 shows the best
homologies between M. tuberculosis and M. leprae hsp65
and the proteins of the antigen 85 complex, 85A, 85B, and
85C. These similarities at the amino acid level might explain
the locations of MAb-reactive epitopes common to these
proteins.

In situ localization of shared epitopes in M. leprae. To

TABLE 5. Specificity of MAb-defined epitopes on mycobacterial
hsp65 as analyzed by inhibition ELISA

% inhibition produced by unlabeled MAb®:

HRP-labeled
MAb® Rb2 Pel2 A2h11 F67-2
Rb2 92 58 15 18
Pel2 50 87 10 20

2 MAD dilutions corresponding to 50% of the maximum optical density at
450 nm were used; the dilution of both labeled MAbs was 1:2,000.

® Inhibition of binding of labeled MAbs to purified mycobacterial hsp65-
coated ELISA plates (0.5 pg per well) in the presence of predetermined
concentrations of unlabeled competitor MAbs.

INFECT. IMMUN.

A 375 AVI KAGAAT 383
B 422 AVI KAGAAT 430
C 124 *CG*#* ¥ CT* 132
D 86 * CR* * * CQ* 94
E 116 * CG=** *x CQ* 124
F 86 ¥ CG=*=* *» CQ* 94
A 499 S ALQNAA 505
B 546 S ALQNAA 552
C 169 ¥ ¥ ¥ T L % * 175
D 131 * » »x TL * ] 137
E 161 ¥ * MI L * * 167
F 131 ¥ ¥ x T L * * 137

FIG. 4. Comparison of MAb-reactive amino acid sequence re-
gions among mycobacterial hsp65 and the proteins of the antigen 85
complex. The best-homology-containing regions of MAbs A2hll
(top) and Rb2-Pel2 (bottom) are shown. The sequences of hsp65 of
M. tuberculosis and M. bovis BCG (A; reference 38) and M. leprae
(B; reference 33) are depicted in the single-letter code and compared
with those of the M. leprae 30- and 31-kDa antigen 85 complex (C;
reference 39), antigen 85A of M. tuberculosis (D; reference 5),
antigen 85B of M. bovis BCG (E; reference 20), and antigen 85C of
M. tuberculosis (F; reference 9). Identical residues between hsp65
and the components of the antigen 85 complex are indicated by
asterisks.

ascertain the possible expression of these epitopes in M.
leprae, we performed immunohistochemical analysis of ba-
cilliferous lepromatous leprosy lesions and M. leprae-in-
fected armadillo tissues by using MAbs.

(i) Immunoperoxidase staining. All of the MAbs showed
clear rod-shaped bacillary staining in both bacilliferous lep-
romatous leprosy lesions and M. leprae-infected armadillo
liver tissue. Figure 5 illustrates a representative bacterial
staining pattern of MAb Rb2 with liver tissue of an armadillo
infected with M. leprae. A similar staining pattern was
observed with MAbs Pel2 and A2hl11. These results indicate
strong expression of all three epitopes on the cell surface of
M. leprae. Detailed comparative immunohistochemical anal-
ysis of various forms of leprosy lesions with these MAbs,
together with a panel of anti-30-kDa MAbs, will be described
elsewhere (manuscript in preparation).

(ii) Immunogold ultracytochemistry. In view of the immu-
noperoxidase staining of M. leprae by MAbs and their
reactivity with the bacterial cytosol fraction in immunoblot-
ting, we further studied the ultrastructural localization of
these MAb-defined epitopes within the bacilli present in
human lepromatous leprosy skin lesions and armadillo tis-
sue. As expected, in situ gold labeling (represented by the
numerous black dots of 1-nm gold particles) on the cell
surface of M. leprae bacilli was clearly demonstrated by all
three MAbs in both M. leprae-infected armadillo tissue and
lepromatous leprosy lesions. Representative examples with
MAD Rb2 are shown in Fig. 6. Close examination of electron
micrographs showed that the cell surface of the bacilli
showed the highest labeling density (Fig. 6A), while a
significant number of gold particles were also localized
within the cytoplasm of the bacilli (Fig. 6B and C). Our data
further provide evidence that these epitopes are expressed
not only on the cell surface but also in the cytosol of M.
leprae. Moreover, a few gold spheres were also observed
within the tissue milieu but in the vicinity of bacteria (Fig.
6A). These labelings are probably due to the reactivity of
MAbs with either cell wall debris, leaked cytoplasmic com-
ponents, or secreted products of M. leprae within tissues.
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FIG. 5. Representative example showing immunoperoxidase staining by MAb Rb2 of liver tissue from an armadillo infected with M.
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leprae. Note the staining of rod-shaped bacilli in the tissues, indicating the presence of the Rb2 epitope at high density on the M. leprae
surface. Both MAbs Pel2 and A2h11 showed staining identical to that of Rb2. Sections were counterstained with hematoxylin. Magnification,

x2,000.

DISCUSSION

The present study describes the identification and immu-
nological characterization of three unique epitopes shared
between mycobacterial hsp65 and the secreted components
of the antigen 85 complex by three novel MAbs, Rb2, Pel2,
and A2hll. We also describe the specific expression of all
three epitopes on the cell surface of M. leprae in leproma-
tous leprosy lesions and in the liver tissue of armadillos
infected with M. leprae.

The 65-kDa antigen is one of the most extensively studied
antigens of M. tuberculosis and M. leprae and corresponds
to the product of the conserved bacterial and human 60-kDa
heat shock or stress protein family (16, 33, 34, 38, 48).
Despite its evolutionary conservation and its postulated
involvement in autoimmune diseases (8), mycobacterial
hsp65 is still considered to be a source of a potential immune
target in leprosy and tuberculosis (49). Several MAb-reac-
tive epitopes and T-cell epitopes of this protein have been
identified (3, 6, 12, 22, 23, 40). The three epitopes on M.
tuberculosis and M. leprae hsp65 presented in this study are
different from known epitopes defined by previously char-
acterized MAbs. By using fusion and truncated proteins of
the MbaA molecule, we mapped the Rb2-Pel2 and A2hl1
epitopes to the C-terminal region of the 479 to 540- and 303
to 424-amino-acid sequences, respectively. A number of

MAb-reactive epitopes in this particular region of M. ruber-
culosis and M. leprae have been previously identified (23,
33, 40), and some of them have been precisely localized by
using synthetic peptides (3). Within this region, two epitopes
have been mapped to M. leprae-specific sequences (3, 33)
whereas one epitope has been mapped to an M. tuberculosis-
specific sequence (30). In the A2hll epitope-containing
region of M. tuberculosis and M. leprae hsp65, at least five
MAb-defined epitopes have been previously mapped (22, 33,
40). None of these anti-hsp65 MAbs have demonstrated any
evidence of reactivity with the secreted antigen 85 complex
or the presence of their epitopes on the M. leprae cell
surface or cell wall (15, 43, 48). In addition, the species
specificity of these MAbs is different from that of MAb
A2hl11, and some of these MAbs (IT32 [22], F67-13, and
F67-18 [6]) also reacted with E. coli and other nonmycobac-
terial species (37), while A2h11 did not show any reactivity
with E. coli (Fig. 1A). On the other hand, three well-
characterized MAbs have been mapped to a part of the
region of the Rb2-Pel2 epitope (amino acid residues 479 to
540) of M. tuberculosis and M. leprae hsp65 (3, 33, 40); the
MAD F67-2 and IIC8 epitopes have been precisely mapped
to a single epitope (3), whereas the MAb T-23 epitope was
located in a region next to the F67-2-1IC8 epitope (22, 33).
We confirmed by an ELISA inhibition experiment that the
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FIG. 6. Electron micrograph showing in situ immunogold labeling of M. leprae bacilli by MAb Rb2 in liver tissue of an armadillo infected
with M. leprae. (A) Overview showing gold labeling mostly on the cell surface of M. leprae. Note the presence of few gold particles in the
tissue milleu only in the vicinity of the bacilli, probably indicating labeling of either cell wall debris or degraded or secreted products of M.
leprae. (B) Heavily labeled clusters of M. leprae showing bound gold particles along the characteristic electron-dense double layer of the cell
wall and also within the cytoplasm. (C) Clear cytoplasmic labeling showing the presence of the Rb2 epitope in the cytosol of M. leprae. (D)
In situ gold labeling of M. leprae in a human skin lesion from a patient with lepromatous leprosy (bacillary index [BI] = 6+) by MAb Rb2.
Note the specific labeling only in association with bacilli in the lesion compared with the negative control with PBS (E). Magnifications: A,

%34,000; B, x37,000; C, x40,000; D and E, x50,000.

F67-2-1IC8 epitope is different from the Rb2-Pe12 epitope as
MAD F67-2 did not inhibit the binding of labeled MAbs Rb2
and Pel2 to mycobacterial hsp65. Interestingly, MAb IIC8
has been shown to react with the cell wall protein complex
purified from M. leprae (15), but when compared with Rb2
and Pel2, the epitope of F67-2-IIC8 was not expressed in
situ on the M. leprae cell surface. This was demonstrated by
immunohistochemical analysis of bacilliferous lepromatous
lesions and M. leprae-infected armadillo tissues by using
MAD F67-2 (unpublished data). Moreover, when the pub-
lished data on previously described MAb T-23 (21, 33) were
compared with those on presently described MAbs Rb2 and
Pel2, it was also found that the characteristics of the latter
are different from those of the former. On the basis of these
comparative analyses, we conclude that the three MAb-
reactive epitopes described in the present study are newly
identified epitopes on the C-terminal region of M. tubercu-
losis and M. leprae hsp65 that are shared with the compo-
nents of the actively secreted antigen 85 complex.

By using fusion proteins of the M. leprae 30- and 31-kDa
antigen complex, we confirmed the localization of the Rb2-
Pel2 and A2hl1 epitopes to the N-terminal region of amino
acid residues 55 to 266 of the M. leprae antigen 85 complex.
This amino acid region of the M. leprae antigen 85 complex
was previously identified by using sera from lepromatous
leprosy patients (39). Interestingly, the same M. leprae
protein fragment of the antigen 85 complex has also been
shown to be one of the binding sites for fibronectin (39). On
comparing these MAb-reactive amino acid regions of myco-
bacterial hsp65 and the antigen 85 complex, we found that
hsp65 showed certain amino acid sequence similarities to the
proteins of the antigen 85 complex of M. tuberculosis, M.
bovis BCG, and M. leprae. The specific cross-reactivity of
these MAbs with hsp65 and the antigen 85 complex is
probably due to recognition of these common amino acid
sequences.

Further confirmation of shared epitopes between myco-
bacterial hsp65 and the antigen 85 complex was obtained by
testing the reactivity of MAbs with purified antigens. An
interesting finding is the different behavior of these epitopes
with hsp65 and the antigen 85 complex under native and
denatured conditions. Immunoblotting showed that MAb
Rb2 reacted strongly with both hsp65 and the antigen 85
complex, as well as with the corresponding secreted 30-kDa
region doublet proteins from culture fluid. On the other
hand, while MAbs Pel2 and A2hll reacted strongly with
hsp65, they bound weakly to the antigen 85 complex and the
30-kDa doublet from culture fluid in the same Western blot.
In contrast, all three MAbs strongly bound to the native
proteins of mycobacterial hsp65, as well as to the 85A and
85B components, while only MAbs Rb2 and Pel2 showed a
weak positive reaction with the 85C component. Since the
strong signals produced by MAbs in immunoblotting is
known to be due to recognition of linear or continuous
epitopes, it is probable that the Rb2 epitope exists as a linear

epitope on both mycobacterial hsp65 and the components of
the antigen 85 complex. For the same reason, it is possible
that while both Pel2 and A2h11 do exist as linear epitopes in
two different regions of mycobacterial hsp65, they seem to
be present as conformational epitopes in the antigen 85
complex. It is striking that a single epitope shared between
two distinct mycobacterial proteins may exist in two differ-
ent configurations. This behavior provides further evidence
of the complexity of the antigen 85 complex at the epitope
level.

Both hsp65 and the corresponding antigen 85 complex are
considered to be immunodominant antigens of M. leprae (3,
6, 39, 43, 45, 49). In the present study, by using immunohis-
tochemical analysis, we demonstrated the expression of
these three shared epitopes on the cell wall surface of M.
leprae within macrophages in bacilliferous lepromatous le-
sions and in M. leprae-infected armadillo liver. Further
analysis of the in situ expression of these epitopes in lesions
from leprosy patients across the clinical spectrum showed
that these epitopes are differentially expressed within the
lesions (data not shown). Furthermore, ultrastructural cy-
tochemical analysis of these tissues demonstrated gold la-
beling on the cell surface of M. leprae. Interestingly, detec-
tion of significant gold particles within the cytoplasm of the
bacilli may provide evidence that the antigen 85 complex is
a cytoplasmic protein of M. leprae. However, since these
MADbs reacted with both the antigen 85 complex and hsp65,
it is not clear which antigen is present on the M. leprae cell
surface or cytosol. Nevertheless, immunohistochemical in-
hibition experiments showed that staining of M. leprae in the
lesions was abolished after preincubation of MAbs with
hsp65 and the antigen 85 complex or the total culture filtrate
of M. tuberculosis. These data provide evidence for the
intracellular and surface localization of both the 30-kDa
antigen 85 complex and hsp65 in M. leprae.

In conclusion, our results demonstrate that at least three
novel MAb-defined epitopes of mycobacterial hsp65 are
shared with the secreted proteins of the antigen 85 complex.
Strong in situ expression of these epitopes was found on
intact M. leprae within macrophages in lepromatous leprosy
lesions and in M. leprae-infected armadillo tissue. Since
both secreted proteins and the polypeptides associated with
the M. leprae cell wall have powerful immunologic activity,
it is likely that these epitope-containing peptides are impor-
tant during M. leprae infection.
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