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CD81 T cells are essential for protection against mycobacteria, as is clearly demonstrated by the fatal
outcome of experimental infection of b-2 microglobulin knockout mice. However, the mechanisms and antigens
(Ags) leading to CD81 T-cell activation and regulation have been poorly characterized. Here we show that,
upon immunization of major histocompatibility complex (MHC)-congenic mice with Mycobacterium bovis
bacillus Calmette-Guérin (BCG), a cytotoxic response against BCG culture filtrate (CF) Ags (CFAgs) is
induced in H-2b and H-2bxd haplotypes but not in H-2d haplotype. This response is mediated by CD81 T cells
and absolutely requires the activation of CD41 T cells and their secretion of interleukin 2. The lack of cytotoxic
response in H-2d mice cannot be explained by impaired cytokine production or by a defect in Ag presentation
by H-2d macrophages. Using the MHC class I mutant B6.C-H-2bm13 mouse strain, we demonstrate that
cytotoxic T lymphocytes (CTLs) recognize CFAgs exclusively in association with Db molecules. These Ags are
cross-reactive in mycobacteria, since BCG-induced CTLs also recognize macrophages pulsed with CF from
Mycobacterium tuberculosis H37Rv and H37Ra and from two virulent strains of M. bovis. Moreover, immuni-
zation with Mycobacterium kansasii induces CTLs able to lyse macrophages pulsed with BCG CF. Finally, we
have found that these Ags can be characterized as hydrophilic proteins, since they do not bind to phenyl-
Sepharose CL-4B. Our results indicate that MHC-linked genes exert a profound influence on the generation
of CD81 CTLs following BCG vaccination.

Human tuberculosis caused byMycobacterium tuberculosis is
responsible for approximately 8 million new cases and 3 million
deaths annually and is by far the most prevalent infectious
disease worldwide (5). The only available vaccine is the atten-
uated Mycobacterium bovis BCG. Although BCG is one of the
most frequently used vaccines, its efficacy remains controver-
sial, since human trials have demonstrated protection ranging
from 0 to 80% (52). The increased incidence of tuberculosis
and the lack of an effective vaccine have given a new impetus
to tuberculosis research, since a comprehensive understanding
of the mechanisms leading to protection is essential for the
development of improved or new vaccines.
Protective immunity against mycobacteria is considered to

be essentially cell mediated, dependent on T lymphocytes lo-
cally secreting molecules such as gamma interferon (IFN-g),
which stimulate the antimicrobial activity of infected macro-
phages, allowing intracellular bacterial killing (59). The crucial
role of IFN-g in acquired protection has been clearly demon-
strated by antibody neutralization experiments and by the fatal
outcome of BCG and M. tuberculosis infection in IFN-g or
IFN-g-receptor knockout mice (4, 14, 20, 34). Although T cells
are known to be necessary for a protective immune response,
the relative contribution of CD41 and CD81 T-cell popula-
tions in protection against M. tuberculosis infection is not
clearly defined. Early studies with antibody depletion of T-cell
subsets in vivo (26, 41, 43, 49) and the recent availability of
major histocompatibility complex (MHC) class I and MHC
class II knockout mice (21, 38) have shown that CD41 or
CD81 T cells or both are required to controlM. tuberculosis or

BCG infection in mice. Cytolytic CD81 T cells have already
been described upon mycobacterial infection (16), but the use
of mycobacterium-infected macrophages as target cells did not
allow the identification of the recognized antigens (Ags). Some
reports have suggested that g/d T cells also contribute to pro-
tective immunity against mycobacteria, since g/d T cells in the
peripheral blood of healthy individuals but also in mice are
selectively activated and expanded by mycobacterial ligands
(31–33). Some of these ligands have been identified as pro-
tease-resistant phosphorylated metabolites of a thymidine-con-
taining nucleotide (13, 50). In addition, CD42 CD82 a/b T-
cell lines generated from normal donor peripheral blood
lymphocytes were shown to recognize mycolic acid from M.
tuberculosis in a CD1-restricted fashion (51), but the in vivo
function of these cells remains unknown.
Identification of the specific Ags recognized by T cells is

essential for evaluating their role in the protective immune
response. Since protective immunity against M. tuberculosis is
generated most efficiently by immunizing with live bacilli (44),
interest has focused in recent years on proteins actively se-
creted and released into the medium of mycobacterial cultures.
Culture filtrate (CF) Ags (CFAgs) are major targets of CD41

T cells (45), and effective vaccination of guinea pigs (46) and
mice (1) against M. tuberculosis could be achieved by immuni-
zation with CF and adjuvants. Some of these CFAgs have been
identified and cloned and were shown to induce CD41 T-cell
proliferation and interleukin 2 (IL-2) and IFN-g production (2,
27; reviewed in reference 61). The characterization of myco-
bacterium-specific CD81 cytotoxic T lymphocytes (CTLs) and
the identification of their target Ags, however, have been ham-
pered by difficulties due to their recognition in the context of
MHC class I molecules, since exogenous soluble Ags are gen-
erally not introduced in this presentation pathway. Therefore,
Ags recognized by CD81 T cells remain largely unknown. In
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this report, we describe the generation and regulation of a
cytotoxic CD81 T-cell response against CF-pulsed macro-
phages in mice immunized with BCG. Our results demonstrate
the feasibility of using exogenously CF-pulsed macrophages for
direct identification of the molecular targets of mycobacteri-
um-specific CD81 T cells.

MATERIALS AND METHODS

Mice. BALB/c (H-2d Bcgs), DBA/2 (H-2d Bcgr), C3H (H-2k Bcgr), C57BL/6
(H-2b Bcgs), C57BL/10 (H-2b Bcgs), 129 Sv (H-2b Bcgr), BALB.B10 (BALB/c
background, H-2b Bcgs), B6.C-H-2bm12 (H-2bm12 Bcgs), B6.C-H-2bm13 (H-2bm13

Bcgs), B10.A (H-2a Bcgs), and (C57BL/6 3 BALB/c)F1 (H-2bxd Bcgs) mice were
obtained from the animal house of the Pasteur Institute from breeding pairs
initially obtained from the Netherlands Cancer Institute or the University of
Louvain, Brussels, Belgium (129 Sv). C.D2 (BALB/c background, H-2d Bcgr)
mice were kindly given by E. Skamene (8). B6.C-H-2bm12 mutant and C57BL/6
mice differ by three productive nucleotides within a stretch of 14 nucleotides in
the exon encoding the first extracellular domain of the MHC class II Ab gene,
leading to three amino acid changes: Ile to Phe at position 67, Arg to Gln at
position 70, and Thr to Lys at position 71 (24). B6.C-H-2bm13 mice carry muta-
tions in the a2 domain of the MHC class I Db gene: Leu to Gln at position 114,
Phe to Tyr at position 116, and Glu to Asp at position 119 (7). Female mice were
8 to 10 weeks old at the beginning of all experiments.
BCG infection and CFAgs.Mice were inoculated intravenously in a lateral tail

vein with 0.5 mg (4 3 106 CFU) of freshly preparedM. bovis BCG GL2 (Pasteur
Institute of Brussels) as described previously (29) or 1 3 106 CFU of Mycobac-
terium kansasii. For secondary responses, mice were given an intravenous boost
injection of 0.5 mg of BCG or 106 CFU of M. kansasii 2 months after the first
injection. CFs were obtained from 14-day-old zinc-deficient cultures of M. bovis
BCG GL2, from zinc-containing cultures of M. tuberculosis H37Rv and H37Ra,
and from two virulent M. bovis strains (AN5 and VF61) grown as a surface
pellicle culture on synthetic Sauton medium. Proteins were concentrated by
precipitation with ammonium sulfate (80% saturation), extensively dialyzed
against phosphate-buffered saline (PBS), and sterilized through a 0.2-mm-pore-
size filter.
In vitro restimulation of CTLs in bulk cultures. Spleens were removed asep-

tically 4 weeks after the BCG injection, at the earliest, and spleen cells (2.53 106

cells/ml) were cultured for 1 week in RPMI 1640 medium supplemented with 10
mg of gentamicin per ml, 2 mM L-glutamine, 5 3 1025 M 2-mercaptoethanol,
10% fetal calf serum (FCS), and 15 mg of BCG CF per ml in 24-well plates. In
some experiments, 10 U of IL-2 (CLB, Amsterdam, Holland) per ml was added
to the culture medium. Cultures were maintained in 5% CO2 at 378C.
Neutral red assay. Target cells were peritoneal exudate cells (PEC) elicited 1

week before harvesting by intraperitoneal thioglycolate (Difco Laboratories,
Detroit, Mich.) injection. Macrophages were harvested by washing the peritoneal
cavity twice with 8 ml of ice-cold PBS. PEC were washed and cultured for 4 h in
round-bottom microplates (105 macrophages/well) in RPMI 1640 medium sup-
plemented with 20 mg of CF per ml. Effector cells were harvested from bulk
cultures, washed, and added in triplicate to target cells, at the effector cell/target
cell ratios (E/T ratios) indicated in the figures, in RPMI containing 10% FCS.
After 16 h of coculture, target lysis was analyzed by a slight modification of the
technique described by Parish and Mullbacher (48). Briefly, microplates were
gently washed to remove supernatants containing effector cells; then 0.036%
neutral red in Hanks balanced salt solution was added. Fifteen minutes later,
microplates were washed three times with PBS and the neutral red was released
by the addition of 100 mM acetic acid and ethanol. Optical densities (ODs) were
measured at 540 nm in an enzyme-linked immunosorbent assay microspectro-
photometer. Results were expressed as percent lysis of target cells at each E/T
ratio, based on the formula percent lysis 5 [(C-B)2(E-B)]/(C2B) 3 100, where
C is the mean OD of macrophages without effector cells, B is the mean OD of
wells without cells, and E is the mean OD of macrophages plus effector cells.
T-cell subset depletion. Lymphocytes were purified on Lympholyte-M (Cedar-

lane, Hornby, Ontario, Canada), and 5 3 106 cells/ml were incubated with
monoclonal antibody (MAb) RL172 (anti-CD4) or 83.12.5 (anti-CD8) culture
supernatants for 45 min at 378C. Spleen cells were then pelleted and resuspended
in low-toxicity rabbit serum (Cedarlane) as a complement source for 45 min at
378C. Finally, spleen cells were washed twice before use.
Immunofluorescence staining. CD4-CD8 double staining was performed with

fluorescein isothiocyanate-labelled rat anti-mouse L3T4 MAb (clone RM4-5;
Pharmingen, San Diego, Calif.) and phycoerythrin-labelled rat anti-mouse CD8b
MAb (clone 53-5.8; Pharmingen). One hundred microliters of cells (107 cells/ml)
was incubated in PBS containing 5% FCS, 0.1% NaN3, and 1 mg of each antibody
for 30 min at 48C. Cells were washed twice and fixed in 200 ml of PBS with 1%
paraformaldehyde. Fluorescence was analyzed on a FACScan cytofluorometer
(Becton Dickinson, Mountain View, Calif.) with Lysis II software. Live lympho-
cytes were gated on the basis of their characteristic forward and side scatter
profile.
CF fractionation with hydrophobic chromatography. Proteins in CF were

fractionated on the basis of their hydrophobicity as previously described (15).
Briefly, a phenyl-Sepharose CL-4B column (Pharmacia, Uppsala, Sweden) was

equilibrated with 20 mM phosphate buffer containing 0.45 M NaCl. The salinity
of the CF was adjusted to that of the column before injection. Unbound material
was termed L0. The column was then washed with 1 column volume of the same
buffer to remove unfixed material (L1) and successively with 20 mM (L2) and 4
mM (L3) phosphate buffer. Protein analysis was done by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis on 15% (wt/vol) acrylamide gels with Mini
Protean II apparatus (Bio-Rad Laboratories, Richmond, Calif.). Gels were
stained with Sypro-Orange (Bio-Rad) and visualized on a 302-nm-wavelength
box with Molecular Analysist software (Bio-Rad).

RESULTS

BCG-immunized H-2b but not H-2d mice can mount cyto-
toxic responses specific for CFAgs. In preliminary experi-
ments, C57BL/6 and BALB.B10 mice were immunized intra-
venously with BCG and the cytotoxic response was analyzed
after a primary and a secondary immunization. Cytotoxic ac-
tivity after bulk culture was monitored on syngeneic PEC that
were unpulsed or pulsed with BCG CF. Cultured BALB.B10
(but also C57BL/6) spleen cells developed strong cytolytic ac-
tivity against CF-pulsed macrophages, particularly after a sec-
ondary BCG immunization, as shown by analysis with the neu-
tral red uptake assay (Fig. 1). Therefore, only mice immunized
twice with BCG were used throughout the rest of this study.
This response was also monitored by a standard 4-h 51Cr re-
lease assay with EL-4 cells as targets. EL-4 cells pulsed with CF
could also be lysed efficiently by effector cells, although the
percentages of cytotoxicity observed were lower than with the
neutral red uptake assay (data not shown).
Specific cytolytic activity could be measured beginning 4 to 5

weeks after immunization and up to at least 25 weeks. A weak
cytolysis of unpulsed target cells was frequently observed early
after immunization and was probably due to NK cell or g/d
T-cell activation. No response was found directly ex vivo before
bulk culture or after restimulation of cells from nonimmune
mice (data not shown). We analyzed various strains of mice for
their ability to mount cytotoxic responses against CFAgs upon
immunization with BCG. Cultured spleen cells from
BALB.B10, C57BL/6, C57BL/10, 129 Sv, (C57BL/6 3 BALB/
c)F1, and B6.C-H-2

bm12 mice all demonstrated comparable
cytolytic activity against CF-pulsed syngeneic macrophages,

FIG. 1. BCG immunization induces a CF-specific cytotoxic response. Spleen
cells from BALB.B10 mice were obtained 6 weeks after primary or secondary
immunization with BCG and amplified with BCG CF. Effector cells were har-
vested 1 week later, and cytotoxic activity was determined on syngeneic BCG
CF-pulsed or unpulsed PEC as described in Materials and Methods. Cultures
were performed in triplicate. Standard errors of the mean (SEM) were below
8%. This experiment was performed twice with similar results.
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whereas bulk cultures of B6.C-H-2bm13 (C57BL/6 mice carry-
ing mutations in the MHC class I D molecule) spleen cells
were devoid of cytotoxic activity (Fig. 2). When supernatants
from the cytolysis assay were harvested and tested for their
cytolytic potential on fresh syngeneic peritoneal macrophages,
no lysis was detected, indicating that cytolysis was genuinely
cell mediated (data not shown). Furthermore, we were unable
to detect a specific cytotoxic response in BALB/c, C.D2, and
DBA/2 mice (Fig. 2 and data not shown). The lack of cytotoxic
response in these H-2d strains was not due to a peculiar resis-
tance of target cells to cell lysis, since H-2bxd, H-2d, H-2b, and
mutant H-2 haplotype macrophages were equally lysed by
CTLs generated during H-2b 3 H-2d or H-2d 3 H-2b mixed
lymphocyte cultures (data not shown).
Cytotoxic response is mediated by CD81 T cells and re-

quires CD41 T-cell activation and IL-2 secretion. The pheno-
type of the effector cells mediating cytotoxicity was determined
by complement-mediated lysis of T-cell subsets. Spleen cells
were harvested from bulk cultures and were left untreated,
incubated with complement only, or depleted of CD41 or
CD81 T cells and assessed for CTL activity on syngeneic CF-
pulsed PEC. After depletion, the remaining population con-
tained less than 3% CD41 or CD81 T cells, as shown by
analysis by cytofluorometry. Figure 3 shows that depletion of
CD81 T cells totally abrogated the cytotoxic activity of effector
cells, while CD41 T-cell depletion had no effect. This experi-
ment clearly demonstrated that BCG immunization induces a
CTL response that is mediated by CD81 T cells and is specific
for CFAgs.
We next investigated the role of IL-2 secretion during bulk

culture for efficient CTL generation. Spleen cells were cultured
with IL-2, CF, or both, and cytotoxic activity in these bulk

cultures was analyzed on unpulsed or CF-pulsed macrophages.
Effector cells cultured in the presence of IL-2 showed in-
creased nonspecific cytotoxic activity against unpulsed macro-
phages at higher E/T ratios, probably as a result of NK and/or
g/d T-cell activation (Fig. 4A). Culturing with IL-2 in the pres-
ence of CF increased the specific cytolysis of CF-pulsed mac-

FIG. 2. Analysis of the ability of mice of different strains to mount cytotoxic responses upon BCG immunization. Spleen cells from C57BL/10, (C57BL/6 3
BALB/c)F1, B6.C-H-2bm12, B6.C-H-2bm13, and BALB/c mice, obtained 5 weeks after secondary immunization, and spleen cells from 129 Sv mice, obtained 7 weeks after
secondary immunization, were cultured for 1 week with BCG CF. Cytotoxicity in bulk cultures was assessed on BCG CF-pulsed or unpulsed syngeneic PEC. Cultures
were performed in triplicate. SEM were below 12%. As for BALB/c mice, no cytotoxicity was detected in C.D2 and DBA/2 mice even 8 weeks after immunization. Each
experiment was repeated at least twice.

FIG. 3. Cytotoxic response to BCG CFAgs is mediated by CD81 T cells.
Effector cells from C57BL/6 were generated 12 weeks after secondary immuni-
zation. Effector cells were harvested from bulk cultures, washed, divided into five
equal parts, and then counted to determine the E/T ratio. Effector cells were left
untreated, and their cytolytic activity was tested on BCG CF-pulsed or unpulsed
syngeneic PEC. Effector cells were also incubated with rabbit complement (C-
treated) or depleted of CD41 or CD81 T cells upon incubation with MAb
RL172 or MAb 83.12.5, respectively, and rabbit complement. Effective cell de-
pletion was confirmed by cytofluorometry. Cultures were performed in triplicate.
SEM were below 10%. These results are representative of three experiments.
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rophages, indicating a requirement for IL-2 secretion for op-
timal CTL generation (Fig. 4B). However, this increase could
also simply reflect an additive effect of CF-specific CTL re-
sponse and nonspecific NK activity increased by IL-2. To fur-
ther demonstrate the importance of IL-2, CD41 T cells (the
main T-cell subset synthesizing IL-2) were depleted before
bulk culture and the remaining cells (consisting of less than 4%
CD41 T cells, as analyzed by cytofluorometry) were cultured
with CF alone or supplemented with IL-2. CD41 T-cell deple-
tion before bulk culture totally abrogated the cytotoxic re-
sponse. However, addition of IL-2 during culture restored this
response even above that of the control culture (Fig. 4C).
Depletion of CD81 T cells before bulk culture abolished the
lysis of CF-pulsed macrophages, even when IL-2 was added in
the culture (data not shown). Therefore, although some non-
specific lymphokine-activated killer cell-mediated CTL activity
may be generated by IL-2 treatment, in our experimental sys-
tem, this will account for a minimal percentage compared to
the major contribution of CD81 T cells. These results show
that efficient CD81 CTL generation requires the activation of
IL-2-producing CD41 T cells, at least during the amplification
process in bulk culture.
The inability of H-2d mice to mount a CTL response upon

immunization with BCG cannot be explained by a defect in Ag
presentation. Since (C57BL/6 3 BALB/c)F1 mice mounted a
CTL response, we investigated the MHC restriction of this
response by using CF-pulsed PEC from different H-2 haplo-
types. Figure 5 shows that syngeneic (C57BL/6 3 BALB/c)F1
macrophages but also C57BL/6 and B6.C-H-2bm12 PEC were
efficiently lysed by CTLs generated in H-2bxd mice. However,
B6.C-H-2bm13 macrophages were not recognized by CTLs

from H-2bxd mice, indicating that CTL peptides were exclu-
sively presented in association with Db molecules. Moreover,
these class I mutant macrophages were not recognized by
C57BL/6 CTLs either (data not shown). Finally, BALB/c PEC

FIG. 4. CTL generation in bulk culture requires IL-2 secretion by CD41 T cells. Spleen cells from C57BL/6 mice were obtained 13 weeks after secondary
immunization. Cells were cultured with IL-2, BCG CF, or both, and cytotoxic activity in bulk culture was analyzed on unpulsed (A) or BCG CF-pulsed (B) syngeneic
PEC. Spleen cells were also treated with complement only (C-treated) and cultured with BCG CF or depleted of CD41 T cells and cultured with BCG CF alone or
supplemented with IL-2 (C). Cytotoxicity in bulk culture was assessed on BCG CF-pulsed syngeneic PEC. Cultures were performed in triplicate. SEM were below 10%.

FIG. 5. MHC restriction of the CTL response generated in (C57BL/6 3
BALB/c)F1 mice. Spleen cells were obtained 7 weeks after secondary immuni-
zation and cultured with BCG CF. Cytotoxicity in bulk culture was analyzed on
BCG CF-pulsed PEC from (C57BL/6 3 BALB/c)F1 [(C573 Ba)F1], C57BL/6,
BALB/c, C3H, B6.C-H-2bm12 (bm12), and B6.C-H-2bm13 (bm13) mice. Cultures
were performed in triplicate. SEM were below 8%. This experiment was con-
ducted twice with similar results.
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were not lysed by CTLs from H-2bxd mice, showing that
(C57BL/6 3 BALB/c)F1 mice mounted an exclusively H-2

b-
restricted CTL response. One explanation of these results
could be that H-2d macrophages are unable to present Ags
recognized by CTLs. However, recombinant B10.A mice (Kk

Ak Ek Dd Ld) mounted a CTL response after two injections of
BCG (Fig. 6A). The H-2 restriction of this response was in-
vestigated by using CF-pulsed PEC from BALB/c (H-2d) and
C3H (H-2k) mice as target cells. C3H macrophages were not
lysed, while BALB/c PEC were killed by B10.A CTLs, although
to a lesser extent than syngeneic macrophages (Fig. 6B).
Therefore, in B10.A mice, CTLs seem to recognize Ags in
association with molecules common to B10.A and BALB/c
macrophages, most likely Dd or Ld molecules.
CTLs generated in mycobacterium-infected mice recognize

cross-reactive mycobacterial CFAgs. To determine whether
Ags recognized by CTLs generated upon BCG immunization
are specific for this vaccine or not, we analyzed the cytolysis of
PEC pulsed with CF from two virulent M. bovis strains (AN5
and VF61) and from M. tuberculosis H37Rv and H37Ra, using
BCG-induced CTLs. Figure 7A shows that not only BCG CF
but also M. tuberculosis and M. bovis CF were able to sensitize
PEC for CTL recognition, clearly demonstrating that the Ags
recognized are shared by all these mycobacteria. Several puri-
fied native or recombinant mycobacterial antigens (39, 61),
including Ag85, hsp65, hsp10, and PstS-2, were analyzed, but
none was able to sensitize PEC for cell lysis.

In order to know whether this CTL response could also be
induced upon infection with other mycobacteria, not belonging
to the M. bovis-M. tuberculosis complex, C57BL/6 mice were
immunized with M. kansasii. These mycobacteria were chosen
because their protective efficacy against anM. tuberculosis chal-
lenge more or less equals that of BCG (47). CD81 T cells from
M. kansasii-immunized mice cultured in vitro with BCG CF
efficiently lysed BCG CF-pulsed macrophages (Fig. 7B), show-
ing that these mycobacteria can also activate in vivo CTLs
specific for cross-reactive Ags in CF.
Partial purification of Ags recognized by CTLs. Proteins in

BCG CF were fractionated on the basis of their hydrophobicity
on phenyl-Sepharose CL-4B. The first two fractions collected
(L0 and L1) were very similar in composition and contained
weakly hydrophobic proteins, while fractions L2 and L3
showed different patterns of proteins with increasing hydro-
phobicity (Fig. 8A). These four fractions were used to sensitize
macrophages for CTL recognition. As shown in Fig. 8B, only
PEC pulsed with fractions L0 and L1, but not PEC pulsed with
fractions L2 or L3, were killed. This lysis was even higher than

FIG. 6. Recombinant B10.A mice mount a CTL response restricted to the
H-2d allele. B10.A mice (Kk Ak Ek Dd Ld) were immunized twice with BCG. Ten
weeks later, spleen cells were cultured with BCG CF and the cytotoxic activity in
bulk cultures was assessed on unpulsed or BCG CF-pulsed syngeneic PEC (A).
Cytotoxic activity was also analyzed on BCG CF-pulsed syngeneic, BALB/c, or
C3H macrophages (B). Cultures were performed in triplicate. SEM were below
7%. These results are representative of three experiments.

FIG. 7. Ags recognized by BCG-induced CTL are ubiquitous in mycobacte-
ria. (A) Effector cells from BCG-immunized BALB.B10 mice were generated 7
weeks after secondary immunization. Cytotoxicity was assessed on syngeneic
macrophages that were unpulsed or pulsed with CF from BCG (20 mg/ml), M.
tuberculosis H37Rv (40 mg/ml), M. tuberculosis H37Ra (40 mg/ml), M. bovis AN5
(50 mg/ml), or M. bovis VF61 (20 mg/ml). (B) Spleen cells from M. kansasii-
immunized C57BL/6 mice were restimulated in culture with BCG CFAgs for 1
week. Effector cells were then treated with complement only (C-treated) or
depleted of CD41 or CD81 cells, and cytotoxicity was then analyzed on unpulsed
or BCG CF-pulsed syngeneic macrophages. Cultures were performed in tripli-
cate. SEM were below 12%. These experiments were conducted twice with
similar results.
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that of whole CF-pulsed macrophages, demonstrating that tar-
get Ags were mostly hydrophilic proteins.

DISCUSSION

It is now well established that CD81 CTLs play a major role
in the control of M. tuberculosis and M. bovis BCG infection
(21, 38, 41, 43, 49). CTLs are currently assumed to provide
surveillance for mycobacteria surviving in macrophages, de-
stroy these chronically infected cells by apoptosis, and thereby
purge the host of a reservoir of pathogens. CD81 T cells also
secrete IFN-g, which can stimulate the antimicrobial activity of
infected macrophages. Identification of target Ags recognized
by CD81 T cells is therefore important for understanding host
immune regulation of infection and for development of more
effective vaccination strategies. It was previously reported that
mycobacterium-specific cytolytic CD81 T-cell lines could be
obtained after several rounds of restimulation with mycobac-
terially infected macrophages in vitro (16). However, because
of the use of whole bacteria, characterization of recognized
Ags was impossible. In this study, we have used soluble CFAgs
for CTL amplification in bulk culture and for sensitization of
target cells paired with colorimetric detection of cell lysis to
demonstrate that BCG-immunized H-2b mice mount a robust
CTL response specific for soluble Ags in CF.
We found that CF-specific CTLs generated upon BCG im-

munization were of genuine CD81 T-cell phenotype and that
Ags were recognized in association with MHC class I mole-
cules, more precisely Db molecules, since MHC class I mutant
B6.C-H-2bm13 mice were unable to mount a CTL response and
CF-pulsed B6.C-H-2bm13 macrophages were not recognized by
H-2b or H-2bxd CTLs. This exclusive presentation in associa-
tion with Db molecules is surprising, since in vitro amplification
and target cell sensitization was done with a complex mixture
of CF proteins (12). It could have been expected that presen-
tation of so many proteins would have involved both Db and Kb

molecules. Therefore, our results strongly suggest that rela-
tively few (or maybe only one) proteins serve as efficient tar-

gets for CTL recognition in these BCG-infected mice. How-
ever, we should point out that our in vitro system using
macrophages pulsed with exogenous Ags could also favor
unique Ags displaying special features facilitating their inter-
nalization, processing, or binding to MHC class I molecules
(see below). Similar results have been observed with mice
infected with Toxoplasma gondii, where CTLs restimulated in
vitro with irradiated tachyzoites efficiently lysed soluble Ag-
pulsed macrophages (17). In that study, it was also hypothe-
sized that CTLs recognized only a single Ag.
It is well known that CTLs can secrete low amounts of IL-2

and use it as an autocrine growth factor (3), but there remains
substantial controversy as to whether MHC class I-restricted
CTLs can act autonomously or whether they require MHC
class II-restricted CD41 helpers to differentiate and/or expand.
Indeed, CTLs have been generated both in vitro (30, 42) and in
vivo (11, 23) in the absence of CD41 T cells. Our results
demonstrated that IL-2-producing CD41 T cells were neces-
sary for amplification of BCG-specific CTLs in vitro; however,
their requirement for CTL activation in vivo remains to be
elucidated.
Another finding of this study was the complete absence of

CF-specific CTLs in three H-2d mouse strains analyzed, i.e.,
BALB/c (Bcgs), C.D2 (Bcgr), and DBA/2 (Bcgr). We have pre-
viously reported that CFAgs selectively induce a strong Th1
response in BCG-infected C57BL/6 and BALB.B10 mice, with
elevated levels of IL-2 and IFN-g, whereas in BALB/c mice
this Th1 response is lower and is partly counterbalanced by
Th2 cells secreting IL-4 (27). However, it seems unlikely that
the lower Th1 reactivity generally observed in the latter strain
or a differential cytokine synthesis in vivo (during priming) or
in vitro (during bulk cultures) can account for the lack of CTLs,
at least for BALB/c mice, since in (C57BL/6 3 BALB/c)F1 mice,
H-2b-restricted CTLs were observed while H-2d-restricted
CTLs were absent. Moreover, we recently succeeded in induc-
ing a strong protective immune response, including cytolytic
CD81 T-cell activation, in BALB/c mice vaccinated with plas-
mid DNA encoding the 32-kDa fibronectin-binding Ag85A

FIG. 8. CFAgs recognized by CTLs are hydrophilic proteins. CF from zinc-deficient stressed BCG cultures was fractionated on a phenyl-Sepharose CL-4B column
and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (A). L0 fraction contains proteins which do not bind to phenyl-Sepharose. L1, L2, and L3
were fractions recovered with decreasing salt concentrations in 20 mM phosphate buffer containing 0.45 M NaCl, 20 mM phosphate buffer, and 4 mM phosphate buffer,
respectively. These four fractions were used to sensitize macrophages for recognition by CTLs from BALB.B10 mice immunized twice with BCG (B). Cultures were
performed in triplicate. SEM were below 12%. This experiment was conducted twice with similar results.
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(28), demonstrating that this mouse strain is indeed capable of
mounting strong CTL responses against other CFAgs. Ineffi-
cient Ag processing or presentation of generated peptides in
association with Kd, Dd, or Ld molecules also seems unlikely,
since BALB/c macrophages could efficiently present CFAgs to
B10.A CTLs, demonstrating that at least Dd or Ld molecules
can associate with the relevant peptides. Since the number of
CFAgs recognized appears to be very low, another possibility is
that CTLs are not activated in BALB/c mice as a consequence
of cross-reactivity between these Ags and host Ags, leading to
a hole in the repertoire of these mice.
Up to now, the relevance of CF-specific CTL induction with

respect to immune protection against mycobacterial infection
in various mouse strains is unknown. To our knowledge, com-
parative studies, using mouse strains with various H-2 haplo-
types and analyzing the generation of protective immunity
against an M. tuberculosis challenge following BCG vaccina-
tion, have not yet been performed. However, it is well known
that MHC-linked genes influence the outcome of infection.
Particularly, resistance to M. tuberculosis in the lungs at the
later stages of infection seems to be associated with the lack of
expressed I-E molecules and/or with the expression of Db mol-
ecules (9). Moreover, this lack of CTLs in H-2d mice correlates
well with the lower immune memory, Th1 cytokines, and NO
radical production in BALB/c mice upon BCG immunization
compared to C57BL/6 or BALB.B10 mice (26, 60).
Ags recognized by CTLs were present not only in CF from

BCG but also in CF from M. tuberculosis and from virulent M.
bovis. Moreover, CTLs were activated in vivo not only by BCG
vaccination but also after infection with M. kansasii, and the
CTL response was increased after a second immunization.
Separation of these Ags on a phenyl-Sepharose column indi-
cated that they are hydrophilic proteins. Moreover, contami-
nating small peptides were not the target of CTLs, since the
macrophage-sensitizing activity was recovered in the excluded
volume when CF was subjected to gel filtration chromatogra-
phy on Sephadex G-25 (data not shown).
One intriguing question is the mechanism of CTL activation

by exogeneous CF proteins. It is currently admitted that MHC
class I-restricted epitopes are exclusively generated endogenous-
ly in the host cell cytoplasm, whereas MHC class II-restricted
presentation involves endocytosis of exogenous soluble Ags
and degradation in a low-pH endosomal compartment (22).
According to this view, neither infection with BCG, which is
thought to reside exclusively in the phagosome, nor macro-
phage sensitization with soluble Ags would be capable of ac-
tivating class I-restricted CD81 T cells. However, a number of
recent studies have demonstrated that this segregation of cy-
toplasmic and soluble Ags into class I and class II presentation
pathways, respectively, is not as absolute as initially thought
(reviewed in reference 53). For instance, injection of soluble
ovalbumin in adjuvants or of antigen-presenting cells pulsed in
vitro with hepatitis B surface Ag particles has been shown to
induce CD81 CTL responses (6, 35). Other studies further
dissecting the class I presentation pathway of soluble Ags have
demonstrated that macrophages are able to present phagocy-
tosed exogenous particulate Ags to class I-restricted hybrid-
omas and stimulate their IL-2 secretion (37), but the mecha-
nisms and compartments where Ag degradation occurs remain
controversial (25, 36, 55). Soluble heat shock protein-chaper-
oned polypeptides were also shown to be efficiently presented
on macrophage MHC class I molecules (58). However, in these
studies, very few primary macrophages exposed to exogenous
Ags were killed by cloned CTLs (54). Taken together, these
results have led to the concept that there exists a specialized
macrophage subpopulation that shuttles soluble Ags into the

class I-restricted presentation pathway. However, our findings
that the nonphagocytic lymphoma EL-4 could also be effi-
ciently lysed by CTLs in a standard 51Cr release assay indicate
that the presentation of CFAgs is probably not related to this
alternative class I presentation. This presentation was not due
to EL-4 membrane leakage, since these cells were unable to
present soluble Ag85 to CTLs induced in vivo by injection of
naked DNA encoding Ag85 (reference 28 and data not
shown).
Other exceptions to the conventional view of Ag presenta-

tion to CD81 T cells relate to the unique ability of some
bacterial toxins to be delivered in the cytosolic compartment.
Some bacterial toxins, such as listeriolysin, can disrupt mem-
branes, allowing escape of the bacteria into the cytoplasm and
generation of CD81 T-cell-specific epitopes (10). Some other
toxins can insert themselves into planar lipid bilayers and pen-
etrate into the cytoplasm of eucaryotic cells (40, 57). More-
over, polypeptides genetically fused to some bacterial toxins
have been shown to efficiently sensitize target cells for MHC
class I-restricted CTL recognition (18, 56) or induce CTL ac-
tivation in vivo (19). As discussed earlier, our results indicate
that very few (or maybe only one) CF proteins are the targets
of CTLs, favoring the hypothesis that special biochemical fea-
tures displayed by recognized CFAgs, rather than a special
presentation pathway, could explain the very efficient CTL
detection by using soluble Ag-pulsed macrophages. Maybe a
kind of cell-invasive protein is secreted by mycobacteria in the
endosomal compartment, penetrates into the macrophage cy-
toplasm, and subsequently is processed as a classical class I-
restricted Ag. Our further work will focus on the purification
and characterization of this Ag.
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