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Gamma interferon (IFN-g)-secreting CD41 T cells have long been established as an essential component of
the protective immune response against Mycobacterium tuberculosis. It is now becoming evident from studies
with the murine model of tuberculosis that an important role also exists for major histocompatibility complex
(MHC) class I-restricted CD81 T cells. These cells are capable of acting as both IFN-g secretors and cytotoxic
T lymphocyte (CTL) effectors; however, their exact role in immunity against tuberculosis remains unclear. This
study demonstrates the presence of Mycobacterium bovis BCG-reactive CD81 T cells in healthy BCG-vaccinated
donors and that these CD81 T cells are potent cytokine producers as well as cytotoxic effector cells. Using
FACScan analysis, we have shown that restimulation with live M. bovis BCG induced more CD81-T-cell
activation than the soluble antigen purified protein derivative and that these cells are actively producing the
type 1 cytokines IFN-g and tumor necrosis factor alpha (TNF-a). These CD81 T cells also contain the cytolytic
granule perforin and are capable of acting as potent CTLs against M. bovis BCG-infected macrophages. The
mycobacterial antigens 85A and B (Ag85A and Ag85B, respectively), and to a lesser extent the 19- and 38-kDa
proteins, are major antigenic targets for these mycobacterium-specific CD81 T cells, while whole-M. bovis BCG
activated effector cells from these BCG-vaccinated donors, as expected, failed to recognize the 6-kDa ESAT-6
protein. The use of metabolic inhibitors and blocking antibodies revealed that the CD81 T cells recognize
antigen processed and presented via the classical MHC class I pathway. These data suggest that CD81 T cells
may play a critical role in the human immune response to tuberculosis infection.

Mycobacterium tuberculosis, the etiologic agent of human
tuberculosis, is a weakly gram-positive acid-fast bacillus, capa-
ble of surviving within cells of the mononuclear-phagocyte
lineage. Estimates suggest one-third of the world’s population
is latently infected with M. tuberculosis, causing 8 to 12 million
new cases of active tuberculosis and 3 million deaths each year
(3, 41, 54). This has made tuberculosis the leading cause of
death from an infectious agent.

Protective immune responses towards tuberculosis infection
remain poorly understood. Cell-mediated immunity is known
to be critical for restricting M. tuberculosis infection. The in-
teraction between infected macrophages and gamma inter-
feron (IFN-g)-secreting CD41 T cells has been shown to be
essential for protection against tuberculosis in both murine (1,
7, 17, 27) and human (4, 42, 47) studies.

Major histocompatibility complex (MHC) class I-restricted
CD81 T cells, which are capable of acting as cytotoxic T lym-
phocyte (CTL) effectors and type 1 cytokine producers, secret-
ing IFN-g and tumor necrosis factor alpha (TNF-a), have only
recently been linked with protective immunity against tuber-
culosis. Gene-disrupted mice lacking b2 microglobulin which
express no MHC class I proteins and possess no functional
CD81 T cells show increased susceptibility to challenge with
M. tuberculosis and Mycobacterium bovis bacillus Calmette-
Guérin (BCG) (16, 27). Vaccination of mice with recombinant
vaccinia virus or DNA plasmids expressing Ag85A (12, 22), the

38-kDa protein (56, 57), or the heat shock protein hsp-65 (48)
generated antigen-specific CD81 CTLs that conferred protec-
tion against subsequent challenge with M. tuberculosis.

CD81-T-cell-mediated CTL activity against M. tuberculosis
has been shown in both murine and human studies; however,
the importance of this action in protective immunity against
tuberculosis is unclear. Perforin, granzyme, and CD95-CD95L
pathway knockout mice show no change in the early course of
M. tuberculosis infection (8, 29), suggesting that another mode
of action by CD81 T cells is important. Indeed, the transfer of
protection against M. tuberculosis infection in mice has been
shown to be dependent upon the capacity of CD81 T cells to
produce IFN-g (49). Alternatively, granulysin, another compo-
nent of secreted granules which possesses anti-mycobacterial
activity, has been shown to be of importance in CD81-T-cell-
mediated immunity to tuberculosis (46).

Human in vitro studies have shown that CD81 T cells be-
come activated and show cytolytic activity when stimulated
with live M. bovis BCG or M. tuberculosis (15, 50). Human
IFN-g-secreting and CTL CD81 T cells have been demon-
strated in response to M. tuberculosis infection (5, 30, 47).
However, little is known about the mechanisms by which an-
tigens from M. tuberculosis gain access to the MHC class I
pathway, since the bacillus resides primarily within the phago-
some (6), a site inaccessible to the MHC class I processing
pathway. A possible mechanism for mycobacterial antigens to
reach the cytosol and enter the class I pathway is through
pore-forming molecules such as a recently identified M. tuber-
culosis hemolysin (55).

This study demonstrates the existence of M. bovis BCG-
reactive CD81 T cells in BCG-vaccinated subjects. These cells
are capable of producing the type 1 cytokines IFN-g and
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TNF-a, in addition to possessing potent CTL activity against
mycobacterial antigens. Purified CD81 T cells showed CTL
activity against target cells infected with recombinant vaccinia
virus (rVV) expressing the mycobacterial antigens Ag85A and
Ag85B and, to a lesser extent, the 19- and 38-kDa proteins.
This CTL activity could be blocked by the addition of meta-
bolic inhibitors against phagocytosis, proteosome activity, or
Golgi-endoplasmic reticulum (ER) trafficking, in addition to
anti-HLA-A, -B, or -C antibody, thus demonstrating a classical
MHC class I antigen-processing and presentation pathway for
M. bovis BCG-reactive CD81 T cells.

MATERIALS AND METHODS

Human subjects. Healthy laboratory donors who had previously received BCG
vaccination were recruited from the London School of Hygiene & Tropical
Medicine. Blood samples were taken after gaining written permission from the
individuals participating in the study. Ethical permission was obtained from the
Ethics Committee at the London School of Hygiene & Tropical Medicine.

Growth and quantification of M. bovis BCG stocks. Cultures of M. bovis BCG
(GlaxoEvans strain; Evans Medical, Leatherhead, United Kingdom) were grown
in sterile Middlebrook 7H9 medium supplemented with 10% Middlebrook ADC
enrichment and 0.2% glycerol (Sigma Chemical Co., Poole, United Kingdom).
After preparation of stock cultures, aliquots were frozen and stored at 270°C
and titers were subsequently determined in complete Middlebrook 7H9 medium.
On the day of experiments, aliquots were thawed, washed in RPMI 1640 (Gibco-
BRL, Paisley, United Kingdom), and sonicated for 10 s in a sonicating water bath
(Grant XB2; Fisons, Leicester, United Kingdom) prior to use.

rVV construction. rVVs expressing the Ag85A, Ag85B, and ESAT-6 antigens
from M. tuberculosis were constructed by A. Malin, as previously described (20,
28). rVVs expressing the 19- and 38-kDa antigens were kindly provided by J.
Ivanyi and M. Vordermier (53, 56). Briefly, the coding sequences of the Ag85A,
Ag85B, and ESAT-6 proteins were cloned into the nonessential thymidine kinase
locus of wild-type vaccinia virus by using the transfer plasmid p1108; a negative
control rVV was constructed by using the p1108 plasmid with an irrelevant
coding sequence; the coding sequences of the 19,000- and 38,000-MW proteins
had been inserted into the SmaI site of the vaccinia virus recombinant plasmid
pSC11. rVV were produced by transfection of the plasmid into the osteosarcoma
cell line 143 (TK2143), with the thymidine gene disrupted, coinfected with
wild-type vaccinia virus, followed by selection for recombinant viruses. The
resulting recombinant viruses were plaque purified, and protein expression was
confirmed by PCR and Western blot analysis of infected TK2143 cells.

PBMC separation. Peripheral blood mononuclear cells (PBMC) were isolated
from heparinized venous blood by density gradient centrifugation over Ficoll-
Histopaque (Sigma). Isolated PBMC were washed three times in Hanks bal-
anced salt solution (Gibco-BRL) and resuspended in complete medium.

Autologous monocyte-derived-macrophage target cells were isolated by incu-
bating PBMC in RPMI 1640 alone for 1 h at 37°C on 96-well U-bottom plastic
tissue culture plates (Nunclon, Roskilde, Denmark); the nonadherent cells were
then removed, leaving only adherent monocytes, which were then cultured in
complete medium (as described below) for 7 days to give monocyte-derived
macrophages.

Expansion of antigen-specific T cells. PBMC (2 3 106 per well) were cultured
in 24-well tissue culture plates (Nunclon) with either live M. bovis BCG (1
bacterium/macrophage), purified protein derivative (PPD) (10 mg/ml; batch
RT49; Statens Seruminstitut, Copenhagen, Denmark), midterm culture filtrate
protein (CFP) (10 mg/ml; J. Belisle, Colorado State University), or no antigen.
The culture medium consisted of RPMI 1640 (Gibco-BRL) supplemented with
10% autologous plasma, 2 mM L-glutamine (Gibco-BRL), and 50 mg of ampi-
cillin (Sigma)/ml. After 6 to 7 days of culture at 37°C in the presence of 5% CO2,
the cells were harvested.

Isolation of CD81 T cells. Antigen-specific CD81 T cells were prepared by
positive enrichment with the MACS system (Miltenyi Biotech, Bergisch-Glad-
bach, Germany). In brief, PBMC were labelled with CD8 microbeads (20 ml/107

cells; Miltenyi Biotech) in incubation buffer (phosphate-buffered saline [PBS]–
0.5% bovine serum albumin–2 mM EDTA; 80 ml/107 cells) for 15 min at 4°C.
After one washing step, the cells were resuspended in incubation buffer (1 ml of
buffer/107 cells) and enrichment was performed with LS1 columns and the
MidiMACS magnet according to the manufacturer’s instructions. The resulting
CD81-T-cell population was .95% pure as determined by flow cytometric anal-
ysis for the surface markers ab T-cell receptors, CD3, CD4, CD8, and CD56.

Flow cytometric detection of intracellular cytokine and perforin production.
Flow cytometric detection of intracellular cytokine was performed by modifica-
tion of methods previously described (18, 23, 24, 40). Briefly, intracellular cyto-
kine and perforin production by purified antigen-specific CD81 T cells was
assessed by two-color flow cytometry. Cytokine and perforin secretion was
blocked by incubating PBMC in the presence of 3 mg of brefeldin A (Sigma)/ml
for 16 h at 37°C. The cells were stained for surface CD8 with fluorescein
isothiocyanate (FITC)-conjugated antibody (Becton Dickinson, Oxford, United

Kingdom) in incubation buffer (PBS–1% fetal calf serum [FCS]–0.1% Na azide)
for 30 min at 4°C. Phycoerythrin (PE)-conjugated anti-CD25 (Becton Dickinson)
was used with FITC-conjugated anti-CD8 when surface CD25 expression was
determined. The cells were washed twice in cold PBS–1% FCS and fixed with
PBS–4% paraformaldehyde (Sigma) at 4°C for 30 min. Fixation was followed by
permeabilization with PBS–1% FCS–0.3% saponin (Fluka, Gillingham, Dorset,
United Kingdom)–0.1% Na azide at 4°C for 10 min. The cells were then washed
twice in cold PBS–1% FCS. Staining of intracellular cytokines or perforin was
performed by incubation of fixed permeabilized cells with either PE-labelled
anti-IFN-g, -TNF-a, -interleukin-4 (IL-4), or -perforin antibodies (PharMingen,
Oxford, United Kingdom) in incubation buffer (PBS–1% FCS–0.3% saponin–
0.1% Na azide) at 4°C for 30 min. The cells were analyzed with Lysis II and
CellQuest software and a Becton Dickinson FACScan flow cytometer; 50,000
events were counted.

51Cr release cytotoxicity assay. Monocyte-derived-macrophage target cells
were infected with BCG at an infection ratio of five/macrophage or rVV at
10/macrophage by incubation for 2 h at 37°C; cells were simultaneously loaded
with 2 mCi of Na2

51Cr4/well and incubated overnight at 37°C. All experiments
were set up in triplicate. The cells were then washed with RPMI 1640 (Gibco-
BRL) and incubated in growth medium with M. bovis BCG-specific CTL. Effec-
tor cells from whole-PBMC, purified CD81-T-cell, or CD82-T-cell populations
were added at effector-to-target cell ratios of 15:1 (shown in preliminary exper-
iments to give optimum cytotoxicity), and the plate was incubated at 37°C for 6 h.
The supernatants were harvested, and 51Cr release was measured with a gamma
counter. The remaining cells (pellet) were lysed with 5% sodium dodecyl sulfate
(Sigma) and harvested.

Spontaneous release was measured in wells containing target cells alone. The
percent specific 51Cr release was calculated for each experiment by the following
equations: percent isotope release 5 [counts per minute of supernatant/counts
per minute of supernatant 1 counts per minute of pellet)] 3 100 and percent
specific lysis 5 percent isotope release test wells 2 percent isotope release
control wells. For inhibition of presentation molecules, the target cells were
incubated with anti-MHC class I antibody W6/32 (Sigma), anti-CD1a, -b, and -c
antibodies (S. A. Porcelli, Harvard Medical School, Boston, Mass.), or an im-
munoglobulin IgG2a isotype control antibody (Sigma) at 5-mg/ml final concen-
tration for 1 h before the addition of effector cells.

Metabolic inhibition of antigen presentation. One hour before the addition of
M. bovis BCG or rVV to monocyte-derived-macrophage antigen-presenting cells,
brefeldin A (10 mg/ml; Sigma), chloroquine (100 mM; Sigma), N-Cbz-Leu-Leu-
leucinal (10 mg/ml; Sigma), or cytochalasin D (10 mg/ml; Sigma) was added to the
medium. After 18 h of coincubation with M. bovis BCG, monocyte-derived
macrophages were washed thoroughly with RPMI 1640 before purified CD81 T
cells were added and a standard 6-h CTL assay was performed.

Statistical analysis. Data are presented as mean values from replicate samples
and assays. The Student t test was used to determine statistical significance
between groups of data, and where paired results were available, the paired
Student t test was used.

RESULTS

CD81 T cells produce IFN-g and TNF-a in response to a
live M. bovis BCG infection. PBMC from healthy BCG-vacci-
nated donors (n 5 10) were stimulated with either a live M.
bovis BCG (1:1 BCG/macrophage infection ratio) infection or
the soluble antigen PPD (10 mg/ml) to generate a recall CD81-
T-cell response to each antigen. These two antigens were cho-
sen for their different antigen-processing properties; PPD, be-
ing a soluble antigen, should be processed via the MHC class
II pathway and therefore should not activate MHC class I-de-
pendent CD81 T cells. In contrast, a live infection of M. bovis
BCG may allow antigens to gain access to the MHC class I
presentation pathway. In each case PBMC were stimulated for
6 days in the presence of antigen, either live M. bovis BCG (1:1
BCG/macrophage ratio) or PPD (10 mg/ml), or without anti-
gen; CD81 T cells were then separated by MACS and analyzed
by flow cytometry.

Both antigens proved capable of stimulating and activating
type 1 CD81 T cells (Tc1) capable of producing the cytokines
IFN-g and TNF-a but not IL-4. However, the percentage of
cells staining positive for CD25, IFN-g, and TNF-a was signif-
icantly higher (P , 0.001) in the population of CD81 T cells
stimulated with live M. bovis BCG (Fig. 1 and 2), thus dem-
onstrating the potential for antigens released during a live
infection to gain access to the MHC class I presentation path-
way. The percentages of CD81 T cells staining positive for
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both IFN-g and TNF-a were directly comparable; indeed,
analysis of the larger granular blast cell population (.350 U of
SSC) of CD81 T cells revealed that .95% of these cells
stained positive for both cytokines, thus demonstrating that the
same cells are producing both cytokines. These data show that
BCG-vaccinated individuals possess circulating CD81 T cells
capable of recognizing and responding to M. bovis BCG.

CD81 T cells induced by a live M. bovis BCG infection
express perforin. Our data thus far demonstrated that CD81 T
cells stimulated with M. bovis BCG are capable of acting as
potent cytokine producers. To further characterize the CD81-
T-cell response to mycobacterial antigens, PPD, CFP, and M.
bovis BCG-reactive CD81 T cells were stained for intracellular
perforin in conjunction with intracellular cytokine staining to
determine whether these cells possess cytolytic potential.

PBMC from healthy BCG-vaccinated donors (n 5 10) were
cultured in the presence of PPD, CFP, or a live M. bovis BCG
infection for 6 days. Isolated CD81 T cells were analyzed for
the presence of intracellular perforin and IFN-g. As before,

over 40% of CD81 T cells contained IFN-g, while over 30%
stained positive for perforin when stimulated with live M. bovis
BCG (Fig. 3). The percentage of perforin-positive cells fol-
lowed the same patterns as for IFN-g staining, with live M.
bovis BCG being the best stimulus. Blast cell analysis again
revealed that .95% of CD81 T cells were producing IFN-g
while .75% of blast cells also contained perforin. These re-
sults indicate that M. bovis BCG-reactive CD81 T cells possess
cytolytic potential in addition to their cytokine-producing func-
tion.

CD81 T cells are potent antigen-specific CTLs. To assess
the role of CD81 T cells as CTLs for mycobacterial antigen-
pulsed monocyte-derived macrophages, PBMC from 10
healthy BCG-vaccinated donors were stimulated for 7 days
with a live M. bovis BCG infection. To directly prove that
CD81 T cells exerted antigen-specific CTL activity against
mycobacterial antigens, CD81 T cells were purified by positive
selection from PBMC. The CD81 T-cell-enriched, CD81 T-
cell-depleted, and whole-PBMC populations were compared

FIG. 1. Flow cytometric detection of type 1 cytokine and perforin synthesis by CD81 T cells. PBMC were stimulated for 6 days in the presence of live M. bovis BCG.
CD81 T cells were positively selected from the PBMC by the MACS separation system and incubated for 16 h in the presence of brefeldin A. Intracellular cytokine
and perforin staining was performed before FACScan analysis.
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for CTL activity against target cells infected with either M.
bovis BCG or rVV expressing one of the mycobacterial anti-
gens Ag85A, Ag85B, 19- or 38-kDa protein, or ESAT-6.

The CD81 T-cell-enriched and whole-PBMC effectors
showed CTL activity against all antigens tested except ESAT-6,
with the greatest specific lysis against live M. bovis BCG-,
Ag85A-, and Ag85B-infected target cells (Fig. 4). Strong CTL
activity was also demonstrated towards the 19- and 38-kDa
antigens of M. tuberculosis. The greatest CTL activity was me-
diated by the CD81 T-cell-enriched population; in contrast,

the CTL activity was significantly reduced in the CD81 T-cell-
depleted population (P , 0.001). These results demonstrate
that CD81 T cells induced by a live M. bovis BCG infection
possess potent CTL activity and that the CD82 T-cell popula-
tion showed only limited CTL activity.

CD81-T-cell-mediated CTL activity requires classical MHC
class I antigen presentation. To define the mechanism by
which antigen is processed and presented to these mycobacte-
rium-specific CD81 T cells by monocyte-derived macrophages,
inhibitors known to interfere with discrete stages of antigen
processing were used. As shown in Fig. 5 and 6, the metabolic
inhibitor brefeldin A (an inhibitor of the Golgi-ER processing
and presentation pathway and thus of MHC class I expression)
significantly reduced the CD81-CTL activity mediated against
mycobacterial antigen-pulsed target cells (P , 0.001). Approx-
imately 80% of the CTL activity was blocked with brefeldin A
treatment, reducing lysis almost to that demonstrated against
uninfected target cells or target cells infected with the control
vaccinia virus. Figure 6 demonstrates that the addition of the
phagocytosis inhibitor cytochalasin D or the proteosome in-
hibitor N-Cbz-Leu-Leu-leucinal to M. bovis BCG-infected tar-
get cells resulted in complete inhibition of lysis, reducing the
levels of cytotoxicity observed to that of uninfected targets. In
contrast, the addition of chloroquine (an inhibitor of phagoly-
sosomal acidification and thus of MHC class II presentation)
had no significant effect upon the levels of cytotoxicity against
M. bovis BCG-infected antigen-presenting cells; cells treated
with chloroquine (100 mM) before infection with BCG dem-
onstrated 37.95% lysis (63.35 standard deviation for five do-
nors) compared to untreated cells, which showed 41.48% lysis
(64.61 standard deviation). The addition of anti-MHC class I
antibody (W6/32) but not anti-CD1 or an isotype-matched
control antibody inhibited lysis, again reducing it to levels
observed for uninfected target cells. These results show that M.
bovis BCG-reactive CD81 T cells predominantly recognize
mycobacterial antigens in a classical MHC class I-dependent
manner.

DISCUSSION

Little is known about the mechanisms involved in the pro-
tective immune response against M. tuberculosis infection or
about the virulence mechanisms used by this organism to evade
the defenses. Cellular immunity is known to be the major
protective response, involving the interaction between acti-
vated infected macrophages and antigen-specific CD41 T cells.
This model of defense has long been established as essential to
mount a strong protective immune response against infection
with M. tuberculosis (25).

However, recent studies with murine models have also dem-
onstrated the importance of CD81 T cells in the protective
immune response against mycobacteria, showing that mice
lacking functional CD81 T cells are more susceptible to my-
cobacterial infection (16, 27). Human studies have also begun
to demonstrate a capacity for CD81 T cells to become acti-
vated in response to antigen-presenting cells infected with my-
cobacteria and to act as both cytokine producers and CTLs (5,
15, 28, 30, 47, 50).

This study demonstrates that BCG-vaccinated individuals
possess CD81 T cells capable of expansion upon in vitro re-
stimulation with live M. bovis BCG and that these activated
CD81 T cells are capable of acting as both type 1 cytokine-
producing cells and CTLs. Furthermore, we provide evidence
that human CD81 T cells are capable of recognizing protein
antigens from mycobacteria presented by monocyte-derived-

FIG. 2. Intracellular measurement of cytokines produced by CD81 T cells.
PBMC were stimulated for 6 days in the presence of either no antigen, PPD, or
a live M. bovis BCG infection. After stimulation, CD81 T cells were positively
selected by MACS separation and incubated for 16 h in the presence of brefeldin
A. Cells were simultaneously stained for CD8-FITC in combination with PE-
conjugated anti-CD25 (IL-2R), anti-IFN-g, or anti-TNF-a antibodies. The re-
sults are expressed as the means of 10 donors 6 standard deviations.

FIG. 3. Intracellular detection of perforin production by CD81 T cells.
PBMC were stimulated for 6 days in the presence of either no antigen, PPD,
CFP, or a live M. bovis BCG infection. CD81 T cells were positively selected for
by MACS and incubated with brefeldin A. After being surface stained for CD8
and CD25, the cells were fixed and permeabilized, and the intracellular accu-
mulation of IFN-g and perforin was measured. The results are expressed as the
means of 10 donors 6 standard deviations.
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macrophage antigen-presenting cells and that this recognition
is dependent upon antigen processing through the Golgi-ER.

The presence of CD81 T cells capable of recognizing my-
cobacterial antigens upon stimulation with a live M. bovis BCG
infection suggests that mycobacterial antigens are able to enter
the MHC class I presentation pathway. Studies with the mu-
rine model have shown the capacity for exogenous antigens to
gain access to the MHC class I processing and presentation
pathway (26, 37–39); however, the efficiency of these processes
remains controversial. Alternatively, M. tuberculosis has re-
cently been shown to possess a hemolysin similar to that of
Listeria monocytogenes which may allow the bacterial antigens
to actively escape the phagosome and gain access to the cytosol
(55).

The CD81 T-cell responses to an infection with live M. bovis
BCG and to the soluble mycobacterial antigen PPD were com-
pared. It has long been established that a Th1 CD41-T-cell
response characterized by the presence of the cytokine IFN-g
is required for an effective immune response against M. tuber-
culosis. Evidence is now emerging that CD81 T cells can be
divided into type 1 and type 2 phenotypes (Tc1 and Tc2)
characterized by the presence or absence of the cytokines
IFN-g, TNF-a, and IL-4, rather like subsets of CD41 T-cells
(10, 31, 36, 44).

When the CD81-T-cell response to these two antigens was
compared by intracellular cytokine staining and flow cytom-
etry, significantly more CD81 T cells were activated and pro-
duced the cytokines IFN-g and TNF-a in response to live M.
bovis BCG than in response to PPD. These results agree with
those of several other studies demonstrating a CD81-T-cell
response to live mycobacterial stimulation (15, 21, 30, 50).
However, the findings of this study further characterized the
reactive CD81 T cells as Tc1 cytokine producers by the pres-
ence of IFN-g and TNF-a, with no detectable IL-4.

Some CD81 T cells became activated by the soluble antigen
PPD, which should be processed and presented via the MHC
class II pathway and not presented to CD81 T cells. This may
be explained in two ways: PPD consists of highly degraded
mycobacterial protein antigens, and thus, peptide fragments
could bind directly to membrane MHC class I molecules with-
out the need for processing; or these antigens may be taken up
by macropinocytosis and enter an alternative TAP-indepen-
dent MHC class I pathway (11, 13, 37, 38).

Evidence exists suggesting that there may be some dichot-
omy in the CD81-T-cell population, with some cells making
cytokines while others act as CTLs (45). To investigate whether
this was the case for the M. bovis BCG-reactive CD81 T cells,
intracellular perforin staining was performed alongside cyto-
kine staining. These experiments found no such dichotomy
within the majority of the CD81-T-cell population with regard
to cytokine production and cytotoxic potential.

Previous studies by other groups have shown CD81 T cells
to be capable of responding to a number of secreted and cell
wall antigens of mycobacteria, including ESAT-6 (28, 51),
Ag85 (1, 9, 12), and the 38-kDa protein (52, 53, 56, 57) and the
19-kDa protein in humans (34) but not in the mouse (14). To
further define the CD81-T-cell response to mycobacterial in-
fection, we investigated CTL activity against target cells in-
fected with rVV expressing mycobacterial antigens. The find-
ings of this study clearly demonstrate that CD81 CTLs are
induced by M. bovis BCG infection and that these cells strongly
recognize the antigens Ag85A and Ag85B, demonstrating
these molecules to be major antigenic targets for CTLs. Other
groups have already demonstrated Ag85A and -B to be major
antigenic targets recognized by CD41 T cells. Studies with the
murine model have shown that T cells from immune mice are
able to recognize Ag85B (1, 9); furthermore, vaccination stud-
ies of mice and guinea pigs have shown that DNA vaccines

FIG. 4. CTL activity against mycobacterial antigens. PBMC were incubated for 7 days in the presence of M. bovis BCG. The CTL activity of whole PBMC was
compared to that of CD81 T-cell-enriched and CD81 T-cell-depleted populations separated by MACS. Effector cells were incubated with autologous, antigen-pulsed
target cells for 6 h at a 15:1 ratio. CTL activity was measured by specific 51Cr release. The results shown are the means of 10 donors 6 standard deviations.
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expressing Ag85A induce CD81 and CD41 T cells and afford
protection against M. tuberculosis challenge (2, 12). Our study
enhances the evidence that Ag85A is an antigenic target for
CD81 T cells, since CTLs can be generated against Ag85A in
the blood of BCG-vaccinated donors (35). However, the
present study characterizes this CTL activity as being CD81 T
cell mediated, something previous studies have not proven.

The CTL response to target cells infected with rVV express-
ing ESAT-6 showed no significant increase in specific lysis over
the uninfected controls or rVV control targets. This lack of
response was not due to the absence of the ESAT-6 protein,
since the rVV had previously been shown to produce the pro-
tein (20). Instead, this result can be explained by the recent
findings that the gene for ESAT-6 is absent from the vaccine
strain of M. bovis BCG (19). Since the healthy BCG-vaccinated
donors in theory might have been exposed only to M. bovis
BCG and not to M. tuberculosis or the other environmental
mycobacteria, such as Mycobacterium kansasii or Mycobacte-
rium marinium, known to express ESAT-6 (19), they would
possess no memory immune cells capable of recognizing
ESAT-6. Also, since M. bovis BCG was used to stimulate the
CD81 T cells, no ESAT-6-reactive cells should have been
generated. An increase in the number of ESAT-6-reactive
CD81 T cells might be expected in patients with M. tuberculosis
infection (28).

Metabolic inhibition was used to define the antigen-process-
ing and presentation pathways involved in CD81 T-cell acti-
vation. Metabolic inhibitors of phagocytosis, proteosome ac-
tivity, and Golgi-ER transport and antibodies against MHC
class I all significantly reduced the CTL activity against M.
bovis BCG-infected target cells, while the phagolysosomal
acidification inhibitor chloroquine and anti-CD1 antibodies

showed no inhibition of cytotoxicity. These data suggest that
M. bovis BCG is phagocytosed and antigens from the bacilli
gain access to the cytosol, where they are presented to antigen-
specific CD81 T cells via the classical MHC class I pathway.
Lewinsohn et al. and Canaday et al. found that brefeldin A

FIG. 5. Effect of brefeldin A on presentation of mycobacterial antigens. PBMC were stimulated for 7 days in the presence of M. bovis BCG. Antigen-specific CD81

T cells were positively selected for by MACS. CD81 T cells were added to target cells pulsed with antigen and treated or untreated with brefeldin A. The results show
the responses of five individual donors.

FIG. 6. Antigen processing of M. bovis BCG by monocyte-derived macro-
phages. Monocyte-derived macrophages were treated with either N-Cbz-Leu-
Leu-leucinal (CLLL; 10 mg/ml), cytochalasin D (CYT D; 10 mg/ml), brefeldin A
(BFA; 10 mg/ml), or antibodies against HLA-A, -B, or -C (W6/32; 5 mg/ml), CD1
a, b, or c (5 mg/ml), or an isotype control antibody (IC; 5 mg/ml) before MACS-
purified antigen-specific CD81 T cells were added and cellular cytotoxicity was
measured by a 6-h 51Cr release assay. The results are expressed as mean values
for 10 donors 6 standard deviations.
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treatment of antigen-presenting cells infected with M. tubercu-
losis showed no decrease in CD81-T-cell-mediated CTLs and
concluded that a nonclassical MHC class I presentation path-
way might be involved in M. tuberculosis infection (5, 30). This
could be explained by the fact that the dendritic cells used as
antigen-presenting cells by Lewinsohn et al. may express other
presentation molecules which could present antigen to CD81

T cells in an MHC class I-independent manner. Other groups
have suggested that CD1 might be a presentation molecule for
CD81 T cells in interactions with dendritic cells (43); however,
Lewinsohn et al. found this not to be the case. Also, both
Canaday et al. and Lewinsohn et al. studied presentation of M.
tuberculosis, a more virulent mycobacterium than M. bovis
BCG, and therefore a virulence mechanism associated with M.
tuberculosis may be its ability to bypass conventional MHC
class I presentation. Indeed, Liebana et al. showed presenta-
tion of M. bovis to bovine CD81 T cells to be brefeldin A
sensitive, suggesting that nonclassical MHC class I presenta-
tion may be a characteristic of M. tuberculosis infection (32).

The presence of an MHC class I-restricted response to my-
cobacterial infection has been demonstrated by several groups.
However, the exact function of this cell population has yet to
be defined (5, 28, 30, 33, 47). CD81 T cells act as cytolytic
effector cells lysing infected macrophages, thus releasing bac-
teria and allowing uptake by activated macrophages better
equipped for microbial killing. CD81 T cells are good cytokine
producers, secreting IFN-g and TNF-a, which are essential for
macrophage activation and antimycobacterial immunity. The
results of this study clearly demonstrate that CD81 T cells are
capable of responding to a live mycobacterial infection, as well
as to specific target antigens from mycobacteria. The activated
CD81 T cells produce type 1 cytokines, primarily IFN-g and
TNF-a, and possess potent CTL activity capable of lysing mac-
rophages infected with live M. bovis BCG, as well as rVV
expressing mycobacterial antigens. In addition, Ag85A and -B
have been identified as major antigenic targets for CD81 T
cells induced by M. bovis BCG, and to a lesser extent, the 19-
and 38-kDa proteins are also recognized as target antigens.
These findings support a potential role for CD81 T cells reac-
tive to secreted antigens from mycobacteria in protective im-
munity against M. tuberculosis.
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