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Intracellular flow cytometry analysis of perforin production by CD81 T cells showed levels were greatly
reduced in tuberculosis (TB) patients compared to healthy controls. Reduced cytotoxic-T-lymphocyte activity
was also obtained with CD81 T cells from TB patients compared to healthy controls in The Gambia. A change
in antigen recognition was noted between the two groups of donors: in addition to recognition of Ag85A and
Ag85B, as seen in healthy donors, a prominent ESAT-6 response was found in TB patients.

Tuberculosis (TB) remains a major public health problem
worldwide for which no effective vaccine is available (18). Es-
timates show that up to one-third of the world’s population is
infected with Mycobacterium tuberculosis, the etiological agent
of human TB, yet only ca. 10% of those infected ever develop
disease. TB still accounts for approximately 12 million new
cases of active tuberculosis and 3 million deaths annually
worldwide, making TB one of the leading causes of death due
to a single infectious agent (7).

Cell-mediated immunity is the major protective immune re-
sponse against intracellular bacteria such as M. tuberculosis.
The interaction between gamma interferon-secreting CD41 T
cells and infected macrophages has been well characterized in
humans and animal models and is known to be essential in the
protective response against TB (1, 12, 17).

More recently, evidence from the murine model of TB has
linked major histocompatibility class I (MHC-I) restricted
CD81 T cells with protective immunity against M. tuberculosis
infection. b2-Microglobulin gene knockout mice, which lack
MHC-I and functional CD81 T cells, have been shown to be
more susceptible to M. bovis BCG and M. tuberculosis infection
(8, 12). CD81 T cells are capable of producing macrophage-
activating cytokines and display cytolytic activity against in-
fected macrophages (2, 15, 21–23). However, their exact role in
the protective immune response to human TB remains to be
determined.

In both murine in vivo and human in vitro studies, strong
CTL activity has been observed against macrophages infected
or pulsed with M. bovis BCG, M. tuberculosis, purified protein
derivative, culture filtrate proteins, or the secreted antigens
Ag85A, Ag85B, 19-kDa, 38-kDa, and ESAT-6 (4–6, 13, 16, 21,
25–26). However, in the murine model, perforin, granzyme,
and Fas pathway knockout mice show little change in at least
the early course of infection with M. tuberculosis in the lung (3,
14). This suggests that cell-mediated cytotoxicity (cytotoxic-T-
lymphocyte [CTL]) activity may not be the most important
function of these cells in the immune response against myco-

bacteria. The study of immune responses to M. tuberculosis in
healthy donors and in those with active disease will be essential
to determine the correlates of protective immunity and to
allow the design of an effective vaccine against the disease.

We present here a comparative study of the CD81 T-cell
responses in healthy BCG-vaccinated donors and in untreated
pulmonary TB patients. By stimulating CD81 T cells with
either M. bovis BCG or M. tuberculosis H37Ra, we studied
perforin production and CTL activity of these cells and inves-
tigated the antigen recognition patterns in these two groups.
Compared to healthy donors, TB patients showed a marked
reduction in perforin production, which correlated with a re-
duction in CTL activity. Strong recognition of Ag85A and
Ag85B by CD81 T cells was observed in both TB patients and
healthy donors. In addition, we observed a relatively strong
CTL response against ESAT-6 in TB patients, which was vir-
tually absent in healthy BCG-vaccinated donors.

Ten pulmonary TB patients (10 males; mean age, 25 6 6
years) who attended the Medical Research Council (MRC) TB
Clinic, Fajara, The Gambia, and 10 healthy M. bovis BCG-
vaccinated Gambian donors, with BCG scars, who had been
vaccinated in childhood (10 males; mean age, 28 6 4 years)
were studied for their CD81 CTL response to mycobacteria.

All samples were collected and tested over a 6-week period.
TB patient blood samples were obtained with informed con-
sent prior to the start of chemotherapy. Pulmonary TB was
confirmed by sputum smear and chest X-ray examinations. All
patients were seronegative for human immunodeficiency virus.
Most patients studied had extensive pulmonary involvement:
eight had pulmonary cavities; two had miliary disease.

Informed consent was obtained from all patients and control
donors, and this study was approved by the MRC Scientific
Coordinating Committee, The Gambia, The Gambian Govern-
ment-MRC Ethics Committee, and the London School of Hy-
giene & Tropical Medicine Ethics Committee.

Recombinant vaccinia viruses (rVV) expressing the myco-
bacterial proteins ESAT-6, Ag85A, and Ag85B were con-
structed as previously described (10). rVV were cultivated by
growth in the thymidine kinase-disrupted osteosarcoma cell
line 143 (TK2143). Viruses were harvested and purified by
sucrose cushion density centrifugation prior to aliquoting at
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270°C. On the day of use aliquots were thawed and sonicated
before use in assays.

Stocks of M. bovis BCG (Glaxo-Evans strain) and M. tuber-
culosis H37Ra were generated by culture of bacilli in complete
Middlebrook 7H9 medium containing glycerol and Middle-
brook ADC enrichment (Difco, Detroit, Mich.). Aliquots of
bacteria were frozen and stored at 270°C prior to use.

Peripheral blood mononuclear cells (PBMC) were isolated
from heparanized venous blood by density gradient centrifu-
gation over Lymphoprep (Nycomed Pharma, Oslo, Norway).
Freshly isolated PBMC were washed twice in RPMI 1640 and
resuspended in culture medium. Two million PBMC were cul-
tured per well in 24-well tissue culture plates (Nunclon, Rosk-
ilde, Denmark) with either no antigen, live M. bovis BCG (1
bacillus/macrophage), or live M. tuberculosis H37Ra (1 bacil-
lus/macrophage). The culture medium consisted of RPMI 1640
supplemented with 10% autologus plasma, 2 mM L-glutamine
(Gibco-BRL, Paisley, United Kingdom), and 50 mg of ampi-
cillin (Sigma) per ml. After 7 days of culture at 37°C in 5%
CO2, the cells were harvested and tested.

Purified CD81 T cells were obtained by positive enrichment
using the magnetic cell sorting (MACS) system (Miltenyi Biotec,
Bergisch-Gladbach, Germany). Briefly, 7-day-cultured PBMC
were labeled with anti-CD8 microbeads (20 ml/107 cells) in
incubation buffer (phosphate-buffered saline [PBS]–0.5% bo-
vine serum albumin [BSA]–2 mM EDTA; 80 ml/107 cells) for
15 min at 4°C. After one washing step, the cells were resus-
pended in degassed incubation buffer, and enrichment was
performed using LS1 columns and the MidiMACS magnet
according to the manufacturers’ instructions. The resulting
CD81 T-cell population was $95% pure, as determined by
flow cytometry for the surface markers ab T-cell receptor,
CD3, and CD8 and showed ,5% contamination with CD41 T
cells and CD561 natural killer cells.

Intracellular perforin production by CD81 T cells was as-
sessed by two-color flow cytometry. Perforin secretion was
blocked by incubation with 3 mg of brefeldin A (Sigma) per ml
for 16 h at 37°C. Cells were washed twice in cold PBS and
stained for surface CD8 with fluorescein isothiocyanate-conju-
gated antibody (Becton Dickinson, Oxford, United Kingdom)
at 4°C for 30 min in incubation buffer (PBS–0.5% BSA–0.1%
sodium azide); phycoerythrin (PE)-conjugated CD25 antibody
was used to stain cells for surface CD25 expression (Becton
Dickinson). Cells were washed twice in cold incubation buffer
before fixation in 4% paraformaldehyde at 4°C overnight. Fix-
ation was followed by incubation for 30 min in FACS Cytofix/
Cytoperm solution (PharMingen, San Diego, Calif.). Cells
were washed in 13 PermWash solution (PharMingen). Stain-
ing for intracellular perforin was performed in 13 PermWash
with containing PE-conjugated monoclonal antibody (MAb)
against perforin (PharMingen) for 30 min at 4°C. Cells were
then washed in PBS and analyzed using CellQuest software on
a FACSCalibur apparatus (Becton Dickinson), and 30,000 to
50,000 events were acquired for each sample.

Autologous monocytes were isolated by their adherence to
plastic. PBMC were resuspended in RPMI 1640 alone. Ali-
quots (200 ml) of the cell suspension were added to each well
of a 96-well round-bottomed tissue culture plate (Nunclon).
Cells were incubated at 37°C in 5% CO2 for 1 to 2 h. Non-
adherent cells were then removed, leaving only adherent
monocytes which were cultured antigen free in culture medium
containing 10% autologous plasma for 6 days to give mono-
cyte-derived macrophages. On day 6 the monocyte-derived
macrophages were infected with M. bovis BCG (multiplicity of
infection [MOI] 5:1); M. tuberculosis (MOI 5:1); rVV express-
ing mycobacterial protein Ag85A, Ag85B, or ESAT-6 (MOI

10:1); a control rVV expressing no recombinant protein; or no
antigen. Simultaneously, cells were loaded with 2 mCi of
Na2

51Cr per well and incubated overnight at 37°C in 5% CO2.
Target cells were then washed three times with warm RPMI
and either treated with 5 mg of anti-HLA-A, -B, and -C MAb
w6/32 or immunoglobulin G2a isotype control MAb (Sigma)
for 1 h or resuspended in culture medium alone before being
used in the cytotoxicity assay. Purified CD81 T cells in a vol-
ume of 100 ml were then added to the washed target cells to
give an effector/target (E/T) ratio of 30:1 (found to be optimal
in previous experiments) and incubated at 37°C in 5% CO2 for
6 h. Supernatants (25 ml) were harvested and mixed with 125 ml
of OptiPhase SuperMix scintillant (Wallac Scintilation Prod-
ucts, Fisher Chemicals, Loughborough, United Kingdom) be-
fore being counted on a 1450 MicroBeta TriLux liquid scintil-
lation counter (Wallac, Turku, Finland). Spontaneous release
was measured in wells containing target cells alone and was
found to be ,10% whether the target cells were uninfected or
infected. Maximum release was calculated by lysing uninfected
target cells with 5% sodium dodecyl sulfate (Sigma). The per-
cent specific lysis was calculated as follows: [(cpmsupernatant 2
cpmspontaneous)/(cpmmaximum 2 cpmspontaneous)] 3 100%.

To determine the cytolytic potential of the CD81 T cells,
intracellular staining for perforin production was performed.
PBMC from healthy BCG-vaccinated donors and pulmonary
TB patients were cultured as described above in the presence
of no antigen, M. bovis BCG, or M. tuberculosis H37Ra. After
7 days, the cells were harvested, stained for the intracellular
production of perforin, and analyzed by flow cytometry (FACS).

As shown in Fig. 1 and 2, stimulated CD81 T cells from
healthy donors upregulate CD25 expression (30% expression)
and perforin production in response to mycobacteria (21%
positive when stimulated with M. bovis BCG and 23% positive
when stimulated with M. tuberculosis H37Ra). CD81 T cells
from pulmonary TB patients showed less activation with re-
gards to CD25 expression; this correlated with reduced per-
forin production, with only 6 to 9% of cells staining positive for
the cytolytic granule component, a reduction of .55% com-
pared to the staining seen in CD81 T cells from healthy donors
(P , 0.005).

To determine the antigen specificity of CD81 T cells, highly
purified CD81 T cells were used in a CTL assay. PBMC from
healthy BCG-vaccinated donors and pulmonary TB patients
were cultured in the presence of either M. bovis BCG or M.
tuberculosis H37Ra. After 7 days CD81 T cells were purified by

FIG. 1. Flow cytometric detection of intracellular perforin by CD81 T cells.
PBMC from a healthy BCG vaccinee (A) and a pulmonary TB patient (B) were
stimulated for 7 days in the presence of live M. tuberculosis. For the final 16 h of
stimulation, brefeldin A was added to the cultures. Intracellular perforin staining
was performed before FACS analysis. Cells were progressively gated by forward-
and side-scatter for lymphocytes, and analysis was performed on the CD81

high-staining lymphocytes. Results shown are for one BCG vaccinee and one TB
patient who are representative of the 10 donors in each group tested.
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positive selection with anti-CD8-coated magnetic beads. The
cytolytic activity of purified CD81 T cells was tested against
autologous monocyte-derived macrophages labeled with 51Cr
and infected with M. bovis BCG; M. tuberculosis H37Ra; rVV
expressing Ag85A, Ag85B, or ESAT-6; control rVV; or no
antigen. No nonspecific effector activity was found as a result
of the purification procedure, as demonstrated by the lack of
lysis observed against uninfected and control rVV-infected
macrophages; in addition, no significant lysis was observed
against rVV ESAT-6-infected macrophages by BCG-stimu-
lated effectors.

Strong CTL activity was observed by CD81 T cells from
healthy donors (mean lysis of targets infected with either M.
bovis BCG or M. tuberculosis of 40 to 70%), with recognition of
Ag85A and Ag85B but no significant recognition of ESAT-6
(Fig. 3A). Greatly reduced CTL activity was observed by CD81

T cells from TB patients, with maximum levels of lysis ranging
from 20 to 30% (P , 0.005). Despite the reduction in CTL
activity, a clear change in antigen recognition was seen in TB
patients (Fig. 3B). In addition to Ag85A and Ag85B, relatively
strong recognition of ESAT-6 (;20%) was also observed.

Blocking experiments were performed to confirm that the
CD81 CTL response was MHC-I restricted. Classical CD81

T-cell CTL activity was observed with CD81 T cells from TB

patients, since pretreatment of infected macrophages with an-
ti-HLA-A, -B, and -C MAb (w6/32) reduced the levels of lysis
of both M. bovis BCG- and M. tuberculosis-infected macro-
phages by more than 75% (Fig. 4), whereas an isotype control
had no significant effect.

Earlier studies have demonstrated the presence of human
MHC-I-restricted CD81 T cells specific for M. bovis BCG (21,
23) and M. tuberculosis (2, 15). Furthermore, these CD81 T
cells can be found both in the peripheral blood and in the
alveolar tissue spaces of healthy BCG-vaccinated and tubercu-
lin skin test-positive persons (2, 15, 21–23). The current study
was designed to compare the CTL function and antigen spec-
ificity of CD81 T cells found in the peripheral blood of healthy
BCG-vaccinated donors with those of untreated pulmonary TB
patients.

CD81 T cells from both healthy controls and TB patients
were readily activated by M. bovis BCG and M. tuberculosis
bacilli. These activated CD81 T cells were shown to possess
cytolytic granules containing perforin. The number of perforin-
producing CD81 T cells and the levels of perforin produced by

FIG. 2. CD81 T-cell activation and perforin production in response to M.
bovis BCG and M. tuberculosis H37Ra. PBMC from 10 healthy BCG-vaccinated
donors (solid bars) and 10 pulmonary TB patients (open bars) were incubated
with M. bovis BCG, M. tuberculosis H37Ra, or medium alone (No Ag) for 7 days.
CD25 expression (A) and perforin production (B) by CD81 T cells were mea-
sured by two-color flow cytometry. The results are presented as the mean per-
centage 6 the standard deviation of CD81 T cells staining positive for the
marker.

FIG. 3. Antigen recognition by CD81 T cells from BCG-vaccinated donors
and TB patients. PBMC from 10 healthy donors (A) and 10 TB patients (B) were
incubated in the presence of either M. bovis BCG (open bars) or M. tuberculosis
H37Ra (solid bars) for 7 days. CD81 T cells were purified by MACS. Autologus
monocyte-derived macrophages were infected overnight with either M. bovis
BCG, M. tuberculosis H37Ra, or rVV-expressing mycobacterial antigens. Effec-
tor cells were incubated with autologous, antigen-pulsed macrophages for 6 h at
a 30:1 E/T ratio. CTL activity was measured as reflected by specific 51Cr release.
The results are expressed as the mean percent specific lysis 6 the standard
deviation.
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CD81 T cells were both found to be greatly reduced in TB
patients compared to healthy donors.

Highly purified CD81 T-cell populations from both groups
of donors exhibited CTL activity against both live bacilli and
rVV-expressing mycobacterial secreted proteins. CD81 T cells
from pulmonary TB patients showed reduced CTL activity,
and this corresponded with decreased perforin staining of ac-
tivated CD81 T cells. Healthy controls demonstrated strong
recognition of whole M. bovis BCG and M. tuberculosis bacilli.
In addition, in accordance with previous findings, Ag85A and
Ag85B appear to be major antigenic targets for CD81 T cells
from healthy BCG-vaccinated donors (21). A strong CD81

T-cell response to Ag85A and Ag85B was also seen in TB
patients. Recognition of ESAT-6 was observed in TB patients
only, with all 10 patients having a significant ESAT-6 response.
A weak ESAT-6 response was observed in some healthy do-
nors; this might be expected in an area where TB is endemic
such as The Gambia; however, compared to the Ag85 re-
sponse, the recognition was minimal. When the lysis of M.
bovis BCG- and M. tuberculosis-infected target cells was taken
as maximal reactivity, then the lysis in response to ESAT-6 was
almost as strong as that to the live mycobacteria. The ESAT-6
response was minimal or absent in the M. bovis BCG-stimu-

lated effectors of both study groups, thus supporting previous
data demonstrating the loss of ESAT-6 from vaccine strains of
M. bovis BCG (11). It was, however, interesting that in a coun-
try such as The Gambia, where TB is endemic, the healthy
donors did not show a stronger response to ESAT-6. These
data support the use of ESAT-6 as a marker of M. tuberculosis
infection. ESAT-6 recognition by CD41 T cells has been
shown to be increased in TB patients compared to healthy
controls (19, 24). A CD81 T-cell epitope from ESAT-6 has
also been identified in TB patients (13).

The CD81 T-cell response to M. bovis BCG and M. tuber-
culosis in healthy donors has previously been demonstrated to
be MHC-I restricted (2, 15, 21–23). However, the CD81 CTL
response from TB patients has not been studied in great detail.
A CD1-restricted CD81 T-cell response has been reported by
others in leprosy and TB patients (9, 20). In order to investi-
gate the restriction of the CD81 effector T cells, M. bovis
BCG- and M. tuberculosis H37Ra-infected macrophages were
pretreated with an anti-MHC-I blocking antibody. A marked
reduction in the levels of lysis was seen against mycobacterium-
infected macrophages treated with anti-HLA-A, -B, and -C
blocking MAbs compared to untreated or isotype control an-
tibody-treated macrophages, with the levels of lysis seen in
MHC-I-blocked macrophages reduced by .75%. Previous
studies using BCG-activated CD81 CTL have shown that pro-
teosome and Golgi inhibitors reduced CTL activity to zero
(21). These data imply that the majority of CD81 T cells
against mycobacteria are restricted by MHC-I. Although a
minor CD1 or nonclassical MHC-I component may be present,
the absence of added interleukin-4 and granulocyte-macroph-
age colony-stimulating factor in the system used here makes it
unlikely that sufficient CD1 expression would be present to
induce efficient CD1 presentation. Other studies performed in
the United Kingdom have failed to show inhibition of cytotox-
icity when antibodies to CD1 were used (21).

In addition to comparisons between the two groups of pa-
tients, the study design permitted a comparison of the CD81

T-cell response to M. bovis BCG and M. tuberculosis H37Ra.
The results show that M. tuberculosis is a better stimulator of
CD81 CTL activity than is M. bovis BCG in healthy BCG-
vaccinated donors and, to a lesser degree, in TB patients. This
observation could be due to the ability of M. tuberculosis anti-
gens to gain access to an alternative MHC-I presentation path-
way, which may allow the presentation of more immunogenic
epitopes, whereas M. bovis BCG antigens might be processed
and presented via classical pathways only.

The reduced CTL activity observed in CD81 T cells from TB
patients may, however, be explained in another way. Since
PBMC are the only available source of cells for this study, it
could be argued that all of the mycobacterium-reactive T cells
may have migrated from the blood into the site of disease, i.e.,
the lung.

In summary, CD81 T cells from healthy BCG-vaccinated
donors and pulmonary TB patients recognize and respond to
antigens secreted by mycobacteria. The CD81 T cells are ca-
pable of cytolytic granule formation and perforin production.
CTL activity was seen against whole bacilli and particular se-
creted antigens. However, the characteristics of the immune
responses in the two groups of donors were quite different.
CD81 T-cell activation and CTL activity were all greatly re-
duced in TB patients. CD81 T cells from healthy controls
exhibit strong recognition of Ag85A and Ag85B, but those
from TB patients also recognize ESAT-6, supporting its role as
a diagnostic tool. This study therefore suggests that CTL ac-
tivity mediated by CD81 T cells may be an important compo-

FIG. 4. MHC-I restriction of M. bovis BCG- and M. tuberculosis-specific
CD81 T cells from TB patients. 51Cr-labeled macrophages were infected with
either M. bovis BCG (A) or M. tuberculosis H37Ra (B) and preincubated for 1 h
with w6/32 (anti-HLA-A, -B, or -C) or immunoglobulin G2a MAb as an isotype
control; uninfected macrophages were also included as target cells (No Ag).
CD81 T cells prestimulated with either M. bovis BCG (open bars) or M. tuber-
culosis H37Ra (solid bars) for 7 days were purified by MACS and added at a 30:1
E/T ratio for the cytotoxicity assay. The data represent the mean specific lysis 6
the standard deviation of 10 TB patients.
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nent of the protective immune response against mycobacterial
infection.
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