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Numerous pathogens, including Mycobacterium tuberculosis, can activate human �9�2 T cells to proliferate and express effector
mechanisms. �9�2 T cells can directly inhibit the growth of intracellular mycobacteria and may also act as antigen-presenting
cells (APC). Despite evidence for �� T cells having the capacity to function as APC, the mechanisms involved and importance of
these effects on overall tuberculosis (TB) immunity are unknown. We prepared M. tuberculosis-specific �9�2 T cell lines to study
their direct protective effects and APC functions for M. tuberculosis-specific �� T cells. The direct inhibitory effects on intracel-
lular mycobacteria were measured, and the enhancing effects on proliferative and effector responses of �� T cells assessed. Fur-
thermore, the importance of cell-to-cell contact and soluble products for �9�2 T cell effector responses and APC functions were
investigated. We demonstrate, in addition to direct inhibitory effects on intracellular mycobacteria, the following: (i) �9�2 T cells
enhance the expansion of M. tuberculosis-specific �� T cells and increase the ability of �� T cells to inhibit intracellular myco-
bacteria; (ii) although soluble mediators are critical for the direct inhibitory effects of �9�2 T cells, their APC functions do not
require soluble mediators; (iii) the APC functions of �9�2 T cells involve cell-to-cell contact that is dependent on CD40-CD40
ligand (CD40L) interactions; and (iv) fully activated CD4� �� T cells and �9�2 T cells provide similar immune enhancing/APC
functions for M. tuberculosis-specific T cells. These effector and helper effects of �9�2 T cells further indicate that these T cells
should be considered important new targets for new TB vaccines.

Tuberculosis (TB) is a major health problem worldwide, killing
about 1.5 million people every year (1). Despite widespread

use of a TB vaccine (Mycobacterium bovis BCG [bacillus Calmette-
Guérin]) for more than 60 years, there has been minimal impact
on the overall prevalence of TB infection and disease. Vaccination
with BCG given at birth prevents the most severe complications of
infection with Mycobacterium tuberculosis, the causative agent of
TB (2). However, the estimated overall protective efficacy of BCG
against adult pulmonary TB has varied from 0% to 80% (3). The
reasons for such wide variations in estimated BCG efficacy are not
fully understood, but environmental and genetic factors are likely
involved (4). These factors may also affect the efficacy of new TB
vaccines. The development of new and more effective TB vaccines
will require a more detailed understanding of mycobacterial im-
munity (4, 5).

M. tuberculosis is an intracellular organism residing mainly in
monocytes/macrophages (6) and requiring cellular immune re-
sponses for control. Cytokines produced by CD4� Th1 cells (e.g.,
tumor necrosis factor alpha [TNF-�] and gamma interferon
[IFN-�]) activate macrophages to inhibit the replication of intra-
cellular bacilli (7). In addition, memory CD8� T cells can recog-
nize and destroy M. tuberculosis-infected macrophages by the se-
cretion of perforin, granzyme, and granulysin (8). �9�2 T cells also
have been shown to produce Th1 cytokines and exhibit cytolytic
activity, as well as inhibit intracellular mycobacteria (9–12). �9�2

T cells comprise only 3% to 5% of total human peripheral blood
lymphocytes (13, 14), and yet, they expand to large numbers after
exposure to antigen (15). �9�2 T cells proliferate and develop rel-
evant effector functions in response to M. tuberculosis (15), HIV
(16), Plasmodium spp. (17), and many other human pathogens
(18–22). Furthermore, depletion of circulating �9�2 T cells during

infections with different pathogens has been associated with in-
creased susceptibility to more severe disease (23–25). In addition,
�9�2 T cells can be stimulated by naturally occurring nonpeptidic
antigens, such as prenyl pyrophosphates (also known as phospho-
antigens), potentially broadening the host immune recognition of
invading mycobacterial pathogens (26, 27). However, although
�9�2 T cells can be expanded by stimulation with phosphoanti-
gens, we have previously demonstrated that these phosphoanti-
gen-expanded �9�2 T cells do not provide optimal protective ef-
fects capable of inhibiting intracellular mycobacterial growth (28,
29). Therefore, the specific M. tuberculosis antigens capable of in-
ducing �9�2 T cells relevant for TB protective immunity remain to
be identified. In addition, the interactions of �9�2 T cells with
other immune cells are not fully known.

Protective TB immunity will likely depend upon the inter-
play of multiple different immune cell subsets which must act
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in concert to prevail over the immune-evading mechanisms of
virulent tubercle bacilli. We have investigated the effects of
�9�2 T cells expanded by different subsets of antigen-present-
ing cells (APC) on the inhibition of intracellular mycobacteria
and on the development of �� T cell responses directed against
mycobacteria. We find that mycobacterium-infected dendritic
cells (DC) induce �9�2 T cells with potent protective effects
against intracellular mycobacterial growth. These �9�2 T cells
that expanded with infected DC also enhanced the prolifera-
tion, effector functions, and inhibitory activities of mycobac-
terium-specific CD4� and CD8� �� T cells. Mechanistically,
the enhancing effects of �9�2 T cells for �� T cell responses
were dependent upon antigen processing, antigen presenta-
tion, and CD40-CD40 ligand (CD40L) interactions. We fur-
ther demonstrate that, in contrast to previous reports, �9�2 T
cells and �� T cells displayed similar overall antigen presenta-
tion capacity after comparable activation.

MATERIALS AND METHODS
Samples. Peripheral blood mononuclear cells (PBMC) were obtained by
Ficoll-Paque (GE Healthcare, Piscataway, NJ) centrifugation of leu-
kapheresis samples obtained from healthy purified protein derivative
(PPD)-positive volunteers. All PPD-positive volunteers had a history of
either latent TB infection or BCG vaccination. The protocol for leu-
kapheresis was approved by the Saint Louis University Institutional Re-
view Board (IRB), and informed consent was obtained from each volun-
teer. Portions of these PBMC were used for the generation of dendritic
cells (DC) with cocktails of cytokines, including granulocyte-macrophage
colony-stimulating factor (GM-CSF) (Immunex, Seattle, WA), interleu-
kin 4 (IL-4) (R&D, Minneapolis, MN), IL-6 (BD Biosciences, San Jose,
CA), IL-1� (BD Biosciences), TNF-� (Roche, Indianapolis, IN), and
prostaglandin E2 (ICN Biomedicals, Inc., Aurora, OH), as previously de-
scribed (30).

Reagents. IL-2 (Hoffmann-LaRoche, Inc., Basel, Switzerland) was
used for expansion of �9�2 T cell lines. Connaught BCG at a multiplicity
of infection (MOI) of 0.02 was used for in vitro expansion of myco-
bacterium-specific T cells. The following antibodies from BD Biosci-
ence were used for flow cytometric analyses: anti-�� T cell receptor
(TCR) antibody-phycoerythrin (PE) (clone 11F2), anti-�� TCR anti-
body-fluorescein isothiocyanate (FITC) (clone B3), anti-CD3 antibody-
peridinin chlorophyll protein (PerCP) (clone SK7), anti-CD4 Pacific Blue
(clone RPA-T4), anti-CD8 antibody–PE-Cy7 (clone RPA-T8), anti-�2

TCR antibody-PE (clone B6), anti-�9 TCR antibody-FITC (clone B1),
anti-IFN-� APC antibody-Alexa Fluor 700 (clone B27), anti-granzyme A
antibody-FITC (clone CB9), and anti-granzyme B antibody-PE (clone
GB11). Anti-CD40L antibody (clone TRAP1) from BD Bioscience was
used in blocking experiments. Carboxyfluorescein succinimidyl ester
(CFSE) was obtained from Molecular Probes (Eugene, OR). Phorbol
myristate acetate (PMA; Sigma-Aldrich), ionomycin (Sigma-Aldrich),
and the Cytofix/Cytoperm kit (BD Biosciences) were used in the prep-
aration of cells for intracellular staining. 4-Hydroxy-3-methyl-but-2-
enyl pyrophosphate (HMB-PP; Echelon Bioscience) was used to stim-
ulate �9�2 T cells in some experiments.

Generation of long-term �� T cell lines and clones. �9�2 T cells were
purified from BCG-expanded PBMC using �� TCR-specific magnetic mi-
crobeads (Miltenyi Biotech, Auburn, CA). The purity of these positively
selected �9�2 T cells was �97%. Purified �9�2 T cells were restimulated
every 2 weeks with either live BCG-pulsed (MOI of 5) and irradiated
PBMC or BCG-infected (MOI of 5) and irradiated mature DC, as APC.
Extracellular BCG were removed by washing. IL-2 (20 U/ml) in fresh
RPMI 1640 medium with 10% human serum, 2 mM L-glutamine, and 1%
penicillin-streptomycin was added every 3 or 4 days as needed to maintain
the lines (28, 29). �9�2 T cell clones were generated from BCG-specific
�9�2 T cell lines as described previously (29).

Assay of �9�2 T cell-mediated inhibition of intracellular mycobac-
terial growth. The assay was performed as previously described (28).
Briefly, adherent monocytes were infected overnight with BCG at an
MOI of 3 and extracellular BCG washed away. �9�2 T cell lines were
added to achieve an effector-to-target ratio of 10:1. Cocultures were
incubated at 37°C with 5% CO2 for 72 h. The monocytes were lysed
with 0.2% saponin in RPMI 1640 medium, and the viable BCG bacilli
released were quantified by CFU plating and/or [3H]uridine (GE
Healthcare) incorporation. The percentages of BCG growth inhibition
were determined using the following formula: % inhibition � 100 	
[100 
 (CFU or DPM in the presence of �9�2 T cells lines/CFU or DPM
in the absence of �9�2 T cells)].

Antigen specificity assays. To study antigen-specific lymphoprolif-
eration, APC (PBMC or DC) were infected with BCG or vaccinia virus or
cultured in medium alone, irradiated with 3,000 rad, and then used to
stimulate purified �9�2 T cells (2 
 104/well). These cultures were incu-
bated for 4 to 7 days and pulsed with [3H]thymidine for the last 18 h of
incubation. [3H]thymidine incorporation was measured in a Microbeta
scintillation counter. Stimulation indices (SI) were calculated by dividing
counts per minute (cpm) for wells with infected APC by cpm for wells
with uninfected APC.

To study antigen-specific effector function, APC infected with optimal
doses of BCG or vaccinia virus were used to stimulate �9�2 T cells for 18 h
in the presence of GolgiStop and the costimulants anti-CD28 antibody
and anti-CD49d antibody, as directed by the manufacturer (BD Biosci-
ences). Then, cells were harvested, stained for the T cell surface markers
CD3 and �� TCR, permeabilized with Cytofix/Cytoperm solutions (BD
Biosciences), and stained for intracellular IFN-� expression. Data were
collected with a multicolor BD FACSCanto II instrument, and analyses
were done using FlowJo (Tree Star) software. A minimum of 10,000
events were acquired.

MHC restriction. PBMC were allotyped for major histocompatibility
complex class I (MHC-I) and MHC-II allele expression. Samples without
shared MHC were selected for use as allogeneic APC in MHC restriction
studies. BCG-specific long-term �9�2 T cell lines were stimulated with
autologous and allogeneic BCG-infected DC and studied for intracellular
IFN-� responses by flow cytometry as described above. �9�2 T cell lines
were also stimulated with BCG-infected autologous DC in the presence or
absence of anti-MHC-I (clone W6/32; BioLegend, San Diego, CA) and
anti-MHC-II (clone L243; BioLegend) antibodies.

CFSE-based flow cytometric assay to study effects of �9�2 T cell lines
on BCG-specific �� T cell memory responses. �� T cells were depleted
from PBMC using magnetic microbeads (Miltenyi Biotech, Auburn, CA),
and �� T cell-depleted PBMC were labeled with CFSE (Molecular Probes)
as recommended by the manufacturer. CFSE-labeled, �� T cell-depleted
PBMC (1 
 106/ml) were incubated in the presence or absence of autol-
ogous BCG-specific long-term �9�2 T cell lines (1 
 103 to 1 
 104/ml),
and these cultures were stimulated with live BCG or rested in medium for
7 days at 37°C. On day 7, the cells were restimulated with PMA (50 ng/ml)
and ionomycin (750 ng/ml) in the presence of GolgiStop (0.7 �l/ml) for 2
h and studied for intracellular IFN-� or granzyme expression as described
above. Flow cytometric acquisition was performed on a multicolor BD
FACSCanto II instrument, and analyses were done using FlowJo (Tree
Star) software. A minimum of 10,000 CD4� or CD8� events were ac-
quired. CD3� CD4� and CD3� CD8� T cells were regated from the
lymphocyte population gate based on forward and side scatter properties.
The proliferating cells were identified as populations with decreased mean
FITC fluorescence intensity (CFSElo). The absolute numbers of CFSElo

populations were calculated by multiplying the percentage of each subset
obtained with flow cytometry by the trypan blue-determined total viable
cell count. SI were calculated by dividing the absolute number of each
CFSElo subset of CD4� or CD8� T cells after expansion with BCG by the
matching absolute number of that CFSElo subset after resting in medium.
The results are presented as the means, standard errors (SE), and ranges of
the data.
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Studies of �9�2 T cell APC/helper effects on the development of �� T
cell effector functions capable of inhibiting intracellular mycobacteria.
Endogenous �� T cells were depleted from freshly thawed PBMC samples,
and the depleted PBMC (1 
 106/ml) were stimulated with an optimal
concentration of BCG in the presence or absence of autologous BCG-
specific long-term �9�2 T cell lines (1 
 103 to 1 
 104/ml). On day 7, �9�2

T cells again were depleted and the remaining �� T cell preparations were
cocultured with BCG-infected monocytes at an effector-to-target ratio of
10:1. Mycobacterial growth was measured after 3 days as described above.
�� T cell depletions routinely resulted in �1% residual �� T cells.

Cell-to-cell contact requirements for �9�2 T cell APC/helper effects.
�9�2 T cell clones were prepared by limiting dilution from BCG-expanded
�9�2 T cell lines as previously described (29). �� T cells were depleted from
an aliquot of autologous PBMC prior to stimulation with BCG. These ��
T cell-depleted PBMC were labeled with CFSE and stimulated with BCG
for 7 days in the presence or absence of autologous �9�2 T cell clones.
Additional experiments separated PBMC from �� T cells across semiper-
meable transwell membranes (0.4-�m pores). Furthermore, prior to be-
ing added to �� T cell-depleted PBMC, some aliquots of �9�2 T cells were
fixed with 0.05% glutaraldehyde for 30 s, followed by 0.2 M glycine neu-
tralization and extensive washing. Stimulation indices were calculated as
described above.

Comparing APC functions of �9�2 T cells and CD4� �� T cells. �9�2

T cells were preincubated with HMB-PP and IL-2, with or without the M.
tuberculosis whole-lysate (WL) antigen. In parallel, purified CD4� �� T
cells from the same individuals were preincubated with anti-CD3 and
anti-CD28 antibodies, with or without M. tuberculosis WL antigen. After
24 h of optimal stimulation, cells were washed, irradiated with 3,000 rad,
and cocultured with autologous CFSE-labeled effector CD4� T cells for 6
days. The importance of CD40-CD40L interactions for the APC/helper
functions of �9�2 and CD4� T cells was studied by adding anti-CD40L
blocking antibody. Stimulation indices were calculated by dividing the
absolute numbers of CD4� T cells that had proliferated and produced
IFN-� in cocultures incubated with APC by the same results detected in
control cultures with CFSE-labeled CD4� T cells alone.

Statistical analysis. Graphics and statistical results were generated us-
ing Microsoft Excel or Statistica. Percent inhibition is displayed as the
mean result  the standard error. Effector functions of BCG-specific �9�2

T cell lines were analyzed using Mann-Whitney U tests. Differences in
BCG-specific �� T cell responses in the presence and absence of BCG-
specific �9�2 T cell lines were analyzed using the Wilcoxon matched-pairs
test.

RESULTS
Generation and characterization of long-term �9�2 T cell lines
capable of inhibiting intracellular mycobacteria. In order to
study the role of memory �9�2 T cells in mycobacterial immunity,
we generated long-term �9�2 T cell lines by repeated stimulation
of immunomagnetically purified �9�2 T cells with BCG-infected
and irradiated APC. These �9�2 T cells were stimulated with BCG-
infected APC every 2 weeks and were supplemented with fresh
medium plus 20 units/ml IL-2 every 3 to 4 days as needed. Cul-
tures were routinely monitored for outgrowth of �� T cells and
immunomagnetically purified in order to maintain pure popula-
tions of �9�2 T cells. It was possible to maintain pure cultures of
�9�2 T cells for �6 months.

During the generation of these long-term �9�2 T cell lines, we
compared total PBMC and DC as APC to generate optimal expan-
sions of �9�2 T cells. In addition, the ability of these �9�2 T cell
lines to inhibit intracellular mycobacterial growth was tested using
a previously developed in vitro mycobacterial growth inhibition
assay (28, 31, 32). The results shown in Fig. 1A show that �9�2 T
cell lines generated by repeated stimulation with BCG-infected
DC could directly inhibit the growth of intracellular bacilli

by �60% compared with the growth of control cocultures incu-
bated with medium-rested PBMC (P � 0.01 by Mann-Whitney U
test; n � 5). In contrast, �9�2 T cell lines repeatedly stimulated
with BCG-infected PBMC did not inhibit intracellular mycobac-
terial growth. These results demonstrated that only the use of
BCG-infected DCs as APC for repeated stimulation of �9�2 T cells
induced antigen-specific expansions of �9�2 T cells relevant for
protective TB immunity. Further experiments reported here were
conducted with �9�2 T cells expanded with BCG-infected DC.

We next investigated whether these long-term �9�2 T cell lines
developed antigen-specificity for mycobacteria. The results shown
in Fig. 1B demonstrate that BCG-expanded �9�2 T cells prolifer-
ated only in response to BCG-infected APC and not uninfected
APC or APC infected with an irrelevant pathogen (vaccinia virus).
The mean proliferative stimulation indices (SI) for �9�2 T cells
incubated with BCG- and vaccinia virus-infected DC were 6 and
0.7, respectively. Furthermore, these �9�2 T cell lines produced
IFN-� solely in response to BCG-infected DC and not to DC in-
fected with heterologous antigen (vaccinia virus). Figure 1C
shows the results of flow cytometric analysis of one of three similar
experiments. Intracellular IFN-� expression by �9�2 T cell lines
was measured after overnight stimulation with infected APC (Fig.
1C, top). IFN-� expression in BCG-specific �9�2 T cell lines was
significantly higher when these T cell lines were stimulated with
BCG-infected DC than after stimulation with uninfected DC or
vaccinia virus-infected DC (P � 0.05 by Mann-Whitney U test;
n � 3) (Fig. 1D). In order to control for suboptimal antigen pro-
cessing or antigen presentation in vaccinia virus-infected DC, we
generated vaccinia virus-specific �9�2 T cells by repeated stimula-
tion with vaccinia virus-infected DC. Vaccinia virus-specific �9�2

T cell lines produced IFN-� only in response to stimulation with
vaccinia virus-infected DC and not after stimulation with BCG-
infected DC (Fig. 1C, bottom). These results demonstrate that
BCG- and vaccinia virus-expanded �� T cell lines maintain anti-
gen-specific proliferative and effector responses, indicating that
�9�2 T cells can develop differential pathogen recognition capa-
bilities.

We next confirmed that our long-term �9�2 T cell lines were
not restricted by MHC. After coculturing �9�2 T cells with autol-
ogous or allogeneic DC for 16 h, the expression of intracellular
IFN-� was measured by flow cytometry (Fig. 1E). Stimulation
with uninfected autologous and allogeneic DC did not induce
IFN-� expression in these �9�2 T cells (0.9% and 1% IFN-��,
respectively), demonstrating the absence of alloreactivity. In con-
trast, similar 10-fold increases in the percentages of �9�2 T cells
that produced IFN-� were induced by autologous and allogeneic
BCG-infected DC, indicating that �9�2 T cell responses were not
MHC restricted. We also blocked MHC-TCR interactions with
anti-MHC-I (20 �g/ml) and anti-MHC-II (20 �g/ml) antibodies,
using concentrations that optimally blocked IFN-� expression by
BCG-stimulated CD8� and CD4� T cells, respectively (data not
shown). The percentages of �9�2 T cells expressing IFN-� were
unchanged by the presence of both anti-MHC-I and anti-MHC-II
blocking antibodies, confirming that these �9�2 T cell lines were
not MHC restricted (Fig. 1F).

Mycobacterium-specific memory �9�2 T cells enhance the
development of CD4� and CD8� �� T cell responses. To further
study the effects of �9�2 T cells on mycobacterium-specific �� T
cells, we performed a CFSE-based flow cytometric assay measur-
ing the effects of autologous, in vitro-expanded, BCG-specific ��
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FIG 1 Generation and characterization of long-term �9�2 T cell lines. (A) Only long-term �9�2 T cell lines generated by serial stimulation with BCG-infected DC
inhibit intracellular mycobacterial growth. Long-term �9�2 T cell lines were generated with BCG-infected APC as indicated and cocultured with BCG-infected
macrophages, as described in Materials and Methods. Only �9�2 T cell lines generated with BCG-infected DC significantly inhibited the growth of intracellular
bacilli (*, P � 0.01 by Mann-Whitney U test comparing �9�2 T cells generated with BCG-infected DC to PBMC). (B) Serially stimulated �9�2 T cell lines
proliferate in an antigen-specific manner. DC were infected with BCG (MOI of 0.2) or vaccinia virus (MOI of 0.2) for 2 h and irradiated with 3,000 rad. Aliquots
of these DC (2 
 103) were cocultured with BCG-expanded �9�2 T cell lines (2 
 104), and proliferation was assessed on day 4, after pulsing with [3H]thymidine
for the last 18 h. Long-term BCG-expanded �9�2 T cells proliferated in response to BCG-infected DC but not to vaccinia virus-infected DC or uninfected DC (*,
P � 0.05 by Mann-Whitney U test; n � 3). (C) Long-term �9�2 T cell lines produce IFN-� specifically in response to BCG-infected DC stimulation but not
heterologous stimuli (vaccinia virus-infected DC). �9�2 T cells were stimulated with BCG- or vaccinia virus-infected DC in the presence of costimulants
(anti-CD28 and anti-CD49d antibodies) and GolgiStop for 18 h and stained for flow cytometric detection of IFN-�-producing cells. The percentage of �9�2 T
cells producing IFN-� was markedly higher in �9�2 T cells stimulated with BCG-infected DC (*, P � 0.05 by Mann-Whitney U test; n � 3). (D) In parallel
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� cell lines on CFSE-labeled �� T cells. This enables the identifi-
cation of T cells that proliferate (become CFSE low) and produce
effector molecules in response to antigen-specific stimuli (33).
Briefly, �� � cell-depleted autologous PBMC were labeled with
CFSE and stimulated with BCG in the presence or absence of
BCG-specific autologous �9�2 T cell lines (reconstituted to 0.1%
of total PBMC). The proportions of CD4� and CD8� T cells that
proliferated and produced either IFN-� or granzyme A intracel-
lularly were determined by flow cytometry on day 7 of the expan-
sion. The results shown in Fig. 2A demonstrate that �9�2 T cell
lines significantly enhanced the ability of BCG-specific CD4� and
CD8� T cells to proliferate and express IFN-�, as well as granzyme
A (P � 0.05 by Wilcoxon matched-pairs test; n � 5). The SI
(mean  SE) for CD4� CFSElo IFN-�� �� T cell responses were
429.3  263 and 21.4  9.8 in the presence and absence of �9�2 T
cells, respectively. In addition, the SI for CD4� CFSElo granzyme
A� responses were 445  264 and 14.6  5.9 in the presence and
absence of �9�2 T cells, respectively. The SI (mean  SE) for CD8�

CFSElo IFN-�� �� T cell responses were 136.6  66 and 30.5 
10.5 in the presence and absence of �9�2 T cells, respectively. The
SI for CD8� CFSElo granzyme A� responses were 91.3  41.6 and

24.3  10.1 in the presence and absence of �9�2 T cells, respec-
tively. All of these �� T cell effector responses were significantly
higher in the presence of �9�2 T cells (P � 0.05 by Wilcoxon
matched-pairs test; n � 5). These helper effects could be either
because of direct interaction of �9�2 T cells with �� T cells or
indirect through effects of �9�2 on other APC.

The experiments described above demonstrated that �9�2 T
cells helped mycobacterium-specific �� T cells develop signifi-
cantly increased proliferation and cytokine and cytolytic molecule
production. However, a more important measurement of T cell
function essential for mycobacterial immunity is the ability to
inhibit intracellular mycobacterial growth. Therefore, we studied
the mycobacterial inhibitory activities of �� T cells stimulated
with live BCG in the presence and absence of �9�2 T cells. PBMC
from PPD-positive individuals were depleted of �� T cells and
expanded with live BCG in the presence or absence of autologous
�9�2 T cell lines for 7 days. The �9�2 T cells were then removed by
immunomagnetic depletion to allow direct assessment of the abil-
ity of the expanded �� T cells to inhibit intracellular mycobacte-
ria. The inhibitory effects of �� T cells on mycobacterial growth
were markedly increased when �9�2 T cells were present during

experiments, BCG-specific �9�2 T cell lines and vaccinia virus-specific �9�2 T cell lines were stimulated with both BCG- and vaccinia virus-infected DC in the
presence of costimulants (anti-CD28 and anti-CD49d antibodies) and GolgiStop for 18 h and stained for flow cytometric detection of IFN-�-producing cells. The
percentage of �9�2 T cells producing IFN-� was markedly higher when �9�2 T cell lines were stimulated with the model pathogen used for initial expansion of
the �9�2 T cells (*, P � 0.05). (E and F) Long-term �9�2 T cell lines are not restricted by MHC allotypes. Long-term �9�2 T cell lines were stimulated for 18 h with
BCG-infected (MOI of 10) or uninfected autologous or allogeneic DC in the presence of costimulants (anti-CD28 and anti-CD49d antibodies) and stained for
flow cytometric detection of IFN-� production. (E) The percentages of �9�2 T cells producing IFN-� after stimulation with autologous and allogeneic infected
DC were similar. (F) In addition, the expression of IFN-� following stimulation with BCG-infected DC was not inhibited by the combination of optimal
concentrations of anti-MHC-I and anti-MHC-II antibodies (Abs). The results in panels A, B, and D are presented as means  SE.

FIG 2 (A) �9�2 T cells enhance the proliferation and intracellular production of effector function by memory �� T cells. PBMC depleted of �� T cells were
labeled with CFSE and stimulated with BCG or rested in medium for 7 days in the presence or absence of autologous �9�2 T cell lines (0.1% of total T cells).
Stimulation indices were calculated by dividing the percentages of CD4� and CD8� T cells that were CFSElo IFN-�� or CFSElo granzyme A� by the correspond-
ing percentages in medium-rested PBMC. Greater numbers of BCG-specific CD4� and CD8� �� T cells proliferated and produced IFN-� and granzyme A in
the presence of BCG-specific �9�2 T cells (*, P � 0.05 for comparison to the absence of �9�2 T cells by Wilcoxon matched-pairs tests; n � 5). The results are
presented as the medians (points), mid-50% ranges (boxes), and extreme quartiles (whiskers) of the data. (B) BCG-specific �9�2 T cells enhance the antimyco-
bacterial effects of �� T cells. �9�2 T cells were depleted from freshly thawed PBMC, and these depleted cells were stimulated with live BCG in the presence or
absence of autologous long-term, BCG-specific �9�2 T cells. On day 7, �9�2 T cells were removed and the �� T cells alone were cocultured with BCG-infected
monocytes at a 10:1 ratio to assess antimycobacterial activity. �9�2 T cell lines enhanced the ability of �� T cells to inhibit the growth of intracellular mycobacteria.
The results are presented as means  SE.
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the expansion of BCG-specific �� T cells (Fig. 2B). The percent-
ages of intracellular mycobacterial growth inhibition increased
from 21% to 44% in PBMC from volunteer number 1 and from
21% to 48% in PBMC from volunteer number 2 due to the helper
effects provided by BCG-specific �9�2 T cells.

Enhancing effects of �9�2 T cells for M. tuberculosis-specific
�� T cell responses require cell-to-cell contact. We next probed
the mechanism responsible for �9�2 T cell-mediated enhancing
effects for �� T cells. We initially investigated the role of soluble
mediators in the enhancement of �� T cell effector functions by
fixing �9�2 T cells with glutaraldehyde. Cellular fixation prevents
the secretion of soluble mediators but maintains cellular struc-
ture. Glutaraldehyde fixation of activated �9�2 T cells prior to
addition to �� T cell cultures did not significantly reduce these
helper effects (P � 0.05; n � 5) (Fig. 3A). These results indicate
that soluble mediators are not important for the �9�2 T cell helper
effects on �� T cell effector functions.

In addition, the importance of cell-to-cell contact was studied
by separating the BCG-stimulated �9�2 T cells from the BCG-
stimulated CFSE-labeled �� T cells using transwell chambers with
0.4-�m pores. Additional BCG-infected DC were incubated as
APC in the isolation chambers to ensure maximal activation of ��
� cells. Separating �9�2 T cells and �� T cells eliminated the en-
hancing effects of �9�2 T cells on the proliferation of granzyme- or
IFN-�-expressing effector �� T cells (P � 0.05 by Wilcoxon
matched-pairs test; n � 5) (Fig. 3B).

The ability of mycobacterium-specific �9�2 T cells to en-
hance �� T cells is dependent on CD40-CD40L interactions.
Since cell-to-cell contact was required for �9�2 T cell-mediated
enhancement of �� T cell effector function, we further investi-
gated the costimulatory effects of �9�2 T cells on �� T cell stimu-
lation. CD40-CD40L interactions have costimulatory functions

for T cells during APC-mediated activation (34). Therefore, we
examined the role of CD40-CD40L-mediated costimulatory sig-
nals for the �9�2 T cell immune-enhancing effects on �� T cell
effector functions. Antibody-mediated blockade of this interac-
tion significantly reduced the immune-enhancing effects of mem-
ory �9�2 T cells (P � 0.05 by Wilcoxon matched-pairs test; n � 5)
(Fig. 4A), whereas the inclusion of an isotype control antibody had
no effect (P � 0.38; n � 5).

Although CD40-CD40L interactions should be blocked during
the initial incubation of �9�2 T cells with �� T cells during myco-
bacterial stimulation in our assay system, this blockade is not
likely to be complete during the 7 days of the assay due to disso-
ciation/consumption of the antibody. Therefore, we attempted to
disrupt CD40-CD40L binding during the entire assay by incubat-
ing the �9�2 T cells with anti-CD40L antibody followed by glutar-
aldehyde fixation to cross-link the antibody to the cell surface
molecule for the entire course of the assay. �9�2 T cells bound by
anti-CD40L antibody prior to fixation were completely unable to
mediate any helper effects for �� T cell effector functions (P �
0.05 by Wilcoxon matched-pairs test; n � 5) (Fig. 4B). These data
have allowed us to conclude that �9�2 T cells provide costimula-
tion for the development of antigen-specific �� T cells through
CD40-CD40L signaling.

Comparisons of the APC and immune-enhancing effects of
�9�2 T cells and optimally stimulated CD4� T cells. Because
both CD4� �� T cells and �� T cells have been shown to have
immune-enhancing effects and �� T cells were reported to have
potent APC activity, we next compared CD4� �� T cells and �9�2

T cells for both overall T cell immune-enhancing effects and spe-
cific APC activities important for inducing mycobacterium-spe-
cific immunity. We purified �9�2 and CD4� �� T cells from the
same subjects, activated them with maximal stimuli in the absence

FIG 3 Immune-enhancing effects of �9�2 T cells require cell-to-cell contact. CFSE-labeled �� T cells were activated by live BCG for 7 days in the presence or
absence of �9�2 T cells. (A) Fixation of �9�2 T cells with glutaraldehyde does not significantly affect their immune-enhancing effects. Prior to addition to �� T
cell-depleted PBMC, �9�2 T cells were fixed with 0.05% glutaraldehyde for 30 s, followed by neutralization with 0.2 M glycine and extensive washing. Glutaral-
dehyde fixation did not significantly reduce the immune-enhancing effects of �9�2 T cells (*, P � 0.05 by Wilcoxon matched-pairs test; n � 5). (B) The molecular
mechanisms involved in �9�2 T cell immune-enhancing effects were further analyzed by separation of memory �9�2 T cells and �� T cell-depleted PBMC across
semipermeable transwell membranes (0.4-�m pores) during stimulation with BCG. Stimulation indices were calculated by dividing the percentages of �� � cells
that were CFSElo IFN-�� or CFSElo granzyme� when cultured with �9�2 T cells by the corresponding percentages in cultures containing no �9�2 T cells.
Separation of �9�2 T cells and �� T cells by the semipermeable membrane significantly decreased the immune-enhancing activity of �9�2 T cells (**, P � 0.01 by
Wilcoxon matched-pairs tests; n � 5). The results are presented as the medians (points), mid-50% ranges (boxes), and extreme quartiles (whiskers) of the data.
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of other cells (HMB PP plus IL-2 and anti-CD3� and anti-CD28
antibodies, respectively), and pulsed them or not with M. tuber-
culosis WL antigen. These �9�2 and CD4� �� activated T cells
pulsed or not with M. tuberculosis WL antigen were then cocul-
tured with autologous CFSE-labeled CD4� T cells as responder T
cells. Both �9�2 and CD4� T cells preactivated in the presence of
mycobacterial antigen (but not cells preactivated in the absence of
antigen) enhanced the proliferation and IFN-� expression of au-
tologous TB-specific CD4� T cells (Fig. 5A and C). The fact that
preactivated T cells without antigen did not enhance TB-specific
responder T cell proliferation/effector function indicates that an-
tigen processing and presentation by the �9�2 and �� T cells were
required. These immune-enhancing/APC functions of �9�2 and
CD4� T cells were blocked by anti-CD40L antibody, indicating
that CD40-CD40L interactions were absolutely required for the
immune-enhancing/APC functions (Fig. 5B and D). Our results
demonstrate for the first time that both �9�2 and CD4� �� T cells
can provide similarly potent immune-enhancing/APC functions
for stimulation of TB-specific T cells.

DISCUSSION

�� T cells are important for protective TB immunity. Their inter-
action with antigen-presenting cells is not restricted by MHC al-
lotypes, and yet, they are antigen specific. In addition, �� T cells
tend to accumulate in mucosal epithelial tissues, including the
lung, where they would be among the first immune cells encoun-
tering tubercle bacilli (35, 36). These properties make �� T cells
well suited for early responses to TB infection or reactivation.
There is evidence that �� T cells are important contributors of
mycobacterium-specific type I immune responses, including
IFN-� production and cytolytic activity, critical for TB immunity
(28, 37–41). Indeed, �� T cells have been shown to be more potent
producers of IFN-� than CD4� and CD8� �� T cells after re-
stimulation in vitro with M. tuberculosis-infected APC (42, 43).

Despite the limitations of in vitro results to recapitulate in vivo
phenomena, our results provide additional evidence for the im-
portance of �9�2 T cells as protective effector cells in mycobacte-
rial immunity by demonstrating that �9�2 T cells can potently
inhibit intracellular mycobacterial growth, as well as potentiate
the expansion of mycobacterium-specific �� T effector cells. In
fact, this is the first time that BCG-specific �9�2 T cell lines have
been used to study helping/APC functions or interactions with ��
T cells.

We found that only �9�2 T cell lines generated by repeated
stimulation with BCG-infected DC and not those generated with
BCG-infected PBMC were capable of mediating mycobacterial
growth inhibition. These results may be due to differential anti-
gen-specific focusing events (28). Only BCG-infected DC may
induce �9�2 T cells capable of recognizing antigens expressed by
intracellular mycobacteria. Only a minor fraction of PBMC
(monocytes/macrophages, �10%) are known to be infected by
mycobacteria and capable of supporting their intracellular repli-
cation. The bulk of live BCG added to PBMC may remain extra-
cellular and stimulate �9�2 T cell responses directed against extra-
cellular mycobacterial components that are different from those
presented by infected cells. Alternatively, DC and not PBMC may
activate sufficient effector functions that are required for inhibi-
tory effects on intracellular mycobacteria.

The possibility that �9�2 T cells may develop discrete antigen
specificities was supported by our previous findings that BCG-
specific �9�2 T cells did not respond to canarypox virus, another
live vaccine also capable of inducing �9�2 T cell expansions (44).
We now provide additional evidence for the development of
pathogen-specific �9�2 T cells, showing that �9�2 T cell lines gen-
erated by repeated expansion with BCG-infected DCs do not re-
spond to vaccinia virus-infected APC. The pathogen specificity
potential of �9�2 T cells was further confirmed by showing that

FIG 4 BCG-specific �9�2 T cells enhance the development of effector functions in BCG-specific �� T cells through CD40-CD40L-mediated costimulation. (A)
The immune-enhancing effects of �9�2 T cells require CD40-CD40L interactions with responder T cells. �9�2 T cells were cocultured with �� T cells and
stimulated with BCG in the presence or absence of a neutralizing anti-CD40L antibody. Neutralization of CD40L significantly decreased the immune-enhancing
effects of �9�2 T cells (*, P � 0.05 for comparison to �9�2 T cells by Wilcoxon matched-pairs tests; n � 5). (B) To compensate for possible dissociation/
consumption of anti-CD40L antibody during the 7-day assay, cells were treated with anti-CD40L antibody and then fixed with glutaraldehyde. Glutaraldehyde
fixation after the addition of anti-CD40L completely prevented all immune-enhancing effects (P � 0.05 by Wilcoxon matched-pairs test; n � 5). The results are
presented as the medians (points), mid-50% ranges (boxes), and extreme quartiles (whiskers) of the data.
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vaccinia virus-specific �9�2 T cells respond only to vaccinia virus-
infected APC and not to BCG-infected APC.

The roles of �9�2 T cells in TB immunity are not limited to the
direct inhibition of intracellular mycobacteria. We showed that
�9�2 T cells could enhance the expansion of �� T cells, and these
findings were similar to the findings previously reported by other
groups (45). To further confirm their M. tuberculosis-specific
functions, we tested the ability of �� T cells expanded with the
help of M. tuberculosis-specific �9�2 T cells to inhibit intracellular
mycobacteria. Our results showed that �� T cells expanded with
the help of M. tuberculosis-specific �9�2 T cells have increased
abilities to kill intracellular mycobacteria, confirming that the in-
teractions were antigen specific and relevant for the control of M.
tuberculosis growth.

Activated �� T cells have been reported to mediate APC func-
tions (45–47). However, we have previously shown that soluble

mediators are required for the direct inhibition of intracellular
mycobacteria by �9�2 T cells (12). Therefore, we studied the rela-
tive roles of soluble mediators and cell-to-cell contact for the im-
mune-enhancing effects of �9�2 T cells. We showed that soluble
mediators are not required for the ability of �9�2 T cells to help M.
tuberculosis-specific �� T cells. In contrast, we demonstrated that
CD40-CD40L interactions were essential for the immune-en-
hancing effects of �9�2 T cells. We tested the immune-enhancing
effects of �9�2 T cells in mixed cell populations consisting of all
other APC subsets present in total PBMC. Interestingly, the robust
immune-enhancing effects of �9�2 T cells were seen even in the
presence of other APC, indicating that these M. tuberculosis-spe-
cific �9�2 T cell effects were not redundant.

It is known that CD4� �� T cells help other immune cells
which are important for TB-specific immunity (48–50). There-
fore, we compared the immune-enhancing functions of �9�2 T

FIG 5 Both �9�2 T cells and CD4� �� T cells can mediate antigen presentation capable of activating TB-specific T cell responses. (A) �9�2 T cells were
prestimulated with HMB-PP and IL-2 and antigen pulsed or not for 24 h. Then, cells were washed, irradiated with 3,000 rad, and cocultured with CFSE-labeled
autologous CD4� T cells obtained from PPD-positive healthy individuals. On day 7, proliferating and IFN-�-expressing CD4� T cells were analyzed by flow
cytometry. Stimulation indices were calculated by dividing the percentages of effector CD4� � cells that were CFSElo IFN-�� when cocultured with �9�2 T cells
by the corresponding percentages in cultures containing no �9�2 T cells. �9�2 T cells prestimulated with HMB-PP and pulsed with M. tuberculosis WL antigen
showed much higher stimulation indices in CD4� �� T cells than �9�2 T cells treated with HMB-PP alone (*, P � 0.05 for comparison to �� T cells by Wilcoxon
matched-pairs tests; n � 6). (B) The effects of neutralizing anti-CD40L antibody on �9�2 T cell APC effects were studied with cells from 2 individuals.
Anti-CD40L antibody was added during coculture with CFSE-labeled CD4� T cells. Anti-CD40L antibody markedly inhibited the enhancing effects of �9�2 T
cells prestimulated with HMB-PP and pulsed with M. tuberculosis WL antigen. (C) In parallel experiments, CD4� �� T cells were prestimulated with anti-CD3
and anti-CD28 antibodies and pulsed or not with M. tuberculosis WL antigen for 24 h. Then, cells were washed, irradiated at 3,000 rad, and cocultured with
CFSE-labeled autologous CD4� T cells from PPD-positive healthy individuals. On day 7, proliferating and IFN-�-expressing CD4� T cells were analyzed by flow
cytometry. Preactivated and M. tuberculosis antigen-pulsed CD4� �� T cells provided APC functions similar to those of �9�2 T cells (n � 4). (D) The effects of
neutralizing anti-CD40L antibody on APC functions of CD4� T cells were studied with cells from 2 individuals. Anti-CD40L antibody was added during
coculture with CFSE-labeled effector CD4� T cells. Anti-CD40L antibody markedly inhibited the APC effects of CD4� T cells prestimulated with anti-CD3 and
anti-CD28 antibodies and pulsed with M. tuberculosis WL antigen. The results in panels A and C are presented as means  SE.
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cells with those of CD4� �� T cells. Contrary to previous reports
(45), the immune-enhancing/APC functions and CD40-CD40L
dependence were not unique to �9�2 T cells. We demonstrated
that optimally preactivated CD4� �� T cells and �9�2 T cells had
similar effects in promoting the expansion of autologous CD4�

�� T cells in an M. tuberculosis antigen-specific manner. We be-
lieve that suboptimal preactivation of CD4� �� T cells (the use of
a superantigen expected to activate only some �� T cells) may
explain the different results in our study compared with those of
previously published work.

The immune-enhancing effects of �9�2 T cells for �� T cell
responses detected in our current work have important implica-
tions for further TB vaccine design. Primary immune responses
involve the proliferation and differentiation of naive T cells after
their initial antigen encounter into armed effector T cells capable
of inhibiting pathogen replication and memory immune T cells
that protect against secondary challenges. By enhancing primary
CD4� and CD8� �� T cell responses, �9�2 T cell induction could
be useful for the priming step of new prime/boosting TB vaccine
strategies. Furthermore, CD4� �� T cells appear to be critically
important for the control of early TB infection associated with
active mycobacterial replication, while CD8� �� T cells may be
more important for the control of latent M. tuberculosis infection
(51). By enhancing both memory CD4� and CD8� �� T cell
responses, prophylactic and/or immunotherapeutic vaccine strat-
egies capable of stimulating �9�2 T cell responses may improve the
overall ability of vaccine-induced immunity to prevent both pri-
mary and reactivation TB disease. The limitation of this study is
that most of our results were generated using BCG as a model
mycobacterium instead of M. tuberculosis. We have previously
shown that stimulation of �9�2 T cells with natural phosphoanti-
gens, such as isopentenyl pyrophosphate (IPP) and HMB-PP,
leads to polyclonal expansion, but that these pyrophosphate-ex-
panded �9�2 T cells could not inhibit intracellular mycobacterial
growth (29). We are now working on lead M. tuberculosis antigens
that can expand M. tuberculosis-specific �9�2 T cells with inhibi-
tory activity. These compounds, once developed, will have the
potential to be used as prophylactic vaccines to enhance TB im-
munity pre-exposure, as immunotherapies designed to clear or
reduce latent TB infection, and/or as therapeutic vaccines to
shorten the duration of standard TB treatment, as well as improve
treatment outcomes in multidrug-resistant/extensively drug-re-
sistant TB patients.

In conclusion, our results confirm direct protective effects of
�9�2 T cells and uniquely demonstrate the following conclusions:
(i) �9�2 T cells enhance the expansion of M. tuberculosis-specific
�� T cells and increase the ability of �� T cells to inhibit intracel-
lular mycobacteria; (ii) soluble mediators do not have a role in the
immune-enhancing effects of �9�2 T cells despite the fact that �9�2

T cells inhibit intracellular M. tuberculosis through soluble medi-
ators (12); and (iii) the immune-enhancing/APC functions of
�9�2 T cells are dependent on cell-to-cell contact mediated
through CD40-CD40L interactions, further confirming previous
reports that �9�2 T cells can act as costimulatory APC. Impor-
tantly, these robust immune-enhancing functions were seen even
in the presence of other APC, indicating that these �9�2 T cell
effects are not redundant. Our results also demonstrate that both
CD4� �� T cells and �9�2 T cells can mediate similar APC func-
tions, indicating that the ability to process and present antigens to
other M. tuberculosis-specific T cells is not unique to �9�2 T cells.

Therefore, our results indicate that in addition to CD4� and
CD8� �� T cells, �9�2 T cells should be considered potentially
important new targets for stimulation by new TB vaccines.
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