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The T-cell receptor (TCR) Va/b gene product expression upon in vitro stimulation with mycobacteria was
investigated to assess whether T-cell proliferation was associated with any specific TCR V gene usage.
T-cell-enriched populations from peripheral blood of Mycobacterium bovis BCG-vaccinated healthy blood
donors were stimulated in vitro with live or killed M. tuberculosis or with a soluble extract thereof. TCR Va/b
repertoire analysis of reactive CD41 and CD81 T cells revealed a selective HLA-DR17(3), DQ2-restricted
expansion of Va2.31 CD41 T cells upon stimulation with live M. tuberculosis or its soluble extract. Third-
complementarity-determining-region (CDR3) length analysis of the expanded Va2.31 T cells indicated an
oligoclonal pattern with short CDR3 lengths in six of seven HLA-DR17(3), DQ21 individuals tested. In
addition, Va/Vb repertoire analysis of T lymphocytes from a DR17(3), DQ21 donor before and after BCG
vaccination revealed that positivity of skin test reactivity was associated with expansion of Va2.31 CD41 T
lymphocytes with preferential use of a short CDR3 peak length after in vitro stimulation. Separation of M.
tuberculosis soluble extract by fast protein liquid chromatography (FPLC) purification indicated that fractions
corresponding to molecular masses of 60 to 70 and 15 to 25 kDa were particularly effective in eliciting Va2.31

CD41 T-cell expansion.

Mycobacteria are intracellular pathogens which persist and
multiply inside the cells of the monocyte-macrophage lineage
(34). Immunity to mycobacteria strongly depends on T cells,
and although recent studies have demonstrated that, at least in
the mouse model, CD81 or gd1 T cells are required for an
effective response to Mycobacterium tuberculosis (15, 24, 25),
CD41 T cells remain the main T-cell subset involved (1, 34). T
cells are indispensable for protection, but they also contribute
to the immunopathology of tuberculosis and may be responsi-
ble for clinical manifestations like fever, weight loss, inflam-
mation, and tissue necrosis (10).

T lymphocytes use T-cell receptor (TCR) heterodimers to
specifically recognize antigens. Antigen recognition involves
the formation of a trimolecular complex between the TCR,
major histocompatibility complex (MHC) molecules, and pro-
cessed antigen (8). ab and gd TCRs are composed of two
chains, each encoded by different gene segments: V (variable),
D (diversity), J (joining), and C (constant) for b and d; V, J,
and C for a and g. The third hypervariable region (CDR3) of
TCR a and b chains, encoded by VaJa and VbDbJb joints,
respectively, is involved mainly in recognition of the antigen

fragment associated with the MHC molecule (8, 14). Thus,
involvement of CDR3-b and CDR3-a loops is expected in a
conventional antigen-specific response (17). Unlike nominal
antigens, superantigens bind to MHC class II molecules at
nonpolymorphic sites distinct from the peptide binding groove
and interact with a portion of the Vb-encoded region not
involved in conventional antigen recognition (23). Conse-
quently, superantigens have the capability of polyclonally stim-
ulating a substantial fraction of T cells expressing particular
TCR Vb family members (7). Thus, a detailed analysis of
responsive T cells at the TCR level may give important infor-
mation about the nature of the antigens involved.

Many aspects of the cellular immune response to mycobac-
teria in humans remain to be elucidated. For example, whether
the response is directed toward a few powerful immunodomi-
nant mycobacterial antigens or, rather, is directed to a vast
number of bacterial proteins is still under investigation. While
several studies reveal marked heterogeneity of the cellular
immune response to M. tuberculosis both in patients and in
healthy purified protein derivative (PPD)-positive contacts,
formally demonstrating that a large number of different anti-
gens serve as targets for T cells (5, 39), other groups reported
that heat shock protein (hsp)-derived peptides are immuno-
dominant in the mycobacterium-specific T-cell response of in-
dividuals with a particular haplotype (18). Polyclonal prolifer-
ation of T cells expressing a Vb8 TCR has been found in
pleural fluid of tuberculous patients and after stimulation in
vitro with M. tuberculosis (31). Vb81 T-cell expansions were
independent of MHC restriction and did not require antigen
processing, suggesting the existence of a superantigen in M.
tuberculosis. Such an observation deserves further confirmation
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since massive proliferation of T cells induced by a superantigen
could explain some systemic manifestations as well as immu-
nopathological aspects of tuberculosis. A better understanding
of the nature of the T-cell response to mycobacteria as well as
of the immunologically important antigens able to induce such
a response will help to reveal the role of T cells in the disease
process and will be useful in the development of a new vaccine
against tuberculosis.

We have previously studied the in vitro proliferative re-
sponses of distinct human T-cell subsets upon stimulation with
live M. tuberculosis or other kinds of mycobacterial antigen
preparations (3, 11). The aim of the present study was to
establish if the T-cell proliferation was associated with any
particular Va/b TCR usage. To this end, the TCR V-gene
product expression of Mycobacterium-reactive peripheral
blood T lymphocytes was analyzed after in vitro stimulation
with M. tuberculosis (live or killed) or a soluble extract thereof.
Furthermore, analyses of the CDR3 region length were per-
formed on expanded T cells to evaluate the nature of the
response (i.e., polyclonal or oligoclonal). While in most of the
blood donors tested no bias toward any particular Va/b TCR
was observed, stimulation with live M. tuberculosis or its soluble
extract induced a selective HLA-DR17, DQ2-restricted TCR
Va2.3 expression by Mycobacterium-reactive peripheral blood
CD41 T cells. Interestingly, this enhanced, restricted V-gene
expression was highly similar to that previously described for
bronchial lavage CD41 T cells from patients with sarcoidosis
(19), a granulomatous, chronic disease in which mycobacteria
have been suspected to be etiologic agents.

MATERIALS AND METHODS

Mycobacterial antigens. M. tuberculosis NBL 27/94 was isolated from the
blood of a Swedish child with disseminated tuberculosis. The strain was grown
for 3 to 4 weeks at 37°C in standing cultures in Middlebrook 7H9 broth supple-
mented with oleic acid-albumin-dextrose complex (Difco, Detroit, Mich.). Killed
M. tuberculosis was prepared by exposing an aliquot of the bacterial suspension
to UV irradiation for 40 min. In each experiment, live and UV-killed bacteria
were from the same suspension. An M. tuberculosis soluble extract (SN1), selec-
tively stimulating CD41 ab1 T cells, was prepared by prolonged sonication of
autoclaved and then washed bacteria (3). Another M. tuberculosis extract (TBe)
was prepared as previously described (11) and used for fractionation experiments
(see below).

Cell populations and in vitro stimulation. Peripheral blood mononuclear cells
(PBMC) were isolated from 15 M. bovis BCG-vaccinated and one nonvaccinated
healthy blood donors in a standard Ficoll-density gradient and seeded on 24-well
plates at a density of 106 per cm2. After a 1-h incubation at 37°C, nonadherent
cells were removed and plastic-adherent cells were incubated with live or UV-
killed M. tuberculosis at bacterium-to-monocyte ratios of 5:1 and 25:1, respec-
tively. After a 3-h phagocytosis, the monolayers were washed to remove non-
ingested bacteria and an autologous enriched T-cell population (obtained by
passage of PBMC through a nylon wool column) was added (3 3 106 to 4 3 106

cells per well). In parallel cultures, SN1 was used as the stimulant at 9 mg/ml.
Phytohemagglutinin (PHA) was used at 5 mg/ml as a control for cell reactivity. As
negative controls, antigen-free cultures were established. Enriched T-cell popu-
lations from three donors were also stimulated with 9 mg of each of the following
mycobacterial proteins per ml: M. leprae 65-kDa protein and M. tuberculosis
10-kDa protein, obtained from the WHO Recombinant Protein Bank; and M.
tuberculosis 70-kDa protein and M. bovis 65-kDa protein, obtained from M.
Singh, German National Research Center for Biotechnology, Braunschweig,
Germany. Cultures were maintained at 37°C for 6 to 7 days in humidified air
containing 5% CO2 before the proliferation assay and TCR Va/Vb expression
analyses were performed.

Proliferation assay and identification of cell subsets responding to mycobac-
terial antigens. Proliferative responses of the nylon wool effluent population
following stimulation with mycobacterial antigens were assayed by flow cytomet-
ric measurement of bromodeoxyuridine (BrdU) uptake, as previously described
(11). Briefly, stimulated cultures were incubated for 16 h with BrdU (Sigma, St.
Louis, Mo.) at a final concentration of 30 mg/ml. Nonadherent cells were col-
lected, washed and resuspended in a known volume of phosphate-buffered saline
(PBS). Each cell suspension was divided into aliquots, and each was stained with
a phycoerythrin (PE)-conjugated monoclonal antibody (MAb) directed against
different phenotypic surface markers (see below). One aliquot from each stim-
ulated culture was transferred to a Falcon tube (Becton Dickinson, Mountain
View, Calif.) and used to assess the absolute number of cells per well after 6 to

7 days of stimulation. The cells were fixed overnight with 1% paraformaldehyde–
0.01% Tween 20 in PBS and then subjected to DNA digestion by resuspension
in PBS plus Ca21 and Mg21 and containing 50 Kunitz units of bovine pancreatic
DNase I (Sigma) per ml. Digestion was continued for 45 min at 37°C. After being
washed, the cells were resuspended in 150 ml of 10% bovine serum albumin–
0.5% Tween 20 in PBS and stained with a fluorescein-isothiocyanate (FITC)-
labeled anti-BrdU MAb (Becton Dickinson). After incubation for 45 min at
room temperature, the cells were washed, resuspended in PBS, and analyzed by
flow cytometry.

TCR repertoire analysis of PBMC stimulated in vitro with M. tuberculosis or
its soluble extract. A triple-staining technique was used as previously described
(12). Nonadherent cells were stained with a panel of unlabeled TCR Va/b-
specific MAbs (see below) followed by incubation with FITC-conjugated F(ab9)2
fragments of rabbit anti-mouse immunoglobulin (Ig). After an additional stain-
ing with a cocktail of PE-conjugated anti-CD8 and cyanin 5 (Cy5)-conjugated
anti-CD4 MAbs, the cells were analyzed. In some experiments, to assess the
proliferation of T cells expressing certain Va and Vb gene products (i.e., Va2.3,
Va12.1, Vb5.1, and Vb8), FITC-conjugated F(ab9)2 rabbit anti-mouse Ig was
replaced with a PE-conjugated antibody, anti-CD8 and anti-CD4 MAbs were
omitted, and staining was continued with a FITC-conjugated anti-BrdU antibody
as described above.

MAbs. The following MAbs were used for the stainings: UCHT1 (anti-CD3),
MT310 (anti-CD4), and DK25 (anti-CD8) (Dakopatts, Glostrup, Denmark); and
anti-TCR-g/d-1 (11F2, recognizing all gd1 T cells) and Leu-11c (anti-CD16)
(Becton Dickinson). MAbs specific for the following TCR V gene products were
included: Vb2 and Vb17 from Immunotech S.A. (Marseilles, France); and Va2.3,
Va12.1, Vb3, Vb5.1, Vb5.215.3, Vb5.3, Vb6.7, Vb8, Vb12, and Vb13 from T Cell
Diagnostics (Cambridge, Mass.). In addition, FITC-conjugated F(ab9)2 frag-
ments of rabbit anti-mouse Ig and MAbs specific for CD4 (MT310, Cy5 conju-
gated) and CD8 (DK25, PE conjugated) were purchased from Dakopatts. Nor-
mal mouse serum from BALB/c mice at a dilution of 1:500 (PBS containing 0.2%
bovine serum albumin and 0.01% sodium azide) and isotype-matched FITC-,
PE-, and Cy5-conjugated mouse IgGs (Dakopatts) were used as the negative
controls and stained ,0.5% of the cells in all cases.

Fluorescence-activated cell sorter (FACS) analysis and estimation of the ab-
solute number of cells responding to mycobacterial antigens. Twenty thousand
events were acquired ungated for each cell surface marker in a FACScan flow
cytometer (Becton Dickinson). For analyses, two different gates (R1 and R2)
including resting cells and blasts, respectively, were manually set on a two-
parameter plot of side scatter versus forward scatter and were kept constant for
each condition. LYSYS-II and CellQuest software (Becton Dickinson) was used
for computer-assisted analyses.

To assess the absolute number of cells after 6 to 7 days of stimulation, an
aliquot (usually 50 ml) of each stimulated culture was fixed by adding 200 ml of
1% paraformaldehyde–0.01% Tween 20 in PBS. During the flow cytometric
analysis of the corresponding stained culture, this aliquot was used to assess the
absolute count by using a flow rate (usually 0.75 ml/s)-calibrated flow cytometer.
In some experiments the absolute number of cells estimated by this method was
compared to that obtained by direct counting of the cells by light microscopy, and
a good correlation between the two methods was detected. The absolute number
of Va2.31 T cells was calculated by multiplying the absolute count of total cells
by the percentage of immunostained cells.

CDR3-length analysis of expanded T cells. A method involving PCR amplifi-
cation and primer extension with fluorescent oligonucleotides was performed to
analyze the TCR CDR3 region diversity (35). In brief, total RNA was extracted
from nonadherent cells (before and after stimulation) and cDNA was synthe-
sized by standard procedures (9, 38). Va2.3 cDNA was amplified by PCR (for
detailed information, see reference 13) with Va2.3-specific sense (59 gat cct gga
ccc ttc aat gtt cc) and FITC-labeled Ca-specific antisense (39 aga gtc tct cag ctg
gta cac ggc ag) primers. For fluorescence analysis, an aliquot of each PCR
product was loaded into a polyacrylamide gel (ReadyMix; Pharmacia, Uppsala,
Sweden). After separation by electrophoresis in an automated sequencer
(A. L. F., Pharmacia), the approximate sizes of the different CDR3 fragment
peaks were estimated by computer-assisted analysis with A. L. F. Fragment
Manager 1.2 software (Pharmacia). Since the sum of the peaks covers the entire
TCR Va2.3 repertoire, the relative frequency of each CDR3-fragment peak was
then calculated by dividing the area under each peak by the sum of the areas of
all detected peaks. Only CDR3 peak percentages more than twice the percentage
of the same-size peak in PHA-stimulated cultures were considered indicative of
oligoclonality.

Gel filtration of M. tuberculosis soluble extract by FPLC. An M. tuberculosis
water-soluble extract (TBe), prepared as previously described (11), was lyophi-
lized and resuspended in PBS. Then 1.2 mg of the extract was fractionated by gel
filtration on a Superose 12 column (Pharmacia) equilibrated with PBS (pH 7.4).
Elution of 0.5-ml fractions at a flow rate of 0.3 ml/min was monitored by
measuring the absorbance at 280 nm. Molecular mass standards from 2,000 to 6
kDa (Pharmacia) were used to calibrate the column with PBS as a buffer. While
unfractionated TBe extract was particularly effective in eliciting the proliferation
of gd1 T cells (3, 11), upon fast protein liquid chromatography (FPLC) frac-
tionation, gd1 T-cell-stimulatory activity was confined to the low-molecular-mass
range (,10 to 14 kDa), and fractions with higher molecular masses induced
strong proliferation of CD41 ab1 T cells (3). Then 200 ml of each fraction that
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was able to selectively stimulate CD41 ab1 T cells was used to stimulate PBMC
from BCG-vaccinated or nonvaccinated healthy blood donors and tested for
their ability to induce the expansion of Va2.31 CD41 T cells.

HLA typing. HLA-DRB, HLA-DQA, and HLA-DQB alleles were determined
by PCR and sequence-specific oligonucleotide probe hybridization (28). The
positivity of the HLA-DR17(3), DQ2 haplotype was further confirmed by PCR
amplification with DRB1*0301 and DQB1*0201 sequence-specific primers (32,
33). The HLA alleles of the subjects included in the study are depicted in Table
1.

Statistical analysis. The statistical significance of the data was determined by
the two-tailed Fisher exact test and the nonparametric Mann-Whitney U test. A
P value of less than 0.05 was considered significant.

RESULTS

Proliferative responses of PBMC stimulated with different
kinds of M. tuberculosis antigen preparations. Proliferative re-
sponses of PBMC from healthy, BCG-vaccinated donors were
evaluated by determination of BrdU uptake following in vitro
stimulation with whole (live or killed) M. tuberculosis cells or
with a soluble extract (SN1) that selectively stimulates CD41

ab1 T cells, prepared by sonication of autoclaved and then
washed bacteria (3). In most of the blood donors tested, 20 to

30% of the cells had incorporated BrdU in their DNA after 6
to 7 days of stimulation. At this time point, the proportion of
different cell subsets, among the total BrdU1 cells, was eval-
uated by two-color cytofluorimetric analysis. In agreement with
our previous study (11), all the mycobacterial antigen prepa-
rations tested elicited a strong proliferation of CD31 ab1 T
cells, which accounted for more than 80% of the responding
population (Fig. 1). Among the CD31 T cells, a marked pro-
liferation of CD41 T cells and, to a minor extent, of CD81 T
cells was detected, indicating a major involvement of the CD41

subset in the in vitro proliferative response to M. tuberculosis.
TCR repertoire analysis of Mycobacterium-reactive T lym-

phocytes. To determine whether the observed T-cell prolifer-
ation was associated with any specific TCR V gene usage, we
analyzed the TCR Va/b repertoire of CD41 and CD81 T cells
by three-color cytofluorimetric analysis with a TCR Va/b-spe-
cific MAb panel that recognizes a substantial proportion of the
V-gene repertoire. The TCR Va/Vb gene segment product
expression of T cells after 6 to 7 days of stimulation with live,
killed, or soluble extract of M. tuberculosis cells was compared
to that obtained after 3 days of stimulation with a polyclonal
stimulator (PHA) or to that obtained with antigen-free cul-
tures. In initial studies, T cells from two of three individuals
tested with the available panel of Va/b gene segment-specific
MAbs displayed no evident bias toward any particular Va/b
gene segment following stimulation in vitro with the different
kinds of mycobacterial antigen preparations. In contrast, a
marked expansion of Va2.31 T cells (greater than threefold
increase compared to that in PHA-stimulated cultures) was
recorded in the CD4 subset from an HLA-DR17(3), DQ21

individual upon stimulation with live M. tuberculosis or its
soluble extract but not with killed bacteria (Fig. 2). A moderate
expansion (1.5-fold compared to that in PHA-stimulated cul-
tures) of Vb81 CD41 T cells was also noted for the same
blood donor. No evident bias toward any particular Va/b gene
segment was observed in the CD81 subset. In the subsequent
analyses, two different gates were manually set during comput-
er-assisted analysis to include resting cells and blasts, respec-
tively (Fig. 3A and B). The percentages of T cells expressing
certain Va/Vb gene segment products were separately re-
corded in the two gates. The expanded Va2.31 T cells were
preferentially represented in the blast gate, where they ac-
counted for 19% of the total CD41 cells (Fig. 3D). The pref-
erential proliferation of Va2.31 T cells in the blast gate was

TABLE 1. HLA typing of the individuals included in the study

Donora DRB1 DQA1 DQB1 DRB1 DQA1 DQB1

1 *11 *0501 *0301 *13 *0103 *0603
2 *15 *0102 *0602 *08 *0401 *0401/2
3 *15 ND *0602 *01 *0101 *0501
4 *0301 *0501 *0201 *15 *0102 *0602
5 *0301 ND *0201 ND ND ND
6 *0301 *0501 *0201 *15 *0102 *0602
7 *13 *0102 *0602/3/4 *07 *0201 *0303
8 *15 ND *0602 *07 *0201 *0303
9 *0301 *0501 *0201 *07 *0201 *0303
10 *04/09 *03 *0301/3 ND ND ND
11 *04/09 *03 *0301/3 ND ND ND
12b

13 *0301 ND *0201 ND ND ND
14 *0301 ND *0201 ND ND ND
15 *0301 ND *0201 ND ND ND
16 *0301 ND *0201 ND ND ND

a Individuals with the HLA-DR17, DQ2 haplotype are indicated in bold.
b This donor was negative for DRB1*0301 and DQB1*0201 alleles (sequence-

specific primers/PCR).
c ND, not done.

FIG. 1. Composition of proliferating cells after 7 days of in vitro stimulation with different kinds of M. tuberculosis (TB) antigen preparations or 3 days of stimulation
with PHA. Results from a representative experiment are illustrated.
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further confirmed by BrdU-Va2.3 double staining (data not
shown). In contrast, no expansion was observed in the popu-
lation in the resting-cell gate, in which TCR Va2.3 expression
was similar to that in PHA-stimulated or antigen-free cultures
(Fig. 3C).

HLA-DR17(3), DQ2-restricted Va2.31 CD41 T-cell expan-
sions were demonstrated previously in bronchoalveolar lavage
fluid from patients with sarcoidosis, a granulomatous disease
with unknown etiology (19). Thus, to further investigate the
TCR Va2.3 expansions in relation to HLA-DR17(3), DQ2
expression in a larger group of individuals, a restricted panel of
two to five anti-TCR Va/b-region MAbs (i.e., anti-Va2.3, anti-
Vb8, anti-Vb5.1, anti-Vb3, and anti-Va12.1) was chosen for
the analyses. Expansions of Va2.31 CD41 T cells compared to
those in PHA-stimulated cultures were detected upon in vitro

stimulation with live M. tuberculosis or its soluble extract in
seven of the eight HLA-DR17(3), DQ21 individuals but in
none of the four HLA-DR17(3)2, DQ22 subjects tested.
When the ratios between the percentage of Va2.31 CD41 T
cells in Mycobacterium-stimulated cultures and PHA-stimu-
lated cultures were calculated for DR171 and DR172 individ-
uals, a statistically significant difference was observed between
the two groups (P 5 0.028, two-tailed nonparametric Mann-
Whitney U test) (Fig. 4). In addition, a moderate, 1.5- to 2-fold
expansion of Vb81 CD41 T cells was noted in 2 of 12 individ-
uals. No significant expansions of T cells expressing other TCR
Va/b cells tested were recorded for any of the blood donors
analyzed (data not shown).

CDR3 length analysis of expanded Va2.31 T cells. To assess
the nature of the antigen(s) driving the expansions of Va2.31

FIG. 2. TCR Va/Vb expression profiles of CD41 (A) and CD81 (B) T cells from an HLA-DR17(3), DQ21 individual, after a 6-day stimulation with various M.
tuberculosis (TB) antigen preparations and a 3-day stimulation with PHA.
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T cells (nominal antigen or superantigen), CDR3 length anal-
ysis was performed following amplification with Va2.3 and
FITC-labeled Ca-specific primers of cDNA obtained from
stimulated cells. Figure 5 illustrates the distributions of CDR3
lengths used by Va2.31 T cells in DR171 and in DR172

individuals, respectively. In both blood donors, the CDR3
length diversity profiles of PHA-stimulated lymphocytes were
consistent with a polyclonal stimulation and resembled those
observed for unstimulated PBMC. In contrast, stimulation with
live M. tuberculosis or its soluble extract resulted in a marked
length restriction with a preferential usage of a short (351-bp)
CDR3 length for TCR Va2.31 T cells from the DR171 but not
from the DR172 individual. Upon in vitro stimulation with live
M. tuberculosis and/or its soluble extract, such bias with short
(351- to 357-bp) CDR3 peak lengths was observed for the TCR
Va2.3 gene segment in six of seven DR171 subjects but in only
three of eight DR172 donors tested (P 5 0.11, two-tailed
Fisher exact test) (Fig. 6).

TCR repertoire analyses in an HLA-DR17(3), DQ21 donor
before and after vaccination with BCG. For one HLA-
DR17(3), DQ21 adult, it was possible to perform two subse-
quent TCR Va/Vb repertoire analyses. The first sample was
obtained after assessing the negativity of the subject to the
PPD skin test, indicating no prior sensitization to mycobacte-
rial antigens. The second sample was collected 8 months after
BCG vaccination, when the individual now displayed positive
skin reactivity to PPD. In vitro stimulation with mycobacterial
antigens of T lymphocytes from the first sample induced low
proliferation levels similar to the antigen-free cultures with no
preferential Va/Vb expansion. However, stimulation of T lym-
phocytes from the second sample induced a preferential pro-

liferation of Va2.31 CD41 T cells, with at least a twofold
increase in comparison to that for PHA-stimulated or non-
stimulated cultures (Fig. 7A). In addition, CDR3 length pro-
files for Mycobacterium-stimulated Va2.31 T cells differed be-
fore and after the BCG vaccination. As represented in Fig. 7B,
in vitro stimulation with live M. tuberculosis or SN1 (soluble
extract) resulted in substantial increases in the amount of a
354-bp peak in the CDR3 length profile of Va2.31 T cells
stimulated after vaccination, while a profile essentially identi-
cal to that of PHA-stimulated cultures was observed at the
time of PPD negativity.

Va2.31 T-cell expansion upon stimulation with FPLC-frac-
tionated M. tuberculosis soluble extract or some known myco-
bacterial proteins. In an attempt to identify the active compo-
nent(s) that was able to induce expansion of Va2.31 CD41 T
cells, M. tuberculosis extract was fractionated by FPLC. Each
fraction was assayed for its ability to stimulate Va2.31 T cells
in vitro (in a 7-day stimulation assay) in three individuals. In
the two DR171 individuals but not in the DR172 individual,
several fractions corresponding to molecular masses of 60 to 70
kDa and 15 to 25 kDa, respectively, were able to stimulate the
expansion of Va2.31 T cells compared to PHA (Fig. 8). More-
over, expansion of Va2.31 T cells stimulated with the different
fractions correlated well with the preferential usage of short
CDR3 length used by Va2.31 T cells of the corresponding
fractions (Fig. 8).

To determine whether any of the known mycobacterial an-
tigens could induce the expansion of the Va2.31 CD41 T-cell
subset, cells from three HLA-DR17(3), DQ21 donors were
stimulated in vitro with some recombinant M. tuberculosis (10-
and 70-kDa), M. leprae (65-kDa), or M. bovis (65-kDa) pro-

FIG. 3. Preferential expansion of Va2.31 CD41 T cells in the blast gate after a 6-day stimulation with live M. tuberculosis. The resting-cell gate (R1) and the blast
gate (R2) were defined in forward-scatter (FSC), side-scatter (SSC) plots according to the population in the antigen-free cultures (A) and to large cells proliferating
in response to live mycobacteria (B), respectively. The Va2.31 T-cell frequencies among CD4 cells were separately calculated for the resting-cell gate (C) and the blast
gate (D).

3804 ESIN ET AL. INFECT. IMMUN.



teins. As illustrated in Fig. 9 for a representative donor, in
contrast to what observed with SN1 or FPLC fraction F11,
none of the tested proteins corresponding to molecular masses
of 65, 70, or 10 kDa were able to induce the expansion of
Va2.31 T cells and/or preferential usage of short CDR3 length
by Va2.31 T cells.

DISCUSSION

A central role of CD41 ab1 T cells in protective immunity
to mycobacteria is well established (1, 34), although recent
evidence indicates that several cell subsets are required for a
balanced immune response to M. tuberculosis (6, 26, 30). How-
ever, T cells also contribute to the pathogenesis of tuberculosis
(10). A central question in mycobacterial immunity, in view of
the design of a new vaccine against tuberculosis, is which an-
tigens are protective or contribute to the immunopathology of
the disease. Analysis of TCR Va/b expression of Mycobacteri-
um-reactive T lymphocytes may provide important information
about the nature of the antigen(s) involved.

In the present study, the Va/b repertoire of T lymphocytes

from healthy blood donors upon in vitro stimulation with my-
cobacterial antigens was investigated. While T cells from most
of the donors showed no bias toward any of the Va/b chains
tested, significant expansions of CD41 Va2.31 T cells in HLA-
DR17(3), DQ21 subjects were demonstrated upon in vitro
stimulation with M. tuberculosis or its soluble extract SN1. The
Va2.31 T-cell expansions accounted for up to 19% of the
CD41 blast T-cell population with an up to fourfold increase in
frequency compared to that in PHA-stimulated cultures.
CDR3 length analysis of expanded Va2.31 T cells implied an
oligoclonal pattern with a preferential usage of short (possibly
less than 9 amino acids [36]) CDR3 lengths in all but one of the
HLA-DR17(3), DQ21 subjects. For one HLA-DR17(3),
DQ21 individual, it was possible to perform two subsequent
TCR Va/Vb repertoire analyses before and after BCG vacci-
nation. Interestingly, while stimulation with mycobacterial an-
tigens of T lymphocytes from the first donation, when the
subject was PPD negative, induced low proliferation levels
similar to the antigen-free cultures with no preferential Va/Vb
expansion, a positive skin test reactivity was associated with a
preferential expansion of Va2.31 CD41 T lymphocytes with a
preferential use of short CDR3 peak lengths after in vitro
stimulation. Altogether, these findings (i.e., dependence on
CD4 expression and DR17, DQ2-Va2.3 restriction, CDR3
length profile suggesting oligoclonality, and dependence on a
previous sensitization with mycobacterial antigens) may indi-
cate a conventional antigen-specific T-cell response to M. tu-
berculosis as a cause of the observed preferential reactivity of
Va2.31 T cells. To assess whether the observed increased
frequency of Va2.31 CD41 T lymphocytes is consistent with
an expansion or, instead, is a clonal selection, data have also
been expressed in terms of the absolute number of Va2.31

CD41 T lymphocytes after stimulation. The observed increases
in the absolute numbers of Va2.31 CD41 T cells (Fig. 8 and 9)
favor an expansion rather than clonal selection.

In accordance with previous reports (5, 39), the data pre-
sented in this study suggest that most healthy, sensitized indi-
viduals can recognize a large variety of the proteins of M.
tuberculosis rather than a few immunodominant antigens. Nev-
ertheless, it seems possible that individuals with a particular
HLA haplotype are preferentially responsive to one or a few
immunodominant mycobacterial antigens. Preferential re-
sponses toward dominant mycobacterial T-cell epitopes in
DR171 individuals have been described previously (18). Also,
a reduced frequency of the HLA-DR3 type was observed in
tuberculosis patients and was associated with unfavorable
development of the disease (27). It remains to be deter-
mined whether the expanded Va2.31 T cells in our study
protect against or contribute to the immunopathology of
tuberculosis.

In vivo T-cell expansions in pleural fluids of tuberculous
patients have been described and indicate local involvement of
specific T cells at the site of the disease (16, 31). In particular,
in one study a local expansion of Vb81 T cells, in compar-
ison with PBMC, was described in the majority of tubercu-
lous pleuritis patients analyzed (31). Since expansions oc-
curred in both CD41 and CD81 T-cell subsets and the
CDR3 region of responsive Vb81 T cells displayed highly
diverse sequences, the possibility that M. tuberculosis con-
tains a superantigen was suggested (31). In the same study,
expansions of Vb81 T lymphocytes were also found after in
vitro stimulation of PBMC from PPD2 or PPD1 healthy
blood donors. In another study, whose results are in conflict
with those described above, increases in numbers of T cells
expressing different Vb subfamilies from pleural fluids of
tuberculous patients (as compared to PBMC), but with no

FIG. 4. TCR Va2.3 expression of CD41 T cells (blast gate), upon in vitro
stimulation with live M. tuberculosis (TB) or its soluble extract (SN1), in eight
HLA-DR17, DQ2-positive and four negative individuals. The ratio of Va2.3
expression in Mycobacterium-stimulated and PHA-stimulated T cells was com-
pared between the two groups of subjects by the nonparametric, two-tailed
Mann-Whitney U test. Continuous lines, soluble extract; dashed lines, live M.
tuberculosis (each symbol represents a different individual).
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preferential expansion of Vb81 T cells, were recorded (16).
In our study, in agreement with the results of the latter
report, only a few subjects (2 of 12) displayed expansion of
Vb81 T cells upon in vitro stimulation with M. tuberculosis
antigens.

In the present report, we have also demonstrated that dif-
ferent kinds of mycobacterial antigen preparations differ in
their abilities to trigger expansions of Va2.31 T cells. In
particular, UV-killed bacteria were less efficient than live M.
tuberculosis or its soluble extract (SN1) in driving Va2.31

T-cell expansions in the DR17(3), DQ21 blood donors

tested. Differences in the load of antigens (e.g., hsps) pro-
duced during the growth of bacteria in an intracellular en-
vironment (live bacteria) and during the heat treatment
used to prepare the soluble extract might be responsible for
the increased ability of live bacilli or the soluble extract to
trigger expansions of the Va2.31 T cells. Another possible
explanation of the less efficient stimulation of the Va2.31

subset by UV-killed bacteria in comparison to live bacteria
or SN1 could be the involvement of antigens that are ac-
tively secreted and/or produced by live bacteria and there-
fore are less abundant in killed bacteria or in an extract.

FIG. 5. CDR3 profiles for the Va2.3 gene segment from an HLA-DR17(3), DQ21 and an HLA-DR17(3)2, DQ22 blood donor upon in vitro stimulation with
various M. tuberculosis (TB) antigens, PHA, and RPMI (no stimulus). Major peaks observed in the CDR3 length profiles of Va2.31 T cells stimulated with live M.
tuberculosis or its soluble extract (SN1) in the DR171 donor correspond to 351 bp.

FIG. 6. Relative frequency of short CDR3 peak lengths (351 to 357 bp) for the Va2.3 gene segment from HLA-DR17(3), DQ21 and HLA-DR17(3)2, DQ22

individuals. p, CDR3 peak percentage more than twice the percentage of the same-size peak in PHA-stimulated cultures. The relative frequency (percent) of each
CDR3 size peak was calculated by dividing the area under each peak by the sum of the areas of all detected peaks.
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Indeed, we found that in most cases, live M. tuberculosis was
the best inducer of Va2.31 T-cell expansion in comparison
to the other antigen preparations. If actively produced an-
tigens are involved, one can hypothesize that they could be
available, even if present at a low level, in the extract which
is obtained by disruption of the bacteria but not in the
UV-killed preparation, in which bacteria are supposed to be
intact. hsps have been described as immunodominant my-
cobacterial antigens in mice and humans, and a number of
peptides derived from M. tuberculosis hsp65, M. leprae
hsp70, and M. leprae hsp18 have been reported to be par-
ticularly active in eliciting a Mycobacterium-specific T-cell
response in HLA-DR171 individuals (18). Interestingly, in
our study, as revealed by FPLC separation experiments,
fractions corresponding to similar molecular masses (60 to
70 kDa and 15 to 25 kDa) preferentially stimulated Va2.31

T-cell expansions. To determine whether any of the known
mycobacterial hsps were responsible of the Va2.31 T-cell
stimulation, three HLA-DR17(3)1, DQ21 individuals were
also tested with recombinant M. leprae 65-kDa, M. tubercu-
losis 70-kDa, M. tuberculosis 10-kDa, and M. bovis 65-kDa
proteins, but none of them were found to respond with an
oligoclonal expansion of the Va2.31 CD41 T-cell subset.
Experiments are in progress to identify the mycobacterial
component(s) able to induce such an expansion.

Mycobacteria have been considered possible etiologic
agents of many immunopathological diseases (4, 21, 37, 40).
In particular, pulmonary sarcoidosis, a granulomatous dis-
ease with histological similarities to tuberculosis, has been
suggested to be caused by mycobacteria (37). Mycobacterial
DNA and/or Mycobacterium-like microorganisms have also
been found in sarcoidosis patients (2, 29, 37). CD41 T cells

FIG. 7. TCR Va2.3 expression (A) and CDR3 length analyses of Va2.31 T cells (B) upon in vitro stimulation with mycobacterial antigens and PHA in an
HLA-DR17(3), DQ21 individual before and 8 months after BCG vaccination. (A) When there was not a significant number of events in the blast gate due to low
proliferation, the resting-cell gate was used for calculations (i.e., Day0 and antigen-free culture [RPMI] for both donations, TB live and SN1 for the first donation).
(B) The vertical axis represents the relative quantity (arbitrary fluorescence units), while the horizontal axis denotes the length in base pairs.

VOL. 67, 1999 Va2.31 CD41 T-CELL EXPANSION BY M. TUBERCULOSIS 3807



accumulate in the lungs of sarcoidosis patients; when these
cells are analyzed following bronchoalveolar lavage, they
show signs of being activated, and they have been suggested
to be implicated in the pathogenesis of the disease (22).
Moreover, it has been demonstrated that CD41 T lympho-
cytes which accumulate in the lungs of sarcoidosis patients
expressing the HLA DR17(3), DQ2 haplotype exhibit TCR
Va2.31 T-cell expansions (19). Sequencing of cDNA coding
for the Va2.3 chain indicated oligoclonality with a prefer-
ence for short CDR3 lengths (5 to 8 amino acids) (20). It has
been suggested that such oligoclonal T-cell expansions are a
result of antigen recognition in the lungs of HLA-DR17(3),

DQ21 sarcoidosis patients (20). Interestingly, in the present
study, the same HLA-DR17(3), DQ2-restricted Va2.31

CD41 oligoclonal T-cell expansions with CDR3 size similar
to those described for cells found in the lungs of sarcoidosis
patients was demonstrated upon in vitro stimulation with
mycobacterial antigens, suggesting a possible link between
M. tuberculosis and sarcoidosis. If the in vivo-expanded
Va2.31 T cells in sarcoidosis patients prove to be responsive
to the same mycobacterial antigen(s) that stimulates such
cells in vitro, strong evidence of a mycobacterial involve-
ment in sarcoidosis will be provided, opening the possibility
of new therapeutic interventions.

FIG. 8. Absolute number of Va2.31 CD41 T cells (blast gate) after 7 days of in vitro stimulation with fractionated M. tuberculosis extract and 3 days of stimulation
with PHA, in an HLA-DR17(3), DQ21 and an HLA-DR17(3)2, DQ22 donor. The short CDR3 peak length percentage of each fraction (when tested) is indicated
by an open circle for the DR171 donor.

FIG. 9. Absolute number of Va2.31 CD41 cells (blast gate) ■ and short CDR3 peak length percentages (p) upon in vitro stimulation with M. tuberculosis extract
(SN1), FPLC fraction F11, several known mycobacterial proteins, or PHA, in an HLA-DR17, DQ21 donor.
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