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SUMMARY

CD8+ T cells can be grouped into two different types of secretory T lymphocytes, based on the

cytokine-secretion pattern upon antigen exposure: those with a T-cell cytotoxic type 1 response

(Tc1), which secrete interferon-c (IFN-c), or those with a T-cell cytotoxic type 2 response, which

secrete interleukin (IL)-4 and IL-10. We examined the CD8+ T-cell response directed against an

immunodominant human leucocyte antigen (HLA)-A2-presented peptide derived from a 19-kDa

Mycobacterium tuberculosis-associated antigen. T cells were examined by functional analysis and by

T-cell receptor (TCR) complementarity-determining region 3 (CDR3)-spectratyping, which de®nes

the complexity of a T-cell response. T-cell stimulation with the immunodominant VLTDGNPPEV

epitope yielded a Tc2 (IL-4) cytokine-secretion pattern and resulted in oligoclonal expansion of

TCR-variable beta chain (VB) families, which differed from patient to patient. Generation of T-cell

clones corroborated the notion that the CD8+ T-cell response directed against the HLA-A2-

presented VLTDGNPPEV epitope leads to a Tc2 cytokine-secretion pattern in CD8+ T cells, as

de®ned by IL-4 and granulocyte±macrophage colony-stimulating factor (GM-CSF) release. Char-

acterization of the cytokine-secretion pro®le in HLA-A2/VLTDGNPPEV-tetramer sorted T cells

from patients with active tuberculosis supported this observation: peptide-speci®c T cells from three

of three patients secreted IL-4 and only one of three patients produced IFN-c in response to the

nominal target epitope. Permutation of this T-cell epitope may aid to elicit a qualitatively different

CD8+ T-cell response in patients with M. tuberculosis infection.

INTRODUCTION

The contribution of CD4+ T cells to the control of infection

with Mycobacterium tuberculosis has been well documented.1,2

Recent studies support the role of CD8+ T cells in the eradica-

tion and/or containment of viable bacteria which survive in

macrophages.3,4 At least two anti-M. tuberculosis-directed

CD8+ T-cell subsets have been identi®ed. One group

recognizes M. tuberculosis-infected host cells by non-classical

restricting antigens, including major histocompatibility com-

plex (MHC) class Ib or CD1 molecules.5,6 The second group

of `classical' MHC class I-restricted T cells includes CD8+

ab T-cell receptor-positive (TCR+) T cells, which recognize

several target antigens, including the mycobacterial major

secreted antigen 85,7±10 the ESAT-6 antigen,11 the CFP10/

Mtb11 antigen,12 or the 19-kDa secreted lipoprotein.13 The

latter antigen elicits both CD4+ and CD8+ T-cell responses in

humans.13±16 A high-af®nity human leucocyte antigen (HLA)-

A2-binding peptide encompassing amino acid (aa) residues

88±97 (VLTDGNPPEV) in the 19-kDa lipoprotein has been

identi®ed as the immunodominant target epitope.13 T-cell

precursors directed against this peptide are present in bacille

Calmette±GueÂrin (BCG)-immunized individuals, as well as in
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patients with active tuberculosis. This T-cell epitope can also be

implemented to drive antigen-speci®c and HLA-A2-restricted

T cells from uninfected individuals.13 Such T cells are able to

lyse HLA-2+ target cells pulsed with the nominal T-cell epitope.

However, it has not yet been determined whether the T-cell

response directed against this epitope is oligoclonal or poly-

clonal, and whether the cytokine-secretion pro®le of this CD8+

T-cell response can be grouped into a T-cell cytotoxic type 1

response (Tc1), secreting interferon-c (IFN-c), or a T-cell

cytotoxic type 2 response (Tc2), secreting interleukin (IL)-4.

In other intracellular (viral) infections in which CD8+

T cells play a major role, the epitope-speci®c T-cell responses

appear to be surprisingly oligoclonal, i.e. only a few expanded

T-cell clonotypes are responsible for recognition of the nominal

target epitope(s) presented by class I molecules.17,18 A focused,

oligoclonal antigen-speci®c T-cell response has been associated

with the development or maintenance of a protective cellular

immune response.19 We examined the diversity, as de®ned by

TCR complementarity determining region 3 (CDR3) spectra-

typing, and the quality, as de®ned by cytokine release, of

CD8+ T-cell responses directed against the HLA-A2-presented

epitope VLTDGNPPEV in six healthy subjects. T-cell clones

were established in order to evaluate cytokine production upon

antigen exposure.

MATERIALS AND METHODS

T-cell lines and cloning

Peripheral blood mononuclear cells (PBMCs) from healthy,

puri®ed protein derivative (PPD)-negative blood donors were

obtained by separation over a Ficoll gradient and stored in

liquid nitrogen at 1±5r107 cells/vial in 90% fetal calf serum

(FCS) and 10% dimethylsulphoxide (DMSO). MHC class I

typing was performed at the local blood bank (Dr Hitzler,

University of Mainz). T cells were stimulated twice, at weekly

intervals, with autologous IL-4/granulocyte±macrophage

colony-stimulating factor (GM-CSF)-driven dendritic cells

(DCs), in medium containing AIM-V supplemented with

10% FCS (Gibco, Eggenstein, Germany), 50 IU/ml of IL-2

and 50 ng/ml of IL-7 (Dr Natalio Vita; Sano®, Labege,

France). CD8+ T cells were then expanded by weekly restim-

ulations using irradiated autologous PBMCs pulsed with

100 ng of peptide in the presence of 5 mg b2-microglobulin

(Sigma, Deisenhofen, Germany) for 2 hr at room tempera-

ture. For cloning, T cells were seeded at 1, 10 or 100 T cells/

well in U-bottom 96-well plates (10 plates for each dilution)

and stimulated at weekly intervals with autologous irradiated

(3000 rads) PBMCs loaded with 100 ng of peptide. T-cell

clones or oligoclonal lines were expanded in 48- and then in

24-well plates and tested for peptide recognition.

Immunomagnetic cell sorting and functional assays

Prior to the generation of CD8+ T-cell lines or T-cell cloning,

CD4+ T cells were separated from 3±5r107 PMBCs using

anti-CD4-coated immunomagnetic beads (Miltenyi, Bergisch

Gladbach, Germany). For functional assays, T cells were

admixed with T2-cells loaded either with diluent alone (10%

DMSO, 90% RPMI) or with 1 mg of the M. tuberculosis

VLTDGNPPEV peptide plus 20 mg of b2-microglobulin/106

target cells. The HLA-A2-binding peptide derived from

the melanoma-associated antigen gp100 (aa 154±162:

KTWGQWQV) served as the negative control. Effector

cells were incubated with target cells at an effector : target

(E : T) ratio of 5 : 1 for 24 hr and then supernatants were

harvested and tested for IFN-c, IL-4 or GM-CSF using the

enzyme-linked immunosorbent assay (ELISA) system obtained

from Diaclone (Besancon, France).

Tetramer-guided cell sorting

HLA-A2 tetramers were produced as described in detail

previously and loaded with either the M. tuberculosis 19-kDa

peptide VLTDGNPPEV or with the HLA-A2-binding peptide

NLVPMVATV provided by the cytomegalovirus (CMV) pp65

antigen.20 Peripheral blood lymphocytes (PBL) were obtained

from three HLA-A2-positive patients with active pulmonary

tuberculosis and evaluated for tetramer staining by ¯ow

cytometry. Brie¯y, CD3+ CD8+ T cells were gated using the

anti-CD3 monoclonal antibody (mAb) UCHT1 (murine

immunoglobulin G1 [IgG1] coupled to ¯uorescein isothio-

cyanate [FITC]) and anti-CD8 mAb B9.11 (murine IgG1

labelled with PC5) and tested for binding to phycoerythrin

(PE)-labelled HLA-A2 tetramer complexes. For cell sorting,

PBL were incubated with the HLA-A2 tetramer complex

(1 mg/2r106 cells) for 1 hr at 37u, washed once in PBS, and

tetramer-binding cells were isolated using anti-PE-coated

immunomagnetic beads obtained from Miltenyi. T cells were

rested overnight in Dulbecco's modi®ed Eagle's minimal essen-

tial medium (DMEM) (high glucose) containing 20% FCS

and 50 ng/ml of IL-7, and then tested for cytokine secretion

using T2 cells loaded with the peptide VLTDGNPPEV

and b2-microglobulin (100 ng of peptide and 20 mg of

b2-microglobulin/105 cells/ml). One-hundred microlitres of

these stimulator cells were incubated for 48 hr with 5000

tetramer-sorted T cells; the supernatants were then harvested

and tested by ELISA for secretion of IFN-c and IL-4.

TCR-CDR3 spectratyping

RNA was extracted and reverse transcribed into cDNA,

ampli®ed by individual TCR variable alpha chain (VA) and 24

variable beta chain (VB)-speci®c primer pairs, and a run-off

reaction using a ¯uorophore-labelled TCR-CA or -CB-speci®c

primer was performed.21 Labelled amplicons were analysed by

DNA fragment analysis using appropriate size-standards and

a 310 sequencer and Genescan software (ABI, Weiterstadt,

Germany). In order to identify monoclonal/oligoclonal TCR

transcripts, amplicons were subcloned into the TA sequencing

vector (Invitrogen, Groningen, the Netherlands). TCR VA/VB

were only reported as monoclonal if either direct sequencing

of the polymerase chain reaction (PCR) amplicon or all sub-

cloned PCR transcripts yielded the identical TCR sequence. If

the TCR VA/VB family is oligoclonal or polyclonal, a Gauss-

distribution occurs.22 Each peak represents base pairs (bp)

coding for one aa residue. The area under the curve of each VA

or VB amplicon represents the frequency of a distinct CDR3

length in an individual TCR VA/VB family. In order to con-

dense the information from a single sample analysis, the indi-

vidual TCR VA or VB families can be grouped into a single

®gure with VA1±VA29 or VB1±VB24 along with the CDR3

length expressed as the number of aa. This TCR-CDR3 land-

scape provides the `structural anatomy', as de®ned by the
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TCR-CDR3 length for each TCR family in a T-cell sub-

population.19,22 The area under the curve of each CDR3 peak is

expressed as the percentage of the entire CDR3 area (100%) for

each individual VA or VB family. For clarity, each 10% value is

depicted in different colours. The CDR3 pattern obtained from

CD8+ T cells can be compared with a standard control TCR

CDR3 analysis, which yields a Gauss-distribution of the CDR3

length composition encompassing 1±10 aa residues (z-axis).

This TCR `perturbation' within each CDR3 length is cal-

culated by the areas between the CDR3 distribution in each

VA or VB sample (x-axis) and the control distribution.19,22

Positive or negative perturbations may occur in each TCR

VA/VB CDR3 peak and are depicted as differences versus

the control sample. Each perturbation yielding a 10% differ-

ence is depicted in a different colour. Note that a `¯at' TCR

landscape in this analysis implies that no perturbation exists,

i.e. the TCR-VA/VB landscape would yield a picture identical

to that of the control sample. Over- or under-representation

as compared to the control distribution is indicated as percent-

age difference in the CDR3 distribution pattern, either as

positive or negative on the y-axis, respectively.

CDR3 analysis and CCR-VB staining: quantitative TCR

analysis

TCR-spectratyping yields the qualitative, but not the quanti-

tative, assessment of a T-cell population. A panel of 21 indi-

vidual mAbs directed against the TCF VB-chain (Beckman

Coulter, Krefeld, Germany) were grouped to three individual

anti-VB mAbs labelled with FITC, PE, or double-labelled with

FITC/PE, which can be gated either on ECD-CD4 or PC5-

CD8+ T cells. Thus, the frequency of 21 individual TCR VB

families can be analysed in seven different tubes, which yields

the percentage (X% of a VB family) in CD3+ CD8+ T cells.23

This factor can be used to correct the CDR3-VB landscape

analysis. Exclusively a mAb panel directed against TCR

VB-chains, but not TCR-VA-chains, is available.

RESULTS

M. tuberculosis-speci®c CD8+ T cells are oligoclonal

and show a Tc2 cytokine secretion pattern

PBL from six individual HLA-A2+ donors, who had not

been BCG immunized or infected with M. tuberculosis, were

stimulated in vitro using 7-day DC generated by stimulation

with IL-4 and GM-CSF and pulsed with the peptide

VLTDGNPPEV. CD8+ T cells were analysed in three

individual aliquots: the ®rst served to determine the diversity

of the TCR repertoire using the TCR CDR3 spectratyping

analysis; the second was used to enumerate individual T-cell

TCR VB-families using a panel of 21 individual mAbs in order

to gauge the quantity of the T cells in each TCR VB family; and

the third aliquot was used in functional assays, including a 4-hr

standard cytotoxicity assay and a 24-hr cytokine-release assay.

The qualitative analysis was available for both TCR VA and

VB chains in each T-cell lines, but the combination of the ¯ow

cytometry-based quanti®cation of individual VB-families could

only be used with the TCR VB-families mAb panel owing to

the lack of anti-human TCR VA-speci®c mAbs. Note that the

data are represented as TCR perturbations as compared to a

typical CDR3 analysis, which represents a Gauss-distribution

of each individual VA or VB families pertaining to the CDR3

length.19,22 In general, CD8+ T cells obtained from individuals

1±6 exhibited major perturbation(s) in the TCR repertoire

landscape. The major percentage of the TCR VA/VB families

showed an oligoclonal TCR pattern compared to non-

stimulated T cells (Fig. 1a, 1b). Stimulation of the identical

donor T-cell population with a different peptide (e.g. a high-

af®nity HLA-A2-binding peptide provided from HPV16-E7)

yielded a completely different composition of T-cell expansions

(data not shown). Thus, VLTDGNPPEV-driven expansion in

individual T-cell lines was associated with the stimulating

peptide. The combination of the quality of the T-cell response,

as de®ned by PCR-based spectratyping analysis, in combina-

tion with the enumeration of TCR VB-families by ¯ow

cytometry, revealed that exclusively some oligoclonal TCR

VB families are preferentially expanded upon peptide simula-

tion, e.g. TCR VB21 in individual no. 1, or VB14 in individual

no. 2 (Fig. 1a, 1b). We did not observe a TCR VB expansion of

similar VB families in different individuals, or a shared

monoclonal/oligoclonal expansion of certain T-cell subsets.

Each of these T-cell populations from individuals 1±6 was

tested in a 16-hr cytokine-release assay using the target antigen

VLTDGNPPEV loaded onto T2 cells. CD8+ T cells from

individuals 1 and 2 secreted signi®cant amounts of GM-CSF

and IL-4, but not IFN-c, in response to the nominal antigen

(Table 1). In contrast, T cells from individual no. 6 secreted

IFN-c, but not GM-CSF or IL-4. The T-cell line generated

from individual no. 3 secreted IL-4 and IFN-c. T cells from

individuals 4 and 5 did not show signi®cant cytokine release

upon antigen contact. No signi®cant cytotoxic T-cell response

was observed in any of the six CD8+ T-cell lines. As GM-CSF/

IL-4 secretion may represent a marker of a Tc2 response, we

cloned the CD8+ T-cell lines.

Generation of VLTDGNPPEV-speci®c and

HLA-A2-restricted T-cell clones: shared TCR usage

and Tc2 cytokine-secretion pattern upon antigen exposure

T cells were cloned from the CD8+ T-cell lines (Fig. 1a, 1b)

from individuals 1±6, but only CD8+ T-cell lines from two

Figure 1. Oligoclonal T-cell response to the immunodominant peptide derived from the Mycobacterium tuberculosis 19-kDa antigen. CD8+ T cells

from individuals 1±3 (a) and 4±6 (b) were harvested after restimulation with the nominal target epitope VLTDGNPPEV. T-cell receptor (TCR)

complementarity-determining region 3 (CDR3) analysis was performed for each TCR variable alpha chain (VA) and variable beta chain (VB) family

in each sample. Note that not the absolute numbers, but the qualitative over- or under-representation of each TCR family is depicted based on the

CDR3-length analysis. The TCR VB data could be complemented with a qualitative assessment of individual TCR VB families obtained by ¯ow

cytometry (bottom panel: `quantitative' analysis). Data are depicted as over- or under-representation of VB families as compared to normal control

samples. Note the preferential expansion of certain TCR VB families. This pattern was restricted to the peptide VLTDGNPPEV; stimulation of

T cells with a different peptide (e.g. YMLDLQPET, from HPV16-E7) yielded different results (data not shown). y-axis: % difference in CDR3

distribution (perturbation); z-axis: CDR3-length (1±10 amino acid residues); x-axis: individual VA (n=29) or VB (n=24) TCR families.
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of six donors (derived from individuals 2 and 3) could be suc-

cessfully expanded. These T cells were examined for the usage

of TCR VA/VB expression and for the pattern of cytokine

secretion upon exposure to the nominal target epitope. Six

individual T-cell lines obtained from CD8+ T cells obtained

from individual no. 2 could be generated (compiled in Table 2).

A single bona ®de clone turned out to be clone no. 2.4, which

exhibits the TCR VA3 chains joined with VB4 and/or VB13S6.

This could indicate that two T-cell clones expressing VB4 or

VB13S6 use the same TCR VA3 chain. Alternatively, a single

TCR VA chain can be paired with two VB chains as a result of

unsuccessful allelic exclusion.24

Other CD8+ T-cell lines showed an oligoclonal TCR

VA/VB usage, e.g. the usage of VA1 in four of six oligoclonal

T-cell lines, VA3 in three of six lines, or VB16 in two of

six T-cell lines. These data indicate a common usage of certain

TCR VA/VB chains, but it does not necessarily imply that

these TCRs are identical. In order to address this question,

we subcloned each TCR VA/VB chain for DNA-sequence

analysis, compiled in Table 3. Of note, some CD8+ T-cell lines

use the identical TCR VA chain, e.g. TCR VA1S1 in four of

six CD8+ T-cell lines. In contrast, other T-cell lines share the

identical TCR VA segment (e.g. VA3 in CD8+ T-cell lines 2.4

and 2.5), but the VA3 in the CD8+ T-cell line 2.35 is not

identical owing to a different CDR3 region involved in antigen

recognition. A similar situation is true for CTL lines 2.22 and

2.35: they both use VB16 as the variable segment in the TCR,

but the area of antigen recognition (CDR3 region) is different.

Each of these molecularly de®ned CD8+ T-cell lines was tested

for recognition of the peptide VLTDGNPPEV in a cytokine-

release assay (Fig. 2). Three groups of reactivity, as de®ned by

cytokine release, could be identi®ed:

(1) T cells that respond exclusively with GM-CSF secretion,

but not with IFN-c or IL-4 release, to the stimulating

peptide at different antigen concentrations: CD8+ T-cell

lines 2.4. and 2.5 showed this pattern and displayed a

different TCR repertoire.

(2) In contrast, four of six CD8+ T-cell lines responded with

IL-4 and GM-CSF release, but not with IFN-c secretion.

Of particular interest is the T-cell line 2.22, which exhibits

a single TCR VA (VA1S1) chain, but three VB chains

(VB3, VB4, and VB16). This presumably represents two

CD8+ T-cell clones, one of which shares the VA1 chain

paired with a single VB chain and a second VA1+ T-cell

clone which coexpresses the TCR VA1 chain with differ-

ent TCR VB chains owing to unsuccessful allelic TCR VB

exclusion. Thus, six of six oligoclonal T-cell lines directed

against the HLA-A2-presented peptide VLTDGNPPEV

secrete GM-CSF, either alone or with IL-4.

(3) Two additional T-cell clones obtained from individual

no. 3 showed, at least in a single case (clone 3.27), a signif-

icant IFN-c response to the nominal target antigen. We

could not de®ne the TCR composition in these clones

due to the low cell number. Thus, the HLA-A2-binding

immunodominant peptide VLTDGNPPEV is able to

activate and to expand T-cell clones which predominantly

secrete a T2 (IL-4) cytokine-secretion pattern. However,

this is apparently not exclusive, as one of six oligoclonal

T-cell lines (Table 1), or clone 3.27, secreted IFN-c in

response to the HLA-A2-presented immunodominant

peptide provided by the 19-kDa lipoprotein (Fig. 2).

In order to gauge the anti-VLTDGNPPEV-speci®c cellular

immune response in patients with active pulmonary tubercu-

losis, we used soluble HLA-A2 tetramer complexes to directly

visualize antigen-speci®c T cells in PBL without the need for

ex vivo manipulation. We were able to detect M. tuberculosis

19 kDa-speci®c and HLA-A2-restricted T-cell responses in

PBL from three of three patients, ranging from 0.13 to 0.81%

of the entire CD8+ T-cell population (Fig. 3). These HLA-A2/

VLTDGNPPEV-binding T cells were sorted and tested for

cytokine secretion in response to the nominal target epitope

(Table 4). Three of three T-cell lines secreted IL-4. In contrast,

one of these T-cell lines also secreted IFN-c.

Table 1. Cytokine-secretion pattern in Mycobacterium tuberculosis 19-kDa reactive CD8+ T-cell lines

Lines

(no.)

T2 alone T2+ control T2+ VLTDGNPPEV

GM-CSF IL-4 IFN-c GM-CSF IL-4 IFN-c GM-CSF IL-4 IFN-c

1 3 0 100 0 0 100 400 41 100

2 7 0 400 6 0 380 400 38 400

3 6 0 100 7 0 100 8 63 130

4 10 0 300 3 0 330 9 0 280

5 3 0 330 2 0 350 3 0 300

6 3 0 400 3 0 400 10 0 800

Cytokine release is expressed as pg/ml/24 hr.
CD8+ T cells were repetitively stimulated with dendritic cells (DCs) loaded with the immunodominant peptide from the Mycobacterium tuberculosis

19-kDa peptide VLTDGNPPEV and tested for recognition of the nominal target epitope. T2 cells served as the surrogate recipient cell line. Controls were T2
cells alone, or T2 cells pulsed with an irrelevant human leucocyte antigen (HLA)-A2 binding peptide (control) from the melanoma-associated antigen gp100
(KTWGQYWQV). CD8+ T-cell lines secreted interferon-c (IFN-c) to T2 cells alone, or to those pulsed with the control peptide. CD8+ T-cell lines from
individuals 1 and 2 secreted signi®cant amounts of interleukin-4 (IL-4) or granulocyte±macrophage colony-stimulating factor (GM-CSF) in response to the
target antigen, as compared to T2 cells alone or T2 cells pulsed with an irrelevant control peptide. Note that only CD8+ T cells obtained from individual 6
secreted signi®cant levels of interferon-c (IFN-c) as compared to the control targets. T cells from individual 3 secreted IL-4 and low amounts of IFN-c as
compared to control targets. Data are representative of three experiments. No cytotoxic response was observed in a 4-hr standard 51Cr-release assay (data not
shown).

Values shown in bold are signi®cant versus controls.
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DISCUSSION

We have been able to show that a single T-cell epitope derived

from a secreted M. tuberculosis 19-kDa lipoprotein leads to an

oligoclonal preferential expansion of certain TCR VB families

in individual subjects. This was surprising, as we would have

expected a polyclonal T-cell response directed to a single T-cell

epitope.25 However, recent studies examining viral infections in

murine models, as well as in humans, have provided strong

evidence that the peripheral T-cell response directed against

single viral epitopes presented by MHC class I epitopes are

indeed constituted by a few T-cell clones.26,27 These clones may

constitute, at least during some time-points during the

infection, the majority of T cells in the peripheral circulation.

This notion can now be expanded to the bacterial M. tuber-

culosis epitope presented by HLA-A2. A restricted TCR

repertoire or oligoclonal T-cell expansion directed against

single T-cell epitopes has also been shown to be true for

infection with human immunode®ciency virus (HIV),28

Epstein±Barr virus (EBV),29 cytomegalovirus (CMV)30 or

hepatitis C virus (HCV).31 The biological meaning of this

phenomenon pertaining to the focus of the TCR repertoire

on a few T-cell clones is still to be elucidated. At least in

patients with HIV infection, oligoclonal expanded CD8+

T cells most commonly represent antigen-speci®c effector

T cells directed against a single epitope. The presence and

maintenance of these clonal/oligoclonal T-cell subsets may be

associated with non-progression of the disease.19 The emer-

gence of oligoclonal expanded T cells associated with antigen-

speci®c cellular immune reponses may also represent a marker

of an effective and focused cellular immune surveillance

directed against M. tuberculosis. This notion is supported by

the observation that in vitro stimulation of T cells with viable

mycobacteria may lead to a preferential expansion of TCR

VA2.3+ CD4+ T cells in individuals with a distinct genetic

background (HLA-DR17+, DQ2+).32

Only a limited number of studies have addressed the role

of CD8+ T cells in patients with M. tuberculosis infection.

Particularly the secreted extracellular antigens appear to

Table 2. T-cell receptor usage in CD8+ T-cell lines (2.2, 2.4, 2.5, 2.15, 2.22 and 2.35)

VA/VB

TCR VA chains TCR VB chains

2.2* 2.4 2.5 2.15 2.22 2.35 2.2 2.4 2.5 2.15 2.22 2.35

1 X X X X

2

3 X X X X X X

4 X X X

5 X

6 X

7

8 X X

9

10

11

12 X X

13 X

14

15

16 X X

17

18

19

20

21

22 X

23 X

24

25

26

27

28

29 X

*Not determined.
CD8+ peripheral blood lymphocytes (PBL) were stimulated with interleukin-4 (IL-4)/granulocyte±macrophage colony-stimulating factor (GM-CSF)-

driven dendritic cells (DCs) pulsed with peptide VLTDGNPPEV, followed by cloning of T-cell lines in 96-well plates at 1, 10, or 100 T cells/well (10 plates for
each concentration). T cells were stimulated weekly with 3000 rads irradiated autologous peripheral blood mononuclear cells (PBMCs) pulsed with the
peptide VLTDGNPPEV in AIM-V medium containing 50 IU/ml of IL-2 and 50 ng/ml of IL-7. T cells that could be expanded were seeded in 24-well plates.
RNA was isolated from each cell line and reverse transcribed into cDNA. Each T-cell receptor (TCR) variable alpha chain (VA) or variable beta chain (VB)
expression was tested by reverse transcription±polymerase chain reaction (RT±PCR) analysis. Owing to the low number of cells available from T-cell line 2.2,
examination of the TCR VA chains was not possible. The T-cell lines were from individual 2.
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represent target molecules that drive proliferation as well as

IFN-c secretion in responding T cells.33 With the advent of

soluble tetramer-HLA-A2 molecules associated with peptide

epitopes, the frequency of antigen-speci®c T cells can now be

evaluated in the peripheral circulation without the need of

ex vivo expansion. Tetramer-staining CD8+ T cells can also be

analysed for cytokine secretion using intracellular cytokine

staining. M. tuberculosis AG85-speci®c CD8+ T cells stain for

IFN-c, but not for IL-4, in response to the HLA-A2-restricted

AG85-target epitope.12 We show in this report that most of the

HLA-A2-restricted and M. tuberculosis 19-kDa lipoprotein-

speci®c T cells do not secrete IFN-c, but rather GM-CSF or

IL-4, in an 24-hr cytokine release assay, independently of the

peptide concentration.

These data could be con®rmed using soluble HLA-A2

complexes loaded with the peptide VLTDGNPPEV from the

M. tuberculosis 19-kDa antigen (Fig. 3 and Table 4) as a `bait'

to sort peptide-speci®c T cells from PBL from patients with

pulmonary tuberculosis. It is probable that these freshly

isolated T cells would re¯ect the `in vivo' situation, as these

tetramer-sorted T cells have not been expanded in vitro. Three

of three T-cell lines secreted IL-4, and one of these T-cell lines

also secreted IFN-c to the nominal target epitope used for

T-cell sorting. As such tetramer-sorted T cells from PBL

probably do not represent a clonal population, it is not

surprising that such oligo- or polyclonal T-cell populations

are able to respond either with IFN-c or IL-4 associated with

the (Tc1/Tc2) composition of this polyclonal T-cell line.

The implementation of various amounts of peptide in this

assay system is particularly important (Fig. 2), as increasing

amounts of the target antigen may lead to differential intra-

cellular signalling induced by serially engaged TCRs.34 This

may alter the cytokine-secretion pattern. Similarly, HLA-DR

haplotypes have been shown to impact on MHC class II

peptide binding of mycobacterial peptides yielding either

IFN-c (high af®nity) or IL-4 (low af®nity) CD4+ T-cell

responses.35 In addition, the source and `history' of the T cells

may be quite different. The latter study evaluated T cells

obtained from patients who had been exposed to species of

Mycobacterium.12 In contrast, the T-cell lines obtained in our

study were derived from individuals who had not been exposed

to M. tuberculosis or to BCG. Alternatively, the source of

priming (immature DCs) may also play a role in shaping the

activation of T-cell lines with a Tc2 cytokine-secretion

pattern.36 In addition, VLTDGNPPEV-speci®c T cells have

been shown to be cytotoxic.13 The lack of cytotoxic potential

of T-cell clones in our report may also be a result of the

source of priming antigen-presenting cells (APCs) and the

implementation of IL-7 during expansion of effector T cells.

Conceptually, Tc2-type responses may not necessarily be

detrimental in the course of M. tuberculosis infection. During

the ®rst period of infection with M. tuberculosis, the key cyto-

kines associated with protection are IFN-c and tumour

necrosis factor-a (TNF-a).37,38 However, if high levels of

TNF-a are maintained, they may also contribute to immuno-

pathology. Thus, after clearance of infection, or successful

containment of M. tuberculosis-infected macrophages, harmful

immune responses must be eliminated. This may be mediated

by anti-in¯ammatory cytokines including IL-10, IL-13, or in

general, by a Tc2-dominated environment. How does this

Tc1/Tc2 `switch' occur? It could be antigen speci®c.39,40

Alternatively, it may be dependent on the processing and

presentation of a certain set of antigen(s) expressed during

the early or late phases of infection,41 which may favour the

development of either Tc1 or Tc2 responses. One of these

target antigens may be represented by the 19-kDa antigen, as

the vast majority of the molecularly de®ned T-cell lines secrete

GM-CSF alone or together with IL-4, but not IFN-c, in

response to the HLA-A2-presented target peptide. Thus, the

nature of the APC, the quality of cytokines elicited in APCs by

the 19-kDa lipoprotein42 and the availability of M. tuberculosis-

associated antigens, may be instrumental in the ®ne tuning of

the quality of the cellular immune response.

Permutation of individual aa residues in tumour-

associated or viral peptides may alter the magnitude and

the quality of the cellular immune response, as de®ned by

cytokine secretion.43 This approach aims to create `partial

agonistic' or `superagonistic' peptides. Some of these mutant
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Figure 2. Monoclonal and oligoclonal CD8+ T cells secrete T-cell

cytotoxic type 2 (Tc2) cytokines in response to the immunodominant

peptide VLTDGNPPEV from the 19-kDa Mycobacterium tuberculosis

antigen. CD8+ T cells, as de®ned in Table 3, were tested for recogni-

tion of the nominal target epitope in a 24-hr cytokine-release assay.

T-cell lines 2.4 and 2.5 exclusively secreted granulocyte±macrophage

colony-stimulating factor (GM-CSF), T-cell lines 2.2, 2.15, 2.22 and

2.35 secreted interleukin-4 (IL-4) and GM-CSF. In contrast, only

a single clone, designated 3.27, secreted interferon-c (IFN-c), but not

GM-CSF or IL-4 upon antigen exposure. The cytokine-secretion

pattern could not be altered by different peptide concentrations in

the assay.
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`superagonistic peptides' have already been successfully

implemented in a clinical `treatment' setting.43 Mutation(s)

within the M. tuberculosis 19-kDa epitope may also be

bene®cial in order to drive a qualitatively different cellular

immune response directed against M. tuberculosis-infected

cells. This approach may be particularly useful in the rational

design of novel vaccine strategies, as the immune pathogenesis

of tuberculosis may be associated with an insuf®cient or

unbalanced delivery of IFN-c in granuloma lesions.44 In addi-

tion, the detrimental effects of a 19-kDa-based vaccine in an

animal model45 support the notion that the quality of a cellular

immune response is crucial for protection and clinical out-

come of the infection with M. tuberculosis, as T cells obtained

from mice immunized with 19-kDa antigen-pulsed DCs did

not exhibit detectable antigen-speci®c IFN-c responses.46
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