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Abstract. Tuberculosis (TB) isagain aglobal health problem. Identification and characterization of the correlates
of protective immunity against TB is critical for the rationale design of novel TB vaccines. There is accumulating
datathat CD8" T lymphocytes are involved in the immune response against mycobacteria. Here the current state
of the art is reviewed with respect to phenotype, specificity and effector mechanisms of mycobacteria-specific
CD8* T lympocytes. In addition, the first listing is presented of mycobacteria-derived CD8" cytotoxic T lympo-
cyte (CTL) epitopes containing sequences published up to the end of 1998.
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Tuberculosis (TB) has been known since ancient
times. In humans this disease is mainly caused by my-
cobacterial species of the Mycobacterium tuberculosis
complex (i.e. M. tuberculosis, M. africanum and
M. bovis). The World Health Organization (WHO) has
estimated that about one third of the world’ s population
is infected with M. tuberculoss, with around 3% of
people suffering from active disease. In 1991 the global
incidence of TB was about 8 million with approximate-
ly 3 million deaths and this has not fallen over the last
7 yerars® 8, The good news is that the majority of
M. tuberculosis-infected subjects will never develop
TB. It has been estimated that M. tuberculosis-infected
but otherwise immune competent individual s have only
a10% lifetime risk of developing TB. The bad news is
that, from the mid-1980’s, there has been a steady in-
crease in the number of TB cases. This is mainly the
result of the spreading AIDS epidemic, as HIV-1 in-
fected patients have an additional risk of 8% per year
of developing TB2. Also, the emergence of multi-drug-
-resistant mycobacterial strainsis becoming increasing-
ly problematic for the control fo TB*. The only TB
vaccines currently available for human use are attenu-

ated strains of M. bovis, termed bacillus Camette-
Guérin (BCG), which were introduced in the 1920's.
Although BCG vaccinatioin appears to protect against
severe forms of extra-pulmonary TB in children, pro-
tection against contagious pulmonary TB in adults
seems limited and varies from 0-80% in different
studies and in different populations®. Clearly, more ef-
fective vaccines are needed to provide an adequate sol-
ution to the global threat of TB® 20 38,

It is generaly accepted that protective immunity
against TB can be acquired after exposure and infection
with M. tuberculosis, but the exact correlates of im-
mune-mediated protection are largely unknown. Com-
prehensive reviews have been published before ad-
dressing many different aspects of the immune
response against M. tuberculosis. These include differ-
ent T cell subsets (conventional CD4" T helper cells
and CD8' T cells, aswell as CD1 restricted CD4CD8"
double negative (DN) T cells, yd0 T cells and NK-T
cells) and cytokine networks!® > 4, The first reports
of CD8" T cells in mycobacterial infections were re-
ported over a decade ago and their potential role in
protective immunity against TB has been suggested™.
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The current review will further address this issue and
will give an update of M. tuberculosis-derived CD8*

T cell epitopes.

Human CD8" T Cells
in Mycobacterial Infections

Cellular infiltrates of bronchoalveolar lavage (BAL)
and pleurd effusions from TB patients have been shown
to contain mycobacteria-specific CD8" T cells® 4 5%,
Several reports have shown that CD8" cytotoxic T cells
(CTLs) can readily be expanded from PBMC of BCG
vaccinated individuals, TB patients, healthy occupa
tional contacts and tuberculin skin test-postitive per-
Son517’ 29, 42, 58, 61.

Currently thereisonly limited information available
on the role of CD8" CTLs in protection against TB in
humans. BoTHAMLEY et al.> observed a man with per-
sistent and recurrent pulmonary TB despite full appro-
priate chemotherapy. There was no evidence of HIV-1
infection or any other immune-related disorders other
than an isolated CD8" T lymphopenia. This anecdo-
tal report is the only indication so far that CD8* T cells
could be relevant for controlling mycobacterial dis-
ease in humans. Additional support for CTLs is com-
ing from in vitro studies on effector mechanisms
and from experimental mouse models for TB (see
below).

Historical Paradox of CD8" T Cdlls
Against Soluble Antigens

Historically, research on CD8" T cells in mycobac-
terial diseases has drawn relatively little attention. One
of the reasons for this was the generally held view that
soluble antigens in endocytic compartments are prefer-
ably processed through the MHC class Il pathway and
exclusively elicit CD4" T cell responses. However,
there is accumulating evidence that under certain con-
ditions extracellular antigens, as well as proteins
derived from intracellular pathogens such as myco-
bacteria, have access to the MHC class |-processing
pathway and can be presented to CD8" T cdls (re-
viewed in ref.?). One of the early studies by Rees
et al.* on CD8" T cells against mycobacteria have
shown that these cells can respond to target cells pulsed
with exogenous antigens, mycobacterial soluble ex-
tracts and purified antigens. More recently, severa
studies have shown that CD8* T cells can respond to
target cells pulsed with M. tuberculosis purified protein
derivatives (PPD)*® © and culture filtrate antigens
(CFAQ)®-.
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Phenotype and Effector Functions
of CD8" T Cells

Mycobacteria-specific CD8" T cells recognise their
target antigen when it is presented in the context of
self-molecules, the so-called restriction elements, as
they largely determine the specificity of the response.
CD8" T cells have abroad arsenal of effector functions
at their disposal which would be desirable to mobilize
with novel TB vaccines (Fig. 1). CD8" T cells can
cause cytolysis of M. tuberculosis-infected cells and
can produce a variety of soluble factors. This may
either result in some degree of undesired immunopa-
thology, i.e. tissue destruction (necrosis), inflammatory
side effects and further spread of bacteria, or in apop-
tosis and bactericidal activity. The currently available
data seem to favor the latter.

Restriction Elements of the CD8" T Cell Response

Mice in which the 32-microglobulin gene has been
disrupted (B2m —/-) suffer from severe and fatal patho-
logy following i.v. injection of M. tuberculosis® and to
a lesser extent, from disease after infection with BCG
vaccination”™ *. As no functiona CD8" T cells are
present in 32m —/— knockout mice, these observations
have, in general, been taken as evidence for a role of
MHC class | restricted CD8" CTLs in the control of
mycobacterial disease. Both in mice and in humans
several MHC class | antigens have been identified that
restricc CD8" CTL responses to mycobacteria (see
Table 1). Rees et al.*® were among the first to show in
humans that CD8* T cell responses against certain my-
cobacterial antigens could be restricted by HLA-BS.

MoHAGHEGHPOUR €t a.*® have identified a series of
HLA-A2 restricted CTLs, with at least one that was
capable of recognising endogenously processed
antigen. LALvANI et a.3* reported human CD8" CTLs
which recognised short peptides presented in the con-
text of HLA-B52 or -A2. Cytolysis was said to result
in suppression of mycobacterial growth.

With current knowledge, results with the 2m —/—
knockout mice could also support a role for CD1 re-
stricted CD8" T cells responses against mycobacteria.
Indeed, Srencer et al.>’ recently identified human
CD8* CTLs that recognized mycobacterial lipid anti-
gens in the context of CD1b. In this case, cytolysis of
M. tuberculosis-infected macrophages was shown to
reduce the number of viable mycobacteria by 35 to
50%.

LewinsoHN et al.?’ identified CD8' CTLsthat killed
M. tuberculosis-infected dendritic cells. Recognition in
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Fig. 1. The arsenal of CD8" T cell effector mechanisms. Mycobacteria-specific CD8" CTLs can recognize short peptides in
the context of MHC class | molecules or glycolipid antigens presented by CD1 molecules. Consequently a series of events
occur leading up to cytolysis of the infected target cell. Cell-mediated cytotoxicity involves Ca2+-dependent release of
cytolytic granules, which results in apoptosis of the target cell as well as in direct or indirect mycobactericidal activity. In
addition, cytolysis may also result from Fas-FasL interation. However, in this case it seems that the effect on the viability
of the mycobacteriais limited. CD8" T cells are also capable of secreting other soluble factors and cytokines such as IFN-y
and TNF-a. These soluble messenger molecules allow CD8" T cell to communicate with other effector cells as well as to

activate macrophages for intracellular killing of mycobacteria

this case appeared not to be restricted by HLA-A, -B,
or -C alleles nor by CD1a-c, but was clearly inhibited
by the anti-MHC class | monoclona antibody W6/32.
This suggests involvement of other non-polymorphic
class I-like molecules. Similar results have recently
been reported by Canapay et a.b, who also showed
that presentation to mycobacteria-specific CD8* T cells
was blocked by anti-MHC class | antibodies, required
proteasomal processing, but wasinsensitiveto brefeldin
A treatment, which blocks the conventional MHC class
I-processing pathway. Together, these observations
suggest that Ag-recognition by mycobacteria-specific
CD8* T cdls involve several complementary Ag-pro-
cessing pathways with phenotypically distinct CD8*
T cell-subsets.

Mechanisms of cytolysis

When CD8" T cells recognize their antigens in the
context of self-molecules, a series of events occur lead-
ing up to the target cell’s demise. Cell-mediated cyto-
toxicity involves two major pathways.

Classical cytolysis involves the Ca?*-dependent re-
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lease of cytolytic granules containing perforin and
granzyme proteases leading to apoptosis®’. In humans
it has been shown that the killing of intracellular my-
cobacteria is clearly dependent on the release of cyto-
lytic granules®’. Rather confusing, however, are obser-
vationsin perforin- and granzyme B —/— knockout mice
infected with M. tuberculosis, which do not seem to
experience a significantly different course of mycobac-
terial disease than their control littermates™ .

The other major pathway is receptor-mediated and
involves the engagement of Fas-ligand (CD95L) in the
T cell membrane with the target cell surface receptor
Fas (CD95). This interaction also results in the pro-
grammed disintegration of the target cell. It has been
shown that CD1-dependent cytolysis by human CD4~
CD8 DN T cellsis mediated by the CD95-CD95L in-
teraction, but this appears to have no effect on the via-
bility of mycobacteria®. Furthermore, the survival time
of CD95L —/— knockout mice after moderate challenge
with M. tuberculosis is hardly different from that of
control mice®.

The contribution of the two major cytotoxicity path-
ways in the early phase of mycobacterial infection
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seems limited, at least in the experimental mouse mod-
els for TB. Alternatively, compensatory mechanisms
may be operational in these mice that could mask the
effect of deleted genes. Studies in the mentioned gene
knockout mice could also point towards the involve-
ment of other granule constituents with lytic- or bacte-
ricidal activity. For example, WAGNER €t al.® have
shown that upon antigen-specific triggering, HIV-1
specific CD8" CTLs release [3-chemokines (RANTES,
MIP-1a and MIP-1[3) bound to sulphated proteogly-
cans, which are magjor constituents of cytolytic gra-
nules. Another granule-associated molecul e worth men-
tioning is protein 519 (Granulysin), which is also
exocytosed after stimulation through the T cell receptor
and which exhibits lytic activity*. Stencer et a.* have
recently shown that this molecule also has direct bac-
tericidal activity. Granulysin killed extracellular
M. tuberculosis and, in combination with perforin, re-
duced the viability of phagocytosed M. tuberculosis.
Production of extracellular adenosine 5'-phosphate
(ATP) could also contribute to the bactericidal activity
of human CD8" CTLs®. Exogenous ATP has been
shown to induce the killing of intracellular mycobac-
teriawithin BCG-infected human macrophages through
purinergic P2Z(P2X7) receptors™.

Cytokines

Other effector functions of CD8" T cells comprise
the release of cytokines. The current dogma says that
T cell-derived cytokines like IFN-y and TNF-a are re-
quired to stimulate macrophages to kill or control the
growth of intracellular mycobacteria. Mice in which
these genes have been deleted have been shown to suf-
fer more severely from experimental M. tuberculosis
infection® 2 22, BonaTo et a.* showed that the cells
which conferred the highest level of protection in adop-
tive transfer experiments, as assessed by the number of
mycobacteriain spleens of challenged mice, were IFN-
-y-producing CD8" CTLs. Using IFN-y —/— knockout
mice, Tascon et al.®° showed that IFN-y-production by
primed CD8" T cells was required in order for these
cells to exert their bactericidal effect.

In vitro studies have shown that mycobacteria-spe-
cific CD8" CTLs from humans can aso secrete |IFN-y
upon antigen triggering® 3 *. The relevance of the
type-1 ctokine pathway for the control of mycobacterial
infections in humans has been demonstrated by New-
PoRT €t al.”®. They observed in 4 children with severe
mycobacteria infections a point mutation in the IFN-y-
-receptor 1 gene that led to non-functional expression.
Several other mutations have now been identified that
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affect the ability to produce or to respond to I FN-y, show-
ing the relevance of the type-1 cytokine network for the
control of mycobacterial diseases (reviewed in ref. %).

MHC Class | Restricted CD8* CTL Epitopes

The number of published mycobacteria-derived
CD8* CTL epitopesis steadily increasing (see Table 1).
Most studies so far have been done in mice and, by the
end of 1998, only two studies have been published in
which epitopes were identified for human CD8" CTL3* *,
The most widely explored method for identifing epi-
topes in target antigens is the so-called , reverse-gene-
tics” approach which use MHC class | peptide-binding
motifs to identify potential epitopes within a given se-
quence®’.

The list of identified CD8* CTL epitopes represents
the current state-of-the-art and is by no means based on
a systematic screening of the approximately 4000 pre-
dicted proteinsin the genome of M. tuberculosis’. Cur-
rently, CTL epitopes have only been described in 7 of
these: in some heat shock proteins (HSP) and in a hand-
ful of secreted antigens (see Table 1). The importance
of secreted antigensfor protective immunity against TB
has been discussed previously®. Several studies have
focussed on CD8" T cell responses against mycobac-
terial HSPP % %, Under stress conditions human cells
express similar proteins and mycobacteria HSP65-spe-
cific CD8" CTLs have been demonstrated that can Kill
»Stressed” macrophages®. Although usage of ,self”
proteins may prompt autoimmunity, it has been shown
that the whole-cell component of the early-childhood
pertussis vaccine primes the immune system to HSP,
but apparently without major side effects'.

Further identification of immune dominant proteins
and epitopes may be useful for subunit vaccine devel-
opment (see below). Specia attention should be given
to situations where people have been exposed and in-
fected with M. tuberculosis but have not developed TB,
or to patients with TB who self-cured their disease
without specific treatment. Studying those people may
give us vital clues on how to induce protective im-
munity against TB.

TB Vaccines

The ideal vaccine would be given early in life and
would confer long-lasting protection against TB. Alter-
natives may include ,,booster” vaccines given to indi-
viduals already infected with M. tuberculosis to en-
hance or to modify the immune response in order to
achieve more effective immunity* 4,
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Table 1. Overview M. tuberculosis-derived CD8" CTL epitopes (update 1998)

M. tuberculosis protein® Amino acid sequence®

MHC class | redtriction Reference

Human CTL epitopes
Secreted Ag

ESAT-6 (aa. 69-76) LONLARTI HLA-B52 LALVANI et a.%

ESAT-6 (aa. 82-90) AMASTEGNV HLA-A*0201 LALVANI et a.3

19 kDa LP (aa. 88-97) VLTDGNPPEV HLA-A*0201 MOHAGHEGHPOUR €t a.%
19 kDaLP (aa. 101-108)¢ GLGNVNGV HLA-A*0201 MOHAGHEGHPOUR €t a .3
19 kDaLP (aa. 131-139)° KITGTATGV HLA-A*0201 MOHAGHEGHPOUR €t a.%®
Murine CTL epitopes

Secreted Ag

19 kDa LP (aa. 69-78)° TAAGNVNIAI H-2DP VORDEMEIER €t al.%

19 kDa LP (aa. 102-110)° LGNVNGVTL H-2DP VORDEMEIER €t al.%?

38 kDa LP (aa 129-137) AQQVNYNLP H-2DP ZHU et al %6

38 kDa LP (aa. 166-175) IAALNPGVNL H-2DP ZHu et a.%, pa Fonsecal!
38 kDa LP (aa. 191-199) DTFLFTQYL H-2K" ZHU et al %6

38 kDa LP (aa 225-234) ALGENGNGGM H-2DP ZHU et al %6

38 kDa LP (aa. 243-250) GCVAYIGI H-2K" ZHU et al %6

38 kDa LP (aa. 309-318) YPIINYEYAI H-2DP ZHu et a.%, pa Fonsecall
38 kDa LP (aa. 312-319) INYEYAIV H-2K" ZHU et al.%, VORDEMEIER et al.?
38 kDa LP (aa 317-325) AIVNNRQKD H-2DP ZHU et al %6

Ag 85A (aa. 104-123)¢ YDQSGLSVVMPVGGQSSFY S H-2K9/Ld DeNis et a1

Ag 85A (aa. 184-203)¢ QQFVYAGAMSGL LDPSQAMG  H-2K¢ DeNis et a1

Ag 85A (aa. 204-223)4 PTLIGLAMGDAGGYKASDMW H-2L¢ DeNis et a1

Heat shock proteins

10 kDa (aa. 70-79)° IYSKYGGTEI H-2K¢ VORDEMEIER €t al.%?

10 kDa (aa. 82-89)° NGEEYLIL H-2K" VORDEMEIER €t a.%

16 kDa (aa. 24-31)° AFPSFAGL H-2KP VORDEMEIER €t al.%?

65 kDa (aa. 6-15) AYDEEARRGL H-2Kd TAscON et al.®

65 kDa (aa. 64-72)° PYEKIGAEL H-2K¢ VORDEMEIER €t al.%

65 kDa (aa. 278-287) GFGDRRKAML H-2Kd TAscoN et al.%®

65 kDa (aa. 478-485)° QTGVYEDL H-2KP VORDEMEIER €t al.%

65 kDa (aa 499-508) SALQNAASIA H-2Db SCHOEL et al %2

@ Numbering is according to sequences listed in the database of predicted proteins of M. tuberculosis H37Rv” (see http: //www. sanger.
ac.uk/Projects/M_tuberculosis/): ESAT-6 (Rv3875), 19 kDalL P (Rv3763), 38 kDa LP (Rv0934), antigen 85A (Rv3804c), 10 kDa HSP

(Rv3418c), 16 kDa HSP (Rv2031c), 65 kDa HSP (Rv0440).

b Putative anchor residues for binding to MHC class | are indicated in bold*.
¢ Peptides identified in MHC class | binding assays. No in vitro or in vivo CTL responses have been shown so far that are directed against

these sequences.

d These 20-mer peptides are recognized by murine CD8* CTL when presented on peptide pulsed P815 (H-29) targets. The putative anchor
residues are indicated in bold. The shorter peptides aa. 113122 and 187—196 are also recognized in the context of H-29 alleles™.

Live attenuated and recombinant mycobacteria

Live attenuated vaccines are thought to mimic most
aspects of natural infection, and may provide the
broadest range of pertinent stimuli to the immune sys-
tem. Knockout mutants of M. tuberculosis are being
constructed from which virulence factors or genes for
prolonged survival in macrophages have been del eted?.
However, as the function of the vast majority of genes
of M. tuberculosis is currently unknown, it will be dif-
ficult to predict whether these mutants are safe for long-
-term use in humans. An alternative approach would be
to express private and immunogenic antigens of

M. tuberculosis in vaccine strains of BCG. Theoreti-
cally these recombinant BCG strainswould be safe, and
with the added feature that they might also be able to
enhance protective immunity against TB.

It has been shown that vaccination with BCG and
saprophytic species such as M. vaccae as well as un-
defined exposure to non-pathogenic environmental my-
cobacteria can elicit CD8" T cell responses” *°. How-
ever, induction or boosting of mycobacteria-specific
CD8" CTLsunder these conditions may not be optimal.
Recently, Hess et al.?” described the construction of
recombinant BCG strains that secrete listeriolysin of
Listeriamonocytogenes. Listeriolysin is a pore-forming
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protein essential for the release of L. monocytogenes
bacteria from phagosomal vacuoles into the cytoplasm
of infected cells. The rationale behind this recombinant
BCG congtruct is to improve the access of mycobacterial
proteins to the MHC class | Ag-processing pathway in
order to enhance stimulation of CD8" CTL responses.

Subunit vaccines

Much effort is aso currently being devoted to de-
signing so-called subunit vaccines. Several of these
subunit preparations appear to induce mycobacteria-spe-
cific CD8" T cell responses. These include purified-
-and recombinant-mycobacterial antigens' 18 41 %8 dif-
ferent expression vectors like “naked” recombinant-DNA
vaccines® % 9. 6. 67 gnd recombinant vaccinia viruses®
and synthetic peptides® %% 4,

Currently the most promising subunit vaccines are
naked recombinant DNA vaccines® 2 %9 6. 67 Chal-
lenge experiments with virulent bacilli have shown re-
duced bacterial loads in internal organs of vaccinated
mice. Althoughin all cases mycobacteria-specific CD8*
CTLs were induced, the causal relationship between
CD8'* CTL responses and true protection to disease for-
mally remains to be proven. Suggestive data comes
from the study of Ers et al.’®, who used DNA vectors
expressing 19 kDa and AhpC proteins. No specific
CD8* CTL responses were detected after DNA-injec-
tion and no effect on bacterial load was observed. In
addition, BonaTo et a.* showed that, after adoptive
transfer of CD8" CTLs from HSP65 DNA vaccinated
mice into naive mice, the number of mycobacteria in
the spleens of recipient mice was reduced by almost
one log after challenge with M. tuberculosis.

Subunit vaccines may alow for better quality con-
trol of vaccine preparations and may aid the immune
system in focusing on more relevant antigens. The
repertoire of T cells, which are recruited during natural
infection with M. tuberculosis, may not always be the
best repertoire available. Denis et al.** have shown in
mice that Ag85A-DNA vaccination resulted in the rec-
ognition of particular peptides which were not recog-
nized by CD8" T cells during infection with live
M. tuberculosis. Other Ag-delivery systems that are
being explored include the use of recombinant poxvirus
vectors. WiLkiNsoN et al.% showed that recombinant
vaccinia virus expressing the 38 kDa antigen of
M. tuberculosis induced CD8* CTL responses. Vacci-
nation with a combination of attenuated poxvirus vec-
tors and DNA vaccines may prove to be a very power-
ful strategy for inducing and boosting mycobacteria
CD8" CTL responses®™ %,
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Vaccines based on synthetic peptides may be inex-
pensive and easy to manufacture. However, the general
use of peptide-based vaccines in outbred human popu-
lations may be limited, as only a fraction of persons
will have the required HLA class | type to present the
selected peptides. A way forward would be to focus on
common HLA types, like HLA-A2%, or on HLA a-
leles, which have overlapping peptide-binding motifs™.
Grouping according to these so-called “supermotifs’
may dramatically increase the number of people able to
respond to particular peptides®. Furthermore, the ways
in which peptides are being formulated in vaccine prep-
arations appear to be important for induction of CD8*
CTL responses. DA Fonseca et al.** compared peptide
variants from the 38 kDa lipoglycoprotein carrying
lipid tails of palmitic acid with their “bare” counter-
parts. Lipopeptides in combination with Freund's ad-
juvant induced CD8" CTL responses in mice that were
stronger than when using the regular peptides.

Concluding Remarks

It is now well established that CD8" T cells are in-
duced during mycobacteria infections. Thereisindirect
evidence that mycobacteria-specific CD8" T cells are
relevant for protection against disease. CD8" CTLs
have been shown not only to kill M. tuberculosis-in-
fected cells, but also to exert bactericidal activity
through the release of soluble factors. Induction or
boosting of mycobacteria-specific CD8" CTL responses
via vaccination seems, therefore, desirable. However,
more systematic studies of mycobacteria-specific CD8*
CTL responses during the natural history of M. tuber-
culosis infection are still required to narrow down the
correlates of protectiveimmunity. Further identification
and characterization of mycobacteria-specific CD8*
CTLsiswarranted in order to exploit the effector mech-
anisms of these cells on a more rationa basis in novel
TB vaccine strategies.

Acknowledgment. The authors would like to thank Hazel Dockrell
and Arnaud Marchant for helpful comments. Our studies are finan-
cialy supported by GlaxoWellcome, Stevenage, UK.

References

1. ANDERSEN P. (1994): The T cell response to secreted antigens
of Mycobacterium tuberculosis. Immunobiology, 191, 537—
547.

2. BERKE G. (1995): The CTL’skiss of death. Cell, 81, 9-12.

3. BLoom B. R. and MURrRAY C. J. (1992): Tuberculosis. com-
mentary on areemergent killer. Science, 257, 1055-1064.

4. BoNnATO V. L., LIMA V. M., TASCON R. E. et al. (1998): Ident-



M. R. Klein and K. P. W. J. McAdam: T Cells Against M. tuberculosis

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

ification and characterization of protective T cells in hsp65
DNA-vaccinated and Mycobacterium tuberculosis-infected
mice. Infect. Immun., 66, 169-175.

. BOTHAMLEY G. H., FESTENSTEIN F. and NEWLAND A. (1992):
Protective role for CD8 cellsin tuberculosis. Lancet, 339, 315—
316.

. CANADAY D. H., ZieBoLD C., Noss E. H. et d. (1998): Activa-
tion of human CD8" ab TCR" cells by Mycobacteriumtubercu-
losis via an aternate class | MHC antigen-processing pathway .
J. Immunol., 162, 372-379.

. CoLE S. T., BRoscH R., PARKHILL J. et a. (1998): Deciphering
the biology of Mycobacterium tuberculosis from the complete
genome sequence. Nature, 393, 537-544.

. COOPER A. M., DALTON D. K., STEWART T. A. et a. (1993):
Disseminated tuberculosis in interferon y gene-disrupted mice.
J. Exp. Med., 178, 2243-2247.

. CoOPER A. M., D’Souza C., FRANK A. A. et d. (1997): The

course of Mycobacterium tuberculosis infection in the lungs of

mice lacking expression of either perforin- or granzyme-media-

ted cytolytic mechanisms. Infect. Immun., 65, 1317-1320.

CooPer A. M. and FLYNN J. L. (1995): The protective immune

response to Mycobacterium tuberculosis. Curr. Opin. Immu-

nol., 7, 512-516.

DA FonsecA D. P., JoosTeEN D., VAN DER ZEE R. et d. (1998):

Identification of new cytotoxic T-cell epitopes on the 38-kilo-

dalton lipoglycoprotein of Mycobacterium tuberculosis by

using lipopeptides. Infect. Immun., 66, 3190-3197.

DeEL GiupICE G., GERVAIX A., COSTANTINO P. et a. (1993):

Priming to heat shock proteins in infants vaccinated against

pertussis. J. Immunoal., 150, 2025-2032.

DeNIS O., Lozes E. and HUYGEN K. (1997): Induction of cyto-

toxic T cell responses against culture filtrate antigens in Myco-

bacterium bovis bacillus Calmette-Guerin-infected mice. Infect.

Immun., 65, 676-684.

DeNIs O., TANGHE A., PALFLIET K. et a. (1998): Vaccination

with plasmid DNA encoding mycobacterial antigen 85A stimu-

lates a CD4" and CD8" T cell epitopic repertoire broader than
that stimulated by Mycobacterium tuberculosis H37Rv infec-

tion. Infect. Immun., 66, 1527-1533.

ELLNER J. J. (1997): The immune response in human tubercu-

losis-implications for tuberculosis control. J. Infect. Dis., 176,

1351-1359.

ErB K. J., KIRMAN J., WOODFIELD L. et al. (1998): Identifica-

tion of potential CD8" T cell epitopes of the 19 kDa and AhpC

proteins from Mycobacterium tuberculosis. No evidence for

CD8" T cell priming against the identified peptides after DNA-

-vaccination of mice. Vaccine, 16, 692-697.

EsIN S., BATONI G., KALLENIUS G. et d. (1996): Proliferation

of distinct human T cell subsets in response to live, killed or

soluble extracts of Mycobacterium tuberculosis and M. avium.

Clin. Exp. Immunol., 104, 419-425.

FAITH A., SCHELLENBERG D. M., ReEes A. D. et d. (1992):

Antigenic specificity and subset analysis of T cels isolated

from the bronchoal veol ar lavage and pleural effusion of patients

with lung disease. Clin. Exp. Immunol., 87, 272-278.

FINE P. E. and RoDRIGUES L. C. (1990): Modern vaccines. My-

cobacterial diseases. Lancet, 335, 1016-1020.

FINE P. E., STERNE J. A., PONNIGHAUS J. M. et d. (1994): De-

layed-type hypersensitivity, mycobacterial vaccines and protec-

tive immunity. Lancet, 344, 1245-1249.

. FLYNN J L., CHAN J, TRIEBOLD K. J. et al. (1993): An essen-

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

35.

36.

37.

319

tial role for interferon y in resistance to Mycobacterium tuberu-
losisinfection. J. Exp. Med., 178, 2249-2254.

FLYNN J. L., GOLDSTEIN M. M., CHAN J. et a. (1995): Tumor
necrosis factor a is required in the protective immune response
against Mycobacteriumtuberculosisin mice. Immunity, 2, 561—
572.

FLYNN J. L., GOLDSTEIN M. M., TRIEBOLD K. J. et al. (1992):
Major compatibility complex class | restricted T cells are re-
quired for resistance to Mycobacterium tuberculosis infection.
Proc. Natl. Acad. Sci. USA, 89, 12013-12017.

GULERIA |, TEITELBAUM R., MCADAM R. A. et d. (1996): Au-
xotrophic vaccines for tuberculosis. Nat. Med., 2, 334-337.
HANKE T., BLANCHARD T. J., SCHNEIDER J. et d. (1998): En-
hancement of MHC class I-restricted peptide-specific T cell in-
duction by a DNA prime/MVA boost vaccination regime. Vac-
cine, 16, 439-445.

HANKE T., BLANCHARD T. J., SCHNEIDER J. €t d. (1998): Im-
munogenicities of intravenous and intramuscular administra-
tions of modified vaccinia virus Ankara-based multi-CTL epi-
tope vaccine for human immunodeficiency virustype 1 in mice.
J Gen. Viral., 79, 83-90.

HEess J., Miko D., CATIC A. et a. (1998): Mycobacterium bovis
bacillus Calmette-Guérin strains secreting listeriolysin of Lis-
teria monocytogenes. Proc. Natl. Acad. Sci. USA, 95, 5299—
5304.

HuyGeN K., CONTENT J, DENis O. et a. (1996): Immunoge-
nicity and protective efficacy of a tuberculosis DNA vaccine.
Nat. Med., 2, 893-898.

KALEAB B., OTTENHOFF T. H., CONVERSE P. et d. (1990): My-
cobacterial-induced cytotoxic T cells as well as nonspecific kil-
ler cells derived from healthy individuals and leprosy patients.
Eur. J. Immunol., 20, 2651-2659.

KAUFMANN S. H. E. (1988): CD8" T lymphocytes in intracel-
lular microbial infections. Immunol. Today, 9, 168-174.
KocH! A. (1991): The global tuberculosis situation and the new
control strategy of the World Health Organization. Tubercle,
72, 1-6.

Koca T., WAND-WURTTENBERGER A., DE BRUYN J. € al.
(1989): T cells against a bacteria heat shock protein recognize
stressed macrophages. Science, 245, 1112-1115.

LAaDEL C. H., DAUGELAT S. and KAUFMANN S. H. (1995):
Immune response to Mycobacterium bovis bacillus Calmette-
-Guérin infection in major histocompatibility complex class I-
and |1-deficient knockout mice: contribution of CD4 and CD8
T cells to acquired resistance. Eur. J. Immunoal., 25, 377-384.

. LALvANI A., BROOKES R., WILKINSON R. J et a. (1998):

Human cytolytic and interferon gamma-secreting CD8" T lym-
phocytes specific for Mycobacterium tuberculosis. Proc. Natl.
Acad. Sci. USA, 95, 270-275.

LammAS D. A., STOBER C., HARVEY C. J. et a. (1997): ATP-
-induced killing of mycobacteria by human macrophages is
mediated by purinergic P2Z(P2X7) receptors. Immunity, 7,
433-444.

LAOCHUMROONVORAPONG P., WANG J,, Liu C. C. et a. (1997):
Perforin, a cytotoxic molecule which mediates cell necrosis, is
not required for the early control of mycobacterial infection in
mice. Infect. Immun., 65, 127-132.

LEWINSOHN D. M., ALDERSON M. R., BRIDEN A. L. €t al.
(1998): Characterization of human CD8" T cells reactive with
Mycobacterium tuberculosis-infected antigen presenting cells.
J. Exp. Med., 187, 1633-1640.



320

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

49,

50.

51.

52.

53.

MALIN A. S. and YOUNG D. B. (1996): Designing a vaccine for
tuberculosis. Br. Med. J,, 312, 1495-1496.

MOHAGHEGHPOUR N., GAMMON D., KAWAMURA L. M. et al.
(1998): CTL response to Mycobacteriumtuberculosis: identifi-
catioin of an immunogenic epitope in the 19 kDa lipoprotein.
J. Immunol., 161, 2400-2406.

MoLLoy A., LAOCHUMROONVORAPONG P. and KAPLAN G.
(1994): Apoptosis, but not necrosis, of infected monocytes is
coupled with killing of intracellular bacillus Calmette-Guérin.
J. Exp. Med., 180, 1499-1509.

Munk M. E., DE BRUYN J., GRAS H. et a. (1994): The Myco-
bacterium bovis 32-kilodalton protein antigen induces human
cytotoxic T cell responses. Infect. Immun., 62, 726—728.
MusTAaFA A. S, KVALHEIM G., DEGRE M. et al. (1986): Myco-
bacteriumbovis BCG-induced human T-cell clones from BCG-
-vaccinated healthy subjects: antigen specificity and lympho-
kine production. Infect. Immun., 53, 491-497.

NEwPORT M. J, HuxLEy C. M., HusTON S. et al. (1996):
A mutation in the interferon y-receptor gene and susceptibility
to mycobacterid infection. N. Engl. J. Med., 335, 1941-1949.

. ORME |. M., ANDERSEN P. and Boom W. H. (1993): T cdl re-

sponse to Mycobacterium tuberculosis. J. Infect. Dis., 167,
1481-1497.

OTTENHOFF T. H., KUMARARATNE D. and CASANOVA
J. L. (1998): Novel human immunodeficiencies reveal the es-
sential role of type | cytokines in immunity to intracellular bac-
teria. Immunol. Today, 19, 491-494.

PENA S. V., HANSON D. A., CARR B. A. et d. (1997): Process-
ing, subcellular localization, and function of 519 (Granulysin),
a human late T cell activation molecule with homology to
small, lytic, granule proteins. J. Immunol., 158, 2680—2688.
RAMMENSEE H. G., FRIEDE T. and STeEVANOVIC S. (1995):
MHC ligands and peptide motifs: first listing. Immunogenetics,
41, 178-228.

RAVIGLIONE M. C., SNIDER D. E. J. and KocHI A. (1995): Glo-
bal epidemiology of tuberculosis. Morbidity and mortality of
aworldwide epidemic. JAMA, 273, 220-226.

REES A., SCOGING A., MEHLERT A. et a. (1988): Specificity of
proliferative response of human CD8 clones to mycobacterial
antigens. Eur. J. Immunol., 18, 1881-1887.

Rock K. L. (1996): A new foreign policy: MHC class | mole-
cules monitor the outside world. Immunol. Today, 17, 131-137.
Rossi G. A., BaLBl B. and MAaNca F. (1987): Tuberculous
pleural effusions. Evidence for selective presence of PPD-spe-
cific T-lymphocytes at site of inflammation in the early phase
of theinfection. Am. Rev. Respir. Dis., 136, 575-579.
SCHOEL B., ZUGEL U., RuPPERT T. et d. (1994): Elongated
peptides, not the predicted nonapeptide stimulate amajor histo-
compatibility complex class I-restricted cytotoxic T lympho-
cyte clone with specificity for a bacteria heat shock protein.
Eur. J Immunol., 24, 3161-3169.

SIDNEY J,, GREY H. M, Kuo R. T. et a. (1996): Practical,
biochemical and evolutionary implications of the discovery of
HLA class | supermotifs. Immunol. Today, 17, 261-266.

. SiLvA C. L., SLvA M. F.,, PETRO R. C. et d. (1996): Charac-

terization of T cells that confer a high degree of protective im-
munity against tuberculosis in mice after vaccination with

56.

57.

59.

61.

62.

66.

67.

M. R. Klein and K. P. W. J. McAdam: T Cells Against M. tuberculosis

tumor cells expressing mycobacterial hsp65. Infect. Immun.,
64, 2400-2407.

. SKINNER M. A, YUAN S., PRESTIDGE R. et d. (1997): Immuni-

zation with heat-killed Mycobacterium vaccae stimulates CD8"
cytotoxic T cells specific for macrophages infected with Myco-
bacterium tuberculosis. Infect. Immun., 65, 4525-4530.
STENGER S., HANSON D. A., TEITELBAUM R. et al. (1998): An
antimicrobial activity of cytolytic T cells mediated by Granu-
lysin. Science, 282, 121-125.

STENGER S., MAzzACCARO R. J.,, UYEMURA K. et d. (1997):
Differentia effects of cytolytic T cell subsets on intracellular
infection. Science, 276, 1684-1687.

. TAN J. S, CANADAY D. H., Boom W. H. et a. (1997): Human

aveolar T lymphocyte responses to Mycobacterium tubercu-
losis antigens — role for CD4" and CD8" cytotoxic T cells and
relative resistance of aveolar macrophages to lysis. J. Immu-
nol., 159, 290-297.

TAscoN R. E., CoLsTON M. J,, RAGNO S. et al. (1996): Vacci-
nation against tuberculosis by DNA injection. Nat. Med.,
2, 888-892.

. TASCON R. E., STAVROPOULOS E., LUuKAcCs K. V. et a. (1998):

Protection against Mycobacterium tuberculosis infection by
CD8" T cells requires the production of gamma interferon. In-
fect. Immun., 66, 830-834.

TURNER J. and DOCKRELL H. M. (1996): Stimulation of human
peripheral blood mononuclear cells with live Mycobacterium
bovis BCG activates cytolytic CD8" T cellsin vitro. Immuno-
logy, 87, 339-342.

VORDERMEIER H. M., ZHU X. and HARRIS D. P. (1997): Induc-
tion of CD8" CTL recognizing mycobacterial peptides. Scand.
J. Immunoal., 45, 521-526.

. WAGNER L., YANG O. O., GARCIA-ZEPEDA E. A. et a. (1998):

3-Chemokines are released form HIV-1 specific cytolytic T cell
granules complexed to proteoglycans. Nature, 391, 908-911.

. WILKINSON R. J., VORDERMEIER H. M., WILKINSON K. A. et al.

(1998): Peptide-specific T cell response to Mycobacterium
tuberculosis: clinical spectrum, compartmentalization, and ef-
fect of chemotherapy. J. Infect. Dis., 178, 760-768.

. WILKINSON R. J, ZHU X., LALVANI A. et d. (1998): 38,000

MW antigen-specific mgjor histocompatibility complex class
| restricted interferon-y secreting CD8" T cells in healthy con-
tacts of tuberculosis. Immunology, 95, 585-590.

ZHU X., StAauss H. J, Ivanyi J. et al. (1997): Specificity of
CD8" T cells from subunit-vaccinated and infected H-2b mice
recognizing the 38 kDa antigen of Mycobacteriumtuberculosis.
Int. Immunol., 9, 1669-1676.

ZHU X., VENKATAPRASAD N., THANGARAJH. S. et al. (1997):
Functions and specificity of T cells following nucleic acid vac-
cination of mice against Mycobacterium tuberulosis infection.
J. Immunol., 158, 5921-5926.

. ZUGEL U. and KAUFMANN S. H. (1997): Activation of CD8

T cells with specificity for mycobacterial heat shock protein 60
in Mycobacterium bovis bacillus Calmette-Guérin-vaccinated
mice. Infect. Immun., 65, 3947-3960.

Received in February 1999
Accepted in April 1999



