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Mycobacterium tuberculosis has chosen mac-
rophages as its preferred habitat. The tubercle
bacillus is capable of arresting phagosomal
maturation at an early stage, and of resisting
anti-bacterial effector mechanisms, enabling M.
tuberculosis to persist in resting macrophages .
Upon activation by T lymphocytes, macrophages
express increased anti-bacterial activities. The
activated macrophages are major effector cells
of the host defense against tuberculosis, and
achieve mycobacterial containment in distinct
granulomatous lesions. Although containment
fails to fully eradicate the pathogen in most
cases, it is generally sufficient to prevent the
outbreak of clinical disease. Accordingly, T
lymphocytes are central mediators of the spe-
cific immune response against tuberculosis.

The T cell compartment comprises several popu-
lations that together contribute to the control of
M. tuberculosis?. Of major importance are major
histocompatibility complex (MHC) class I -re-
stricted CD4 T cells. In addition, MHC class I-
restricted CD8 T cells, y6 T cells and CD1-

restricted T cells, participate in protection. M.

tuberculosis modifies the early phagosome to its
advantage. It prevents phagosomal maturation
at an early stage and fusion with lysosomes.
Mycobacterial proteins are shuttled by MHC
class I molecules from the phagosome to the
cell surface, stimulating CD4 T cells. These T
cells produce cytokines of Thl type, in particular
interferon-y (IFN-7 ). IFN-7 is a major activa-
tor of antimicrobial capacities of macrophages,
and therefore critical for protection against tu-
berculosis. Other cytokines are also required for
protection. In vivo protection focuses on granulo-
mas, where M. tuberculosis is contained. Recent
experiments have revealed a role of tumor ne-
crosis factor-a (TNF-«) and lymphotoxin-« 3
in granuloma formation and mycobacterial
containment within a productive granuloma?® ¥,
Although it is not fully understood how myco-
bacteria enter the MHC class I pathway, CD8 T
cells clearly do participate in protection. This
notion was originally based on experiments with
B 2-microglobulin ( #2m) knockout (KO) mice®.
These mutant mice lack MHC class I expression
and hence the functional corollary in the form
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of CD8 T cells. Recent findings reveal that 82m
has several functions and therefore deficiency
causes a range of effects. KO mice lacking MHC
class I expression (and therefore only CD8 T
cells) are less susceptible than B 2m deficient
mutants®. This demonstrates not only that CD8
T cells indeed do participate in protection against
tuberculosis, but also that susceptibility due to
B2m deficiency is attributable to a number of
reasons.

CD8 T cells can produce IFN-y, but more
importantly, express cytolytic activities. They
can lyse infected macrophages and directly at-
tack mycobacteria®. It is therefore likely that
cytolytic T cell functions contribute to protec-
tion against tuberculosis. Cognates of group 1
CD1 protein family present glycolipids that are
abundant in the mycobacterial cell wall”. Group
1 CD1 molecules are present in guinea pigs and
humans but not in mice, hampering accurate
analysis of their role in protection. y¢é T cells
expressing the Vy 2 62 chain combination react
with phospholigands abundant in mycobacteria®.
They probably recognize phospholigands in the
absence of any host presentation molecules. Both
CD1 restricted and 78 T cells produce IFN-y
and express cytolytic activity and can contribute
to protection against tuberculosis in this man-
ner.

Because of the central role of the T cell com-
partment in protective immunity against tuber-
culosis, it represents a major target for
activation by a vaccine?.

Natural infection with M. tuberculosis is well
controlled in the 2 billion individuals infected
with this pathogen?. Annually, 8 million of the
infected individuals develop tuberculosis, often
after long incubation periods, during which
dormant mycobacteria are controlled by the im-
mune system and do not cause any clinical dis-
ease. Disease develops due to exogenous insult,
intrinsic genetic susceptibility or both. Since the
vast majority of the population do control M.
tuberculosis in a satisfactory manner, rational
vaccine design can learn from the immune re-
sponse in those individuals. Importantly, the

immune response in the susceptible individuals
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needs to be also studied to gain understanding
about which mechanisms are lacking in these
individuals, and are therefore critical in protec-
tion against tuberculosis. The existing vaccine,
Bacille Calmette—Gueérin, is of insufficient effi-
cacy due to its failure to provide adequate pro-
tection against pulmonary tuberculosis in adults.
It is important to define the mechanisms that
BCG and natural infection fail to activate, in
order to design novel vaccines better than BCG.

The elucidation of the genome of M. tubercu-
losis provided the blue print for the identifica-
candidate protective

tion of antigens and

virulence factors'®. Identification of protective
antigens 1is particularly important for the
subunit vaccine approach, while identification
of virulence factors is particularly important
for the whole bacterial vaccine approach.

The subunit vaccine approach includes: (1)
formulations comprising protein antigens with
adjuvants capable of improving immunogenicity
of vaccine antigens. While such vaccines are
capable of stimulating CD4 T cell responses,
they often fail to satisfactorily activate CD8 T
cells and unconventional T cells. (2) Naked DNA
vaccines have shown promise in mouse models,
as they activate both CD4 and CD8 T cells. (3)
Recombinant vaccines are viable carriers ex-
pressing mycobacterial antigens and are able to
stimulate both CD4 and CD8 T cells. All types of
subunit vaccines stimulate a restricted number
of T cell clones as they are comprised of only
one or a few antigens. Unconventional T cells
with specificity for non-proteinaceous antigens
would be stimulated insufficiently, if at all.
Promising subunit vaccine formulations, com-
prising protein-adjuvant utilize Antigen 85 (Ag
85), Mtb 8.4 or a fusion protein consisting of
Ag85 and ESAT-6W~"¥_ Promising naked DNA
vaccine candidates include Hsp60, Ag85 and Mtb
8.49W15) Notably, successful therapeutic vacci-
nation with naked DNA composed of Hsp60 has
been reported!®. Recombinant Vaccinia and Sal-
monella carriers expressing Ag85 also show pro-
mise D18

The live attenuated bacterial vaccine approach
includes: (1) Deletion mutants of M. tuberculosis.
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These should lack not only “classical” virulence
factors, but also those that may impair the en-
suing immune response. Promising M. tubercu-
losis mutants have been generated. They lack
a—crystallin, erp, isocitrate lyase, mycolic—acid
cyclopropane synthase or phthiocerol dimyco-
cerosate®~%) (2) Auxotrophic mutants of M.
tuberculosis or BCG. Auxotrophic mutants of
BCG benefit from improved safety. Auxotrophic
BCG mutants for methionine, leucine and isoly-
sine, as well as M. tuberculosis auxotrophic mu-
tants for methionine, proline and tryptophane
have been described ? %), (3) Recombinant BCG
strains with improved immunogenicity. The
weak immunostimulatory capacity of BCG
could be improved by the introduction of a
cytolysin, which facilitates MHC class [ antigen
processing . Alternatively, recombinant BCG
strains expressing cytokines have been con-
structed®’. (4) Recombinant BCG over-expressing
important antigens should also be considered.
A recombinant BCG strain over—expressing Ag
85 has achieved better protection than wild-type
BCG®).

By combining different approaches, further
improvements could be achieved, for example,
prime-boost regimens with viable bacterial vac-
cines and a subsequent boost with a subunit
vaccine, or vice versa. As BCG vaccination will
be continued also after the introduction of a
novel vaccine candidate, prime boost regimes
using both BCG and the novel candidate should
be carefully considered.

Learning from the immune response induced by
BCG vaccination and by natural infection with
M. tuberculosis, and comparing responses be-
tween susceptible and resistant individuals will
further increase our knowledge about protective
mechanisms against tuberculosis. Using global
transcriptome analysis will facilitate the char-
acterization of the protective “signature” of sur-
rogates of protection. These studies will be
performed both in the human system and in
various animal models, mostly mice, but also
guinea pigs and non-human primates. In sum-
mary, although we are far from considering a

selected vaccine candidate, recent achievements
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in genomics, proteomics and immunology have
paved the way for the rational development of a

vaccine more satisfactory than BCG 0%,
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(ES) BMREQEEL T 7 F VRAR~DIEE

EHE P OBRBTIY FY - A0RAEEIL S ERBEERICERT AL Ty 7 7 — N TOH
AT S, THREEERREOHLHR AT A I -5 —Thh), vrur77—-V%ERILT S
X o TR M FHET 2, BEHEOZEBAIEIX MHC 7 AT 45FI2 & o T CDAT M ic#R
AN, THEEHILL IFN-y EAZFHE TS, CDST MM IFN-y 2 EA L, MREGEHEELRT I &
THREBREGHICEETH S, FBEREICHET 5 7o T #fa7% £ D unconventional T #Mifgix IFN-y B
4B L UHREEEEE N L CTERET 5,

BRI NEOH 1/3 12455, SIBRENIY PO—VERREFEL 2V, BICHEET S BCG
T FVEBEAIBOTIIEL 2B EEE RS TE RV TATERY, FIzkT s F V2 RBET A7
BHIZiE, fTH BCG BRSNS+ 0 R EEHHESE* FECE L WPrHOPICT 2 LE DD, 72, &
MR OT ) MEFIZ L - TREGHTUERRERFOBRIICERZ VTV, BHREOREIZY 7 1=y
NI FUORBICEETH), FEETFOREREE T 7 F VOROICEETH S,

T2y I IFURRICE, 1) 72 F UREORBEREEAEDLOND T+ —IaL—Ya v, (2)
DNADZF, 3 VavEFy I F VBT AMENEENG, FLELY T2y VI 2 F VICIRE
BT V2N bV Ag8s Mth8.4, » 5\t Ag8s% ESAT-6 2 & A RAEZEH, DNA T F
VEREIIX Hsp60, Ag85, Mtb84AXHIFoND, §§FET 7 F & LTiE, (1) WEBEFERESEE
WY 75>, (2) BEHE E 7213 BCG ORBERMERMK, (3) cytolysin ZE 2 MAANTRIERMELE
Oz aryEF b BCGRR, ZLT 4) Ag8s D &) EELRFE L+ BRHEHRIE-Y I EF ¥ P BCG
HMOBRIPEZLNT VDS, $72, BrohT7 TU—F2HAEbEL I L THBNENHZETE S, Bz
12, PIERELEE, BMRELY 722y VT2 F VT, AVIEIMEREY BCG LRI F 0 %
MAGDOELIETIZF VHREZBDLIENTELPD L,

BCG 77 F v R BREFHORIEISEICH T 2 ECREZ S L OB RZE EM o BRE» 58
KRB B ICET 2 bUbNWOMRADPER SN DOOH L, AL 77 F VBT TELEILEOY ITE
WS, BBEDT /) IV A, TaTAITR, REERRICLoTBCG CBIF L BEZ T 2T OBET
DHMPEDLZ EEHFELV,



