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Interaction ofMycobacterium tuberculosis with the host:

consequences for vaccine development

JES DIETRICH and T. MARK DOHERTY
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Dietrich J, Doherty TM. Interaction of Mycobacterium tuberculosis with the host: consequences for
vaccine development. APMIS 2009; 117: 440–57.

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), remains a major worldwide
health problem that causes more than 2 million deaths annually. In addition, an estimated 2 billion
people are latently infected with M. tuberculosis. The bacterium is one of the oldest human pathogens
and has evolved complex strategies for survival. Therefore, to be successful in the high endemic regions,
any future TB vaccine strategy will have to be tailored in accordance with the resulting complexity of
the TB infection and anti-mycobacterial immune response. In this review, we will discuss what is pre-
sently known about the interaction ofM. tuberculosiswith the immune system, and how this knowledge
is used in new and more advanced vaccine strategies.

Key words: Tuberculosis; bacterial; vaccination; BCG; latency.

Jes Dietrich, Department of Infectious Disease Immunology, Statens Serum Institute, Artillerivej 5,
DK-2300 Copenhagen, Denmark. e-mail: JDI@ssi.dk

INTRODUCTION

Mycobacterium tuberculosis, the causative agent
of tuberculosis (TB), is one of the world’s most
devastating human pathogens. In 2004, 49 mil-
lion people developed active TB and approxi-
mately 2 million people died from it, making this
disease the second leading cause of infectious
disease mortality worldwide (1). Central to the
success of M. tuberculosis as a pathogen is its
ability to persist within humans for long periods
in a clinically latent state: roughly 95% of the
people who become infected develop a latent in-
fection. The magnitude of this disease reservoir
is estimated to be approximately 2 billion people
or roughly one-third of the global population
(2). The problem is made worse by the interac-
tion of M. tuberculosis and HIV and the two in-
fections intersect in the world’s poorest
countries, magnifying the death toll. As a result,

TB is the leading cause of death in HIV-infected
individuals. Infection with HIV increases the
risk of TB and also increases the risk of re-
activating latent disease to over 20 times that in
HIV-negative people as immunosuppression
worsens (3, 4). M. tuberculosis infection also
worsens HIV: people living with HIV and active
TB tend to have higher viral loads and die
sooner than those without TB (5–7). Further-
more, anti-TB drugs, mainly rifampicin, have
important interactions with antiretroviral drugs
(8), while HIV treatment in people coinfected
with mycobacteria can lead to the potentially
fatal immune reconstitution inflammatory syn-
drome (9, 10). All of this makes TB control a
priority issue around the globe.
In this review, we will introduce the disease,

and then focus first on the complex interaction
ofM. tuberculosis with the immune system (on a
cellular level). Thereafter, we will focus on the
interaction with the host. In light of this, we will
then discuss the challenges that vaccine devel-
opers face.Invited review
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GLOBAL TB CONTROL

TB can be cured in most cases by a cheap course
of antibiotic treatment, but the difficulty of a
timely diagnosis, socioeconomic factors in TB-
endemic areas and the fact that bacterial clear-
ance requires many months of treatment have
combined to prevent successful global TB con-
trol by antibiotics. In addition, the emergence of
multidrug-resistant TB (MDR TB) and ex-
tremely drug-resistant TB of (XDR TB) has
highlighted the importance of an increased ef-
fort against TB. MDR TB is a strain that is re-
sistant to at least two of the best anti-TB drugs,
isoniazid and rifampicin, that form the core of
standard treatment. XDR TB is still relatively
rare [an estimated 5% of cases (1)] but combines
resistance to isoniazid and rifampin with re-
sistance to the best second-line medications:
fluoroquinolones and at least one of three in-
jectable drugs (i.e., amikacin, kanamycin or ca-
preomycin). Patients with XDR TB are left with
treatment options that are much less effective
and often have worse outcomes. Thus, it is not
uncommon that people with XDR TB die even
after entering treatment (11).
Vaccination has also been only partially suc-

cessful, despite the fact that the only current
vaccine against M. tuberculosis, Mycobacterium
bovis Bacillus Calmette-Guérin (BCG), is the
most widely used vaccine in the world. While it
has clear beneficial effects against TB in child-
hood (12, 13) it only provides protection against
the disease for a limited number of years (14) in
highly TB-endemic regions. The time frame for
the waning of BCG-induced protection through
childhood and young adult life coincides with
the gradual increase in TB incidence, which, in
some highly TB-endemic regions, such as sub-
Saharan Africa, reaches a peak of 4500 cases
per 100 000 individuals in the 25–35-year-old age
group. In addition, it appears that BCG is in-
effective in individuals pre-sensitized to myco-
bacteria, for example, by exposure to
environmental mycobacteria, prior BCG vacci-
nation orM. tuberculosis infection (15, 16). BCG
is a live vaccine and the development of protec-
tive immunity after BCG vaccination appears to
require BCG replication in the host, which can
be prevented by a pre-existing immune response
that can cross-react with BCG (17). The failure
of BCG in sensitized individuals means that

BCG cannot be used as a booster vaccine to
counteract the waning effect of the BCG vacci-
nation given after birth – as attested to by the
failure of attempts to boost protection by ad-
ministering multiple doses of BCG (15, 16). On a
global scale, widespread latent TB infection in
adults is moreover a significant barrier to at-
tempts to boost immunity. Therefore, a new
vaccine is urgently needed. However, M. tu-
berculosis is one of the oldest human pathogens
and has evolved strategies for survival. Despite
the fact that it stimulates a strong immune re-
sponse by the host (and in fact is dependent on it
for continued dispersal), M. tuberculosis has
evolved to resist the body’s attempts to eradicate
it. Thus, designing a new, effective vaccine
means understanding why natural immunity
fails. Therefore, a novel vaccine to replace (or
improve) BCG faces not just one, but many
daunting technical problems.

IMMUNOPATHOLOGY AND

M. TUBERCULOSIS INFECTION

M. tuberculosis normally enters the host through
the mucosal surfaces – usually via the lung after
inhalation of infectious droplets from an in-
fected individual, occasionally via the gut after
ingestion of infected material (for example milk
– a common route for the TB complex member,
M. bovis). Either way, the bacteria can be taken
up by phagocytic cells that monitor these sur-
faces, and if not swiftly killed, can invade the
host inside these cells. Some heavily M. tubercu-
losis-exposed individuals show no signs of infec-
tion: no pathology, no symptoms and no
apparent adaptive immune response. It is possi-
ble that in these cases, the innate immune re-
sponse has eliminated the pathogen at the
earliest stage (see Fig. 1). More commonly,
however, ingestion of the bacteria by an antigen-
presenting cell (APC) rapidly induces an in-
flammatory response. Cytokine and chemokine
release triggers the swift accumulation of a vari-
ety of immune cells and, with time, the forma-
tion of a granuloma, characterized by a
relatively small number of infected phagocytes,
surrounded by activated monocyte/macro-
phages and, further out, activated lymphocytes
(18). If the infection is successfully contained at
this stage, the granuloma shrinks and may

INTERACTION OF M. TUBERCULOSIS WITH THE HOST

r 2009 The Authors Journal Compilation r 2009 APMIS 441



eventually disappear, leaving a small scar or
calcification and the patient’s T cells become re-
sponsive to M. tuberculosis-derived antigens. If,
however, the immune response does not suc-
cessfully control the bacterial replication, the
granulomas increase in size and cellularity.
Eventually, cell death in the granuloma leads to
necrosis. In this case, if the granuloma is close to
the surface of the lung, the tissue destruction
caused by necrosis can breach the mucosal sur-
face and the granuloma contents leak into the
lumen of the lung – a process referred to as ca-
vitation. This gives rise to the prototypic symp-
tom of TB – a persistent cough with blood in the
sputum. At this point, the patient is highly in-
fectious, spreading the bacteria by aerosol.
Tissue destruction in TB is not mediated by

the activities of the bacteria alone – it is pri-
marily immunopathological in nature and the
crucial point to understand is that an in-
flammatory immune response is critical for the
survival of both the host and the bacteria. It thus

appears that M. tuberculosis actively stimulates
– and then subverts – this response. The outer
surface of M. tuberculosis contains a number of
molecules that bind to the host’s pathogen-as-
sociated molecular pattern (PAMP) receptors,
such as the Toll-like Receptor (TLR) family
(19). Thus, although engagement of PAMP re-
ceptors appears to be a crucial initial step for
anti-mycobacterial immune responses (20, 21),
all clinical strains of M. tuberculosis express a
number of molecules (both expressed on the
bacteria’s surface and secreted) that trigger these
pathways. Interestingly, the majority of these
molecules do not seem to be crucial to myco-
bacterial viability and as this pathogen has a
long co-evolutionary history with human beings
(22, 23), it suggests that their conservation serves
another important function. The simplest ex-
planation is that M. tuberculosis depends on the
immunopathology that promotes cavitation for
spread to new hosts. A failure to stimulate in-
flammatory immune responses is therefore an

Fig. 1. A simple schematic of the outcomes of Mycobacterium tuberculosis infection at the level of the infected
host cell – normally a macrophage. If the disease is arrested at the very first stage, an exposure toM. tuberculosis
may be entirely ‘silent’ – without symptoms or a detectable specific immune response. If, however, it progresses to
any of the other stages – indicated by colored boxes – then M. tuberculosis infection becomes overt, with signs
ranging from conversion of the tuberculin skin test or positivity in other immune tests, through X-ray changes all
the way to full-blown disease. There are two important points to remember, however. Regardless of the outcome
at the cellular level, at the level of the host organism, this process is not linear. Patients can – and do – shift
between latent and overt disease by reactivating an earlier infection. Likewise, overt tuberculosis disease can be
cured – either spontaneously or by chemotherapy – leading to latent disease. There are also data to suggest that
latent infections can be eradicated, leading to true immunity.
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evolutionary dead end for the bacteria. At the
same time, the same immune responses are es-
sential for the host to control bacterial replica-
tion. This balance is clearly illustrated by the
course of TB in HIV-infected individuals, whose
immune deficiency renders them simultaneously
more susceptible to fatal bacteremia, and less
infectious than normal, because they cavitate
less frequently than people with an intact im-
mune response (24).
Thus, because it cannot evade the induction of

cell-mediated immunity, M. tuberculosis has
evolved to survive it, and survive it does – even if
the initial infection is successfully controlled,
many infected individuals develop a latent in-
fection that can persist for decades (25–28).

INTERACTION WITH MACROPHAGE

RECEPTORS

A major component of M. tuberculosis’s success
as a pathogen rests on its ability to survive within

host cells – especially immune cells such as mac-
rophage/monocytes, which are charged with
both killing bacteria directly by phagocytosis
and priming immune responses by antigen pre-
sentation.M. tuberculosis does this by interfering
with the process of macrophage activation and
phagocytosis at virtually every stage (see Fig. 2).
This interference starts immediately on contact
between the bacteria and the cell’s receptors.
Mannose derivatives on the pathogen’s surface

molecules from pathogenic (but not non-patho-
genic) mycobacteria inhibit phagocytosis by ac-
tivated macrophages (29) and therefore
potentially allow the pathogen to target cell types
more susceptible to infection. It is known that
lipoarabinomannan (LAM) – a major cell wall
component of M. tuberculosis – can bind to the
DC-SIGN molecule, expressed on the surface of
dendritic cells. DC-SIGN is crucial to dendritic
cell maturation, and LAM binding inhibits this
process, decreases IL-12 production and induces
dendritic cells to secrete IL-10 (30, 31), which
inhibits antigen presentation, expression of

Fig. 2. A simplified schematic, showing the interaction of the infected antigen-presenting cell and an antigen-
specific T cell after infection. The key pathways in the host’s immune response are shown as solid arrows that can
suppress (red) or enhance (blue) bacterial growth, together with the known bacterial products (white boxes,
dotted arrows) that can interfere with the host’s response.
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major histocompatibility complex (MHC) mole-
cules and expression of co-stimulatory receptors.
Consistent with this, recent studies have found
that expression of IL-10 is significantly elevated
in TB patients with active disease (32–34).
In addition, the cell wall of M. tuberculosis

includes many long-chain fatty acids (19, 20, 35,
36) that strongly stimulate host inflammatory
responses, leading to granuloma formation (37),
upregulation of antigen presentation and sub-
sequent NK and T-cell responses (38, 39). If this
immunological process was allowed to develop
as described above, the infection would be ra-
pidly eliminated. However, some of those lipo-
proteins apparently modulate this process to the
pathogen’s advantage. The 19 kDa lipoprotein
of M. tuberculosis interacts with host APCs via
TLR1/2 (40, 41), but instead of activating pro-
tective immunity, this leads to inhibition of cy-
tokine production [reducing the expression of
over a third of the interferon (IFN)-g-activated
genes (42)], and reduced antigen-processing and
MHC II expression (42–44). This lipoprotein
appears to be a virulence factor (45) that reduces
overall immunity to the bacterium in mice (46).
ESAT-6 has a similar effect, also operating
through TLR-2 (47). This – and similar mole-
cules – may contribute to the virulence of epi-
demic Beijing strains of M. tuberculosis in
humans by inducing higher levels of IL-4 and
IL-13 than non-epidemic strains (48, 49). TLR2/
4 ligation was once considered crucial to the in-
flammatory response to mycobacteria (50, 51),
but now it appears more like interference in
IFN-g-signaling via TLR signaling is also a po-
tential virulence mechanism (52). It has even
been suggested that by turning the expression of
proteins on or off, such as the 19 kDa decoy
molecule, M. tuberculosis may evade immune
surveillance during the latent phase of infection
(42, 44, 53), while still allowing the initiation of
inflammatory immune responses leading to tis-
sue destruction and cavitation during acute in-
fection or reactivation.

PHAGOCYTOSIS, KILLING AND

ANTIGEN PRESENTATION

BYMACROPHAGES

Once taken up, the bacteria begin to disrupt the
mechanisms of phagosome maturation, creating

an intracellular compartment that lacks the acidic,
hydrolytic environment needed to kill the bacteria
and that resembles in many ways an early endo-
some. However, fusion with other vesicles and
membrane remodeling and trafficking still occurs,
allowing M. tuberculosis to acquire necessary nu-
trients and export its own proteins (54–56).

M. tuberculosis interference with
phagosomal maturation

Awide range of genes is involved in this process.
The functions of some are as yet unknown, but
putative transporters, iron-scavenging mole-
cules and lipid-synthesizing molecules are all
apparently important (36, 55, 57–59) in pre-
venting normal phagosome maturation. Block-
ing the accumulation of ATPases and GTPases
in the vacuole interferes with the cell’s ability to
sense the maturation of the phagosome and
phagosome function such as for the decrease in
pH needed to kill the bacteria (60). The ESAT-6/
CFP10 and SecA1/2 proteins on M. tuberculosis
are virulence factors that interfere with this pro-
cess (61–63). This process is also dependent at
least to some extent on blocking of a calmodu-
lin-dependent Ca21 flux by multiple pathogen-
derived molecules (55, 58, 64). Lipids such as
trehalose dimycolate can interfere with mem-
brane trafficking, preventing phagosome ma-
turation and surface expression of MHC
molecules and co-stimulators; this interference
can, to some degree, be prevented by reactive
nitrogen intermediates – explaining why acti-
vated phagocytes are less susceptible to M. tu-
berculosis-induced inhibitory effects (65–67).
Some phagosome-function-inhibiting lipids,
such as mannose-capped lipoarabinomannan
(ManLAM) (35, 36, 56), appear to be mimics of
host phosphatidylinositols, whose presence on
the surface of the vacuole normally indicates a
maturation state (54, 57). Other molecules such
as LRG-47 (54, 68) also interfere with tracking
and control of the phagocytic vesicle. Finally,
the expression by M. tuberculosis of a eu-
karyotic-like serine/threonine protein kinase G
can inhibit phagosome–lysosome fusion. The
abundance of known (and presumably un-
known) genes involved in altering phagosome
maturation and trafficking indicates that inter-
fering with this is a major survival strategy for
M. tuberculosis (54–57, 64). By holding the
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phagosome in a ‘non-maturing state,’ M. tu-
berculosis prevents fusion with late endsomal/
lysosomal vesicles while retaining access to early
endosomal vesicles, through which the pathogen
can gain access to essential nutrients and cations
(especially iron).

M. tuberculosis interference with antigen presentation

In those instances where the phagocyte succeeds
in lysing the bacteria, and generating antigens
for presentation, the effect may be blunted by the
generation of IL-10 and the reduction in cell
surface molecules involved in presentation, as
noted above. In addition, it has been suggested
that M. tuberculosis may reduce the efficacy of
any immune response induced, by expressing
‘decoy’ molecules, which stimulate a Th1 im-
mune response that is antigen-specific, but ulti-
mately ineffective. For example, the 27 kDa
lipoprotein of M. tuberculosis induces a strong
IFN-g secretion, but in animal models at least,
these responses are not protective, and, in fact,
appear to promote bacterial growth (69, 70). The
highly polymorphic PE-PGRS and PPE MPTR
gene families have also been suggested to be a
source of antigenic variation in M. tuberculosis,
and TB patients often mount significant immune
responses to PGRS proteins (71, 72). Thus, de-
coy proteins may in part explain why TB patients
often have substantial IFN-g responses to M.
tuberculosis antigens, and yet are not protected.

ACTIVATION OF THE ADAPTIVE

IMMUNE RESPONSE

This modulation of host responses goes beyond
intracellular trafficking and has obvious implica-
tions for vaccine design. It has been suggested
that invasion of phagocytes that are not yet acti-
vated is important for the bacteria’s survival be-
cause exposure of macrophages to IFN-g and/or
tumor necrosis factor (TNF)-a before – but not
after – infection decreases the ability of patho-
genic mycobacteria to inhibit phagosome ma-
turation and function (54) at least partially by
upregulating the production of reactive oxygen
and nitrogen derivatives (65, 73–76). However,
the production of these cytokines is dependent on
activating the adaptive arm of the immune re-
sponse, which we will discuss in the next sections.

Bridging the gap between innate and adaptive immunity

– unconventional T cells

Most individuals respond initially to M. tuber-
culosis infection by producing IFN-g, and it has
been hypothesized that the unconventional
T-cell subsets [gd, NK-T and CD-1 restricted
cells (77, 78)], whose receptors are far less vari-
able than that of T cells restricted by conven-
tional MHC I and II molecules, act as a bridge
between the innate and the adaptive immune re-
sponses by ‘kickstarting’ cytokine production
(79, 80). It is known that gd T cells and CD1-
restricted T cells expand considerably during the
early phases ofM. tuberculosis infection, (79, 80)
and by targeting molecules that conventional T
cells do not (such as lipids and glycoproteins),
they expand the number of cues that the host
immune system can respond to (81). Data from
genetic knockout models of unconventional T
cells have shown only minor effects (77, 78) and
it may be that cytotoxicity against infected APC
by TCR1gd T cells, and amplification of APC
function via non-cognate cytokine production in
the early phases of infection by TCR- gd T cells
is their primary function (82, 83). By secreting
IFN-g, they may help activate APCs – boosting
the expression of MHC and costimulatory mo-
lecules – and amplifying IL-12 and IL-18 pro-
duction, resulting in a positive feedback loop for
IFN-g production (82). The importance of IL-12
is highlighted by the observation that gene
polymorphisms can affect susceptibility to TB,
protection being associated with genotypes
leading to high production, and vice versa, while
functional mutations in the IL-12 receptor are
associated with extreme susceptibility to myco-
bacterial disease (84, 85). Control of IL-12 ex-
pression is key to the expansion and activation
of IFN-g-secreting CD4T cells, which (even
more than activation of CD8T cells) is most
crucial for immunity to TB, as shown by the
susceptibility of animals or patients defective in
CD4T cell function or IFN-g expression or re-
cognition (86–90).

Role of the adaptive immune response in controlling

M. tuberculosis

While CD4T cells apparently contribute more to
the early IFN-g response, CD8T cells are con-
sidered to become more important in the later
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phases of disease – possibly via cytotoxic activity
and/or IFN-g production (91–93). Activating
Th1 responses has thus been a major objective
for the vaccines under development. However,
M. tuberculosis seems to have developed the
ability to subvert the host’s immune response, in
part by directly countering Th1 function and
development. Live bacteria or M. tuberculosis
cell wall extracts can inhibit some of the down-
stream effects of IFN-g, although the mechan-
ism is not yet fully defined (94–96), so that even
if IFN-g is produced, its activity may be re-
duced. In addition, IFN-g recall responses are
generally reduced in patients with advanced TB
(97), while IL-4 is elevated (98–100) and the level
of IL-4 gene expression appears to correlate with
both the disease severity in TB patients (98, 99)
and the risk of subsequent disease in healthy but
TB-exposed individuals (101, 102). The ob-
servation that the IFN-g/IL-4 ratio increases in
most patients during therapy, but decreases in
contacts who become ill, suggests that this state
is directly related to the disease (102). Consistent
with this is the observation that increased pro-
duction of splice variants that antagonize IL-4
activity (such as IL-4d2) appears to be char-
acteristic of individuals who are controlling TB
in its latent stage (103) [and the IL-4d2/IL-4 ra-
tio increases during treatment of TB patients
(102), indicating that it is associated with de-
creased pathology]. Similar observations have
also been made in animal models of TB (104).
Thus, cell wall components such as phosphogly-
colipids or the 19 kDa antigen, which induce
IL-4 and IL-13 production, may act as potent
virulence factors in clinical strains (36, 48, 49).
Likewise, other factors such as LAM binding to
the DC-SIGN receptor on the surface of DC
may inhibit IFN-g production and function by
inducing IL-10 (30, 31, 34). A poor prognosis in
TB is associated with a low IFN-g/IL-10 ratio
just as seen for IFN-g/IL-4 (102, 105, 106). Al-
tering the balance between IFN-g and IL-4
or IL-10 production and function thus seems
to be a second major survival strategy for
M. tuberculosis.
An equally important molecule for protection

is TNF-a (107), as shown by the rapid reactiva-
tion of latent M. tuberculosis infection in people
treated with TNF-a receptor antagonists (108,
109). The expression of TNF-a is associated
with protection in animal models (110, 111), but

in the presence of elevated levels of IL-4, TNF-a
appears to promote tissue damage rather than
protection (112, 113). In addition, infection with
M. tuberculosis, but not avirulent mycobacteria,
promotes the shedding of TNF-a receptors by
infected macrophages [(114, 115) and author’s
unpublished data], which can then serve as so-
luble antagonists. This paints a picture similar
to that seen for IFN-g: that M. tuberculosis
can target both gene expression of IFN-g and
TNF-a and also affect their downstream signal
induction. Perhaps not surprisingly, in light of
the earlier discussions, TNF-a blockade also
seems to have a negative effect on phagosome
maturation (116). Thus,M. tuberculosis seems to
have multiple mechanisms targeted toward in-
hibiting both IFN-g and TNF-a function and
production, and this inhibition has negative
consequences for the development of the bac-
tericidal phagosome and the expansion of an
effective adaptive immune response. It has an-
other anti-protective function as well, and this is
discussed below.

CELL DEATH AND IMMUNOPATHOLOGY

If activation of the cell-mediated immune res-
ponse is insufficient to eliminate the pathogen,
the host has one last option – removal of the in-
fected cells. This can occur by two processes –
either apoptosis or necrosis. It has been sug-
gested that apoptosis is a method whereby the
host can remove infected cells (117, 118) while
minimizing cell death in adjacent, uninfected
cells, thus decreasing tissue destruction (119). In
support of this are reports showing that resol-
ving granulomas are rich in apoptotic cells and
that reduced apoptotic capacity is associated
with an inability to control M. tuberculosis
infection (120). TNF-a is a potent inducer of
cell death by apoptosis (121). Necrosis, on the
other hand, is associated with the lysis of the
infected cell, release of viableM. tuberculosis and
damage to the surrounding tissue (119). The
center of large unresolved granulomas often
becomes necrotic, and as mentioned above in
the section on immunopathology, this tissue
destruction is an essential feature in the spread of
M. tuberculosis.
It should thus come as no surprise that there

is a substantial body of evidence from both
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in vitro and in vivo studies indicating that virulent
M. tuberculosis (but not avirulent mycobacteria)
can inhibit apoptosis and that this may represent
an escape mechanism whereby the pathogen can
avoid the death of its host cell by apoptosis (and
the internalized bacteria along with it as the
apoptotic cell is digested) (122–129). Recent
work suggests that M. tuberculosis can actively
promote necrosis over apoptosis, consistent with
the idea that this is a survival/virulence mechan-
ism for the bacteria (130–133). Supporting this
hypothesis, studies indicate that elevated levels of
necrosis are associated with genetic susceptibility
to M. tuberculosis in mice (134) or virulence of
human-derived clinical isolates (135) and that
control of apoptosis via CD43/TNF-a in-
flammatory responses is important for control of
M. tuberculosis (136). Some of the genes involved
have already been identified. Knock-ins of the
nuoG gene conferred on avirulent mycobacteria
both the ability to inhibit apoptosis and in-
creased virulence in mice, while its deletion ren-
dered M. tuberculosis less able to inhibit
apoptosis of infected human monocytes (137).
Our own data (Abebe et al, unpublished data)
suggest that IL-4 plays a role here too, by pro-
moting the expression of multiple anti-apoptotic
genes (including Caspase 8 and Fas) and by an-
tagonizing the effect of TNF-a.
Taken in total, these studies indicate that

M. tuberculosis is able to interfere with almost
every stage of the host’s immune response and
provide some insight into why it is such an ef-
fective pathogen. As mentioned above, counter-
ing these complex strategies in the design of
novel vaccines is a daunting task requiring the
activation of the correct response against the
correct antigenic targets.

TB VACCINE STRATEGIES – SUBUNIT

VACCINES AND RECOMBINANT

BCG VACCINES

Selecting antigenic targets for vaccines

For decades, it was believed that only living
vaccines (like BCG) could generate the long-
lived response necessary to combat M. tubercu-
losis infection and this had a major influence on
the search for immunologically relevant TB an-
tigens (138). However, in 1994, Andersen and
colleagues, and subsequently other labs, re-

ported the protective effect of vaccination with
culture-filtrate proteins (CFPs) prepared from
log-phase M. tuberculosis cultures in mice and
guinea pigs, and demonstrated that the protec-
tion was transferable by CD41 T cells (138).
The demonstration that non-living vaccines
based on secreted proteins could effectively pro-
tect against subsequentM. tuberculosis infection
in animal models led to the initiation of ex-
tensive antigen discovery programs that aimed
to identify crucial antigenic molecules. The in-
itial antigens were isolated from filtrates of cul-
tures of actively growing bacteria, which led to
the hypothesis that proteins secreted by living
bacilli in the phagosome might be the first anti-
gens to be presented to the immune system in the
early phase of infection, and consequently an
immune response toward these proteins might
be more effective at stimulating a protective im-
mune response (138, 139). Antigens from culture
filtrates such as ESAT-6, Ag85A/B and TB10.4
have demonstrated good protective efficacy
when used as vaccines against an acute infection
with M. tuberculosis, and these antigens are pre-
sently in clinical trials where the aim is to boost
BCG-induced immunity (140–143). However, as
noted above, the ability of M. tuberculosis to
develop a latent infection allows it to outlast an
immune response generated by vaccination early
in life. Moreover, the vaccines in clinical devel-
opment so far were all derived from actively re-
plicating bacteria, and have all been assessed as
prophylactic vaccines (140–143). The primary
measure of their efficiency has been their ability
to restrict early bacterial growth and dissemina-
tion. Preliminary studies suggest that they may
have limited activity against dormant bacilli.
This is not particularly surprising, as M. tuber-
culosis is able to establish latency and survive
in an intracellular habitat for many years by
making major changes in gene expression and,
therefore, presumably in the antigenic repertoire
presented to the immune system. More recent
vaccine development strategies are therefore
testing the assumption that this change in the
antigenic repertoire should be reflected in the
vaccines administered to individuals harboring a
latent infection. The obvious conclusion is that
such vaccines should contain antigens specifi-
cally expressed by the dormant bacteria, and this
has spurred detailed studies of the gene expres-
sion pattern in these bacteria.
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How does the dormant M. tuberculosis bacteria differ

from the actively growing bacteria?

An effective vaccine against M. tuberculosis
needs to consider the complexity of M. tubercu-
losis’ lifestyle. Exposure to M. tuberculosis often
results in lifelong infection due to the large range
of evasion mechanisms deployed by the bacter-
ium. The acute phase of M. tuberculosis infec-
tion is characterized by rapid bacterial growth
and the development of an initial immune re-
sponse dominated by recognition of secreted
bacterial antigens (138, 139, 144, 145). Macro-
phages and lymphocytes migrate to the site of
infection, resulting in the formation of granulo-
mas in the lungs. In the majority of cases, the
infection is brought under control by the im-
mune system – even if the pathogen is not elimi-
nated. However, the bacterium responds to the
hostile environment of the host and enters a
stage (often referred to as dormancy or latency)
characterized by a drastically altered metabo-
lism and a significant change in gene expression
(146–149). It is unclear at present whether the
bacteria in this stage are truly dormant: it is
more likely that they persist through limited but
continuous replication, or perhaps as a con-
tinuum of active and less-active forms (150). The
outcome is a latent stage of infection without
clinical symptoms that may last for many years
or even decades. Latency is a dynamic process in
which bacterial outgrowth is controlled by the
immune response and, as described above, the
bacteria attempt to subvert that immune re-
sponse. This is a delicate balance that can
change at any point (e.g., immunosuppression
by HIV), leading to rapid bacterial replication
and clinical reactivation of TB (3, 108, 151, 152).
Considering the phenotypic change of the bac-
terium during the different stages of M. tuber-
culosis infection, it is most likely that a successful
vaccine against TB may need to induce immune
recognition of a broad spectrum of bacterial
antigens.
Until recently, little was known about the

conditions that induce dormancy and the bac-
terial response to those conditions. It has been
known that control of bacterial replication in
animal models requires the production of IFN-
g, TNF-a and nitric oxide (76, 87, 88, 103, 107,
108, 110, 151) and that exposure of the bacteria
or bacterially infected cells to these agents

in vitro or to conditions thought to reflect the
conditions inside the granuloma such as limited
access to iron, oxygen or nutrients leads to a
drastic down-regulation of genes that are highly
recognized by TB patients in the early phase of
infection (146, 147). Mimicking these conditions
and inducing bacterial dormancy in vitro has
been the subject of intensive research in recent
years. O2 depletion has been the most compre-
hensively studied and provides a link between
the avascular environment of the encapsulated
granuloma and the capacity of M. tuberculosis
to adapt to hypoxic conditions. Wayne and col-
leagues demonstrated, in a series of important
studies, that a gradual depletion of O2 changes
bacterial respiration toward nitrate reduction
and induces significant metabolic, chromosomal
and structural changes in the bacteria consistent
with dormancy (153–155). Recent work using
whole genome microarrays has identified 4200
genes whose expressions are rapidly altered by
defined hypoxic conditions and has identified
the dosR regulon that consists of 48 genes (156,
157). The dosR regulon is up-regulated by bac-
terial sensing of low, non-toxic concentrations
of NO and appears to prepare M. tuberculosis
for dormancy (158). Similarly, other conditions
thought to reflect in vivo infection, such as
growth in activated macrophages or within arti-
ficial granulomas, has been demonstrated to up-
regulate the dosR genes, and an analogous
switch in gene expression during chronic infec-
tion of mice has been seen (159). Hypoxia-driven
dormancy seems to be reversible, as provision of
O2, even after long periods of hypoxia-induced
bacteriostasis, results in resuscitation and bac-
terial replication. Recent data suggest that syn-
chronous resuscitation of the surviving dormant
bacteria may be promoted by pheromone-like
substances (the so-called resuscitation-promot-
ing factors) secreted from slowly replicating
bacteria and expressed in M. tuberculosis-in-
fected patients (160, 161). Some of these sub-
stances may also promote bacterial spreading
and transmission by dissolving the macrophage
cell wall through lysozyme-like activity (162).
Nutrient starvation is another factor expected

to be encountered by the bacteria in vivo and
therefore has been used in vitro by Duncan and
colleagues to induce a state of non-replicating
persistence with decreased respiration. Pro-
teome and microarray analysis demonstrated
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that a large number of transcriptional changes
occurred, but interestingly, although some of the
DosR genes were also up-regulated by starva-
tion, the overall pattern differed significantly
from that induced by hypoxia, which would
suggest the involvement of a regulon different
from DosR (147). Many of these changes ap-
peared to involve lipid metabolism, consistent
with earlier findings that long-term survival in
the murine lung requires that M. tuberculosis
express isocitrate lyase, an enzyme essential for
the metabolism of fatty acids and for virulence in
vivo (163). Importantly, this gene was necessary
for replication of the bacteria in the late stage of
infection in normal mice, whereas bacteria with
a disruption of the gene still multiplied in IFN-g
knockout mice. This suggests that the metabo-
lism of M. tuberculosis in vivo is profoundly in-
fluenced by the host response to infection. It is
possible that activated macrophages are more
easily able to deprive the bacteria of nutrients
[perhaps by resisting changes to phagosome
trafficking – (55, 65, 117)] and that the bacteria
switch their metabolism to fatty acid degrada-
tion in response to this. This hypothesis is sup-
ported by the examination of the transcription
profile of M. tuberculosis grown in activated
murine macrophages or in the lungs of infected
mice, which indicates thatM. tuberculosis adapts
to immune activation by expressing fatty acid-
degrading enzymes and secreting siderophores
to facilitate the acquisition of iron (157). This
finding underscores the complexity of the bac-
terial transcriptional response to the multiple
environmental signals encountered during its
intracellular lifestyle and recent work (discussed
in the last section of this chapter) is focusing on
how to design vaccines that target the bacteria in
its dormant phase.
While the antigens used in vaccines are crucial,

it is important to stress that any vaccine against
infection with M. tuberculosis should induce the
correct response against the antigens used. This is
particularly important, because, as discussed
above, it appears that M. tuberculosis has devel-
oped the ability to divert immune responses away
from those that confer optimal protection and to
change its protein expression according to the
immune pressure that it is under – including the
expression of proteins to directly interfere with
the host’s immune response and so-called decoy
proteins such as the 27kDa antigen (69, 70).

New targets for vaccine development

Improved understanding of antigen expression
patterns has led to a new phase in the intense
research on subunit vaccines for TB. Subunit
vaccines offer several significant advantages
over BCG: first and foremost is the ability to
produce a defined product, including antigens
expressed by the bacteria in different phases of
the infection (discussed in detail below), second
is the ability to choose a delivery system that
stimulates specifically the kind of immune re-
sponse – a Th1 dominated response – needed
and finally, because they need not be restricted
in their growth (or are designed not to require
growth in the host) by prior immunity to myco-
bacteria, their activity in individuals sensitized
by environmental mycobacteria or BCG should
not be impacted. In a highly cited study, six dif-
ferent atypical mycobacteria strains isolated
from soil and sputum samples from Karonga
district in Northern Malawi (a region in which
BCG vaccination has no effect against pulmon-
ary TB) were investigated in the mouse model.
Two of these strains from the Mycobacterium
avium complex were found to block BCG activ-
ity completely. Importantly, the efficacy of a
subunit vaccine (in this case, the Ag85B-ESAT-6
fusion discussed below) was completely un-
affected by prior sensitization (17). This makes
subunit vaccines highly attractive for the boost-
ing strategy. In addition, most subunit vaccines
under development use either replication-defi-
cient vectors, or are non-living, meaning that
they pose no threat even in HIV-positive in-
dividuals. This makes them suitable for vacci-
nation programs in TB-endemic regions, where
the TB and HIV epidemics are ever more closely
intertwined.
The vaccines being developed fall into two

categories. The first is vaccines aimed at repla-
cing BCG, conferring longer and/or more effec-
tive protection. At present, it is unlikely that a
subunit vaccine can replace BCG in the near fu-
ture, due to the latter’s low cost, safety record
and extensive use worldwide, and this ‘BCG re-
placement’ vaccine strategy is therefore mostly
focused on recombinant BCG or attenuated M.
tuberculosis vaccines.
The second strategy involves vaccines desi-

gned to be administered to already BCG-
vaccinated individuals to further boost (and
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hopefully prolong) the BCG-induced immunity.
Compared with recombinant mycobacterial
vaccines, where it is unclear whether such an at-
tenuated vaccine is virulent enough to overcome
the existing anti-mycobacterial immunity due to
earlier exposure to environmental mycobacteria
or a prior BCG vaccination, subunit vaccines do
not appear to be affected by – and may even
benefit from – existing anti-mycobaterial im-
munity. Therefore, the obvious choice is to use
the mycobacterial vaccines for priming, and
subunit vaccines as boosters, allowing designers
of boosting vaccines to take advantage of the
prevalence of BCG vaccination and the like-
lihood that this will persist at least for the fore-
seeable future. However, because a vaccine
administered as a booster to adolescents or older
children may also be given to individuals who
did not receive the BCG vaccine, or who re-
ceived an ineffective BCG vaccination (in-
correctly administered, or with a vaccine that
was too old or incorrectly stored), a booster
vaccine should also be able to prime an effective
immune response. As a result, all of the vaccines
currently in clinical trials were initially screened
in animal models for the ability to prime a pro-
tective immune response at least as efficacious as
BCG (141, 143). Because booster vaccines by
definition will be administered later in life, the
assumption that two billion people are latently
infected with M. tuberculosis means that any
booster vaccine will also of necessity be ad-
ministered to large numbers of latently infected
individuals. This raises the question of safety
and any such vaccine will need to be rigorously
screened for safety in M. tuberculosis-infected
individuals. However, it also raises the following
question – can we design a vaccine that can help
people who are already infected, either because
they did not receive a primary vaccination or
because it did not prevent a latent infection (not
an unlikely scenario in the case of BCG-vacci-
nated individuals)? Mathematical modeling
suggests that a post-exposure vaccine effective at
preventing disease in latently infected in-
dividuals would cause a significant decrease in
the number of new cases in the short term, but
that over time, a combination of pre- and post-
exposure vaccine would have a larger effect
(164). The ideal approach would therefore be a
single vaccine that is effective against both acute
and latent infection, i.e. a vaccine that can

counteract M. tuberculosis in different stages of
the infection. However, no such ‘multistage’
vaccine currently exists (165, 166).

CONCLUDING REMARKS

This review has touched on the very complex
topic of M. tuberculosis–host interaction and
focused on the interactions that are most re-
levant for vaccine design. While it is clearer than
ever that designing a vaccine that can cope with
the many strategies that M. tuberculosis has
evolved to escape the host’s immune response
will be complex, there remain reasons to be op-
timistic. The first new vaccines against M. tu-
berculosis in half a century are in clinical trials
and more candidate vaccines, designed to also
protect against reactivation of latent TB, are on
their way. New adjuvants, effective at stimulat-
ing cell-mediated responses and apparently safe
in humans, are also in trials. Phase II trials are
already underway with two vaccines and at least
two more are expected to reach that stage over
the next year. At the same time, more advanced
vaccines, which show activity against the latent
form of the disease in animal models, are already
in late preclinical stages. We are learning more
and more about the lifestyle of M. tuberculosis –
and in this, as so much else, knowledge is power.
As we dissect the immune response against
M. tuberculosis, and the pathogen’s response to
that response, we are becoming capable of de-
signing vaccine strategies that should allow us to
tip the balance in the host’s favor.
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