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The success and failure of BCG —
implications for a novel
tuberculosis vaccine

Peter Andersen and T. Mark Doherty

Abstract | Over the past 50 years, the
Mycobacterium bovis bacille Calmette—
Guérin (BCG) vaccine against tuberculosis
(TB) has maintained its position as the
world’s most widely used vaccine, despite
showing highly variable efficacy (0-80%) in
different trials. The efficacy of BCG in adults
is particularly poor in tropical and subtropical
regions. Studies in animal models of TB,
supported by data from clinical BCG trials in
humans, indicate that this failure is related
to pre-existing immune responses to
antigens that are common to environmental
mycobacteria and Mycobacterium
tuberculosis. Here, we discuss the potential
mechanisms behind the variation of BCG
efficacy and their implications for an
improved TB vaccination strategy.

Tuberculosis is one of the leading causes of
mortality from an infectious disease world-
wide and current estimates indicate that
more than 2 million people die from this dis-
ease each year'. Mycobacterium bovis bacille
Calmette-Guérin (BCG) is the only vaccine
currently available against TB. BCG is an
attenuated strain of M. bovis that was derived
from a virulent strain at the start of the last
century, after more than 13 years of continu-
ous in vitro passage. The first clinical studies
took place from 1921 to 1927 in France and
Belgium, and showed that BCG was highly
efficient in protecting against TB in chil-
dren? In France, BCG was soon thereafter
introduced as an oral vaccine administered

in milk, but further dissemination of the
vaccine was stopped in 1930 as a conse-
quence of the Lubeck disaster, in which 67
of 249 babies given the vaccine died owing
to inadvertent contamination of the vaccine
with virulent Mycobacterium tuberculosis®.
Throughout the 1930s, Scandinavian coun-
tries pioneered the use of BCG administered
by the intradermal route and provided the
necessary proof of its safety for mass vac-
cination®. After the Second World War, the
vaccine was offered to children throughout
Europe. In the early 1950s, the WHO recom-
mended that the vaccination campaigns be
expanded to cover TB-endemic areas outside
Europe.

Initially, the vaccine was restricted to
tuberculin-negative children, as it was
not expected to have a positive effect (and
initially was feared to have a negative
effect) in individuals already infected with
M. tuberculosis. Prior immune reactivity to
mycobacteria was therefore tested for, before
vaccination, by injecting a sterile extract
of M. tuberculosis proteins (tuberculin)
just under the skin. A delayed-type hyper-
sensitivity response (DTH), detectable as
swelling and reddening at the site of injection
after 24-48 hours, indicated mycobacterial
sensitization — often assumed to be due to
infection with M. tuberculosis, although the
test is not very specific. Later studies coor-
dinated by the WHO indicated that it was
safe to give BCG to those who had already
skin-test converted. This opened the door to

mass vaccination even in TB-endemic areas,
and in many of the subsequent vaccination
campaigns no prior skin test was conducted®,
which substantially decreased the workload
involved. Subsequently, vaccine coverage has
been maintained by immunizing newborn
children and/or schoolchildren as part of
routine health-care systems.

To meet the growing worldwide demand
for the vaccine, the initial strain was distrib-
uted to a large number of local producers
both from the original source at the Institut
Pasteur and from BCG reference centres in
Europe, such as the Statens Serum Institute
in Copenhagen. As this dissemination and
local production took place before the intro-
duction of standardized seed lots, many local
BCG strains were established with subtle
— or in some cases dramatic — differences
in genetic and antigenic composition®”’.

The WHO recommends that infants
should be immunized as soon after birth as
possible with a single intradermal dose of
BCG in all countries with a high risk of TB
infection. However, the existence of different
strains of BCG and the different immuniza-
tion policies that were put into place decades
before the existence of global recommenda-
tions have complicated the task of assessing
vaccine efficacy. Today, >3 billion people
have received BCG, which makes it the most
widely used vaccine worldwide. However,
although the vaccine is well established,
discussion of its benefits and drawbacks has
never ceased and includes safety aspects,
loss of sensitivity to tuberculin as a diagnos-
tic reagent and, in particular, the fact that
although it is credited with helping to end the
TB epidemic in Europe, the efficacy of this
vaccine has generally been disappointing in
trials conducted in the developing world®.

Although a consensus is developing that
BCG protects children efficiently against
the early manifestations of TB°-'%, estimates
of protection against adult pulmonary TB
range from 0-80% based on large, well-
controlled field trials. The global impact
of this variation is accentuated by the fact

656 | AUGUST 2005 | VOLUME 3

www.nature.com/reviews/micro



that, in general, the lowest levels of protec-
tion have been found in countries with the
highest incidence of TB'. This indicates
that, globally, BCG prevents only ~5% of all
potentially vaccine-preventable deaths due
to TB'. At present, TB affects not only the
developing world, where co-infection with
HIV has dramatically increased its inci-
dence®, but the incidence is also increasing
in parts of Europe. In some countries (for
example, Russia and other members of the
former Soviet Union), the threat to public
health and the consequent social problems
associated with TB require urgent action.
A novel, effective vaccination strategy against
adult pulmonary TB has therefore become an
international research priority.

Novel TB vaccines

The leading TB vaccine candidates fall into
two broad categories: live mycobacterial
vaccines and subunit vaccines (TABLE 1).
Live mycobacterial vaccines are developed
either by attenuating M. tuberculosis or
by genetically modifying BCG. The main
rationale for the development of genetically
augmented BCG is the hypothesis that BCG
has been weakened by continuing attenua-
tion and gene loss'®. Adding deleted genes
back to BCG or increasing the expression of
immunodominant genes might improve the
effects of BCG vaccination, as suggested by
studies in animal models'”'®. A recombinant
BCG strain that overexpresses Ag85B from
M. tuberculosis is one example of this strategy
that is currently in clinical trials.

Another approach has been to optimize
antigen export from BCG, in the hope
of increasing the immune response. The
rBCG::AureC-llo* vaccine strain is a urease-
deficient mutant that is unable to arrest
phagosome maturation and expresses the

lysteriolysin O gene from Listeria mono-
cytogenes, which is thought to damage the
phagosome membrane, potentially increas-
ing the amount of bacterial-derived antigen
available for presentation to CD8 T cells
through the cytosolic scavenger path-
ways'*?. The rBCG:AureC-Ilo* vaccine is
tentatively expected to enter clinical testing
in 2005/2006 (S.H.E. Kaufmann, personal
communication).

The development of subunit vaccines has
benefited tremendously from the sequencing
of the M. tuberculosis genome”, and the accel-
erated identification of novel antigens has led
to the identification of defined antigens that
are protective in animal models. In addition
to the antigens selected, any subunit vaccine
depends on additional factors to stimulate
a cell-mediated immune (CMI) response.
Many live vectors, such as recombinant vac-
cinia or adenovirus vectors, generate strong
CMI responses themselves and therefore need
no adjuvant. Vaccines based on both of these
viruses have induced short-term protection in
animal models comparable to that obtained
with BCG?*%, and a vaccinia-based vaccine
has already entered human trials** (TABLE 1).
The two leading recombinant vaccine antigens
are similar in their design philosophy and are
both fusion molecules consisting of selected
immunodominant antigens with proven
vaccine efficacy. The Mtb72f vaccine is a
fusion molecule comprising two proteins,
with the PPE family member Rv1196 inserted
into the middle of the putative serine pro-
tease Rv0125 (REF 25). The second vaccine
is also a fusion molecule composed of two
immunodominant, secreted proteins from
M. tuberculosis (ESAT-6 and Ag85B). Both
have proven safe and efficacious in vari-
ous animal models, including non-human
primates®®-25,

Table 1 | Tuberculosis vaccines in or on their way to the clinic

Vaccine Notes Refs

rBCG30 Live, recombinant BCG, overexpressing Ag85B from 17,91
Mycobacterium tuberculosis. Currently in Phase | clinical trials.

rBCG::AureC-llo*  Live, recombinant BCG, urease-deficient mutant that expresses 19,20
the lysteriolysin O gene from Listeria monocytogenes. Currently
scheduled to enter clinical trials in 2005/2006.

MVA-Ag85A Live, recombinant, replication-deficient vaccinia virus, expressing 24,92
Ag85A from M. tuberculosis. Currently in clinical trials.

Ag85B-ESAT-6 Recombinant protein, composed of a fusion of ESAT-6 and 26,27,
Ag85B from M. tuberculosis. Delivered in the IC31 adjuvant or 29
in cationic liposomes. Clinical trials planned in 2005.

Mtb72f Recombinant protein, composed of a fusion of Rv1196 and 25,37

Rv0125 from M. tuberculosis. Delivered in an oil-in-water
emulsion, containing the immunostimulant 3-deacylated-
monophosphoryl lipid A and a purified fraction of Quillaja
saponaria (Quil A). Currently in Phase | clinical trials.

BCG, bacille Calmette-Guérin.
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The success of these subunit vaccines
is underpinned by advances in adjuvant
development. Until recently, the only adju-
vants appropriate for use in a TB vaccine
were either ineffective at stimulating CMI
responses or too toxic for human use. This
situation is now being remedied by the
arrival of new adjuvants, such as the IC31
adjuvant from Intercell and the AS2 adju-
vant developed by GlaxoSmithKline, both
with proven efficacy and safety in animal
models*? (TABLE 1). Other adjuvants, which
combine liposomes and immunostimulants,
are under development®**..

BCG: replace or repair?

The main burden of TB, in terms of both
morbidity and mortality, is associated with
adult pulmonary disease, which is also the
main source of new infections. As mentioned
above, neonatal vaccination with BCG seems
to consistently provide protection against
the most severe childhood manifestations of
the disease, such as TB meningitis, regard-
less of the setting. However, as with most
other vaccines, the protection given by
BCG vaccination is not life-long. Although
still the subject of debate®?, most studies
have reported that BCG is protective for
only 10-20 years*****. The time-frame for
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 >500 cases per 100,000 individuals in
the 25-35-year-old age group'. In hyper-
endemic regions, such as crowded shanty
towns and urban slums, the incidence in this
age group can be at least double the national
average. Therefore, it would seem that the
primary reason for the ineffectiveness of
the BCG vaccine against adult pulmonary
TB is that vaccination in childhood only
provides protection for a limited period of
time. The most efficient global TB control
might therefore not be achieved through
the development of a better vaccine to
replace BCG for neonatal vaccination
(FIG. 1a), but by the development of a booster
vaccine to ‘repair’ failing BCG-induced
immunity and prevent it from falling below
the point at which it is effective (FIG. 1b), or a
combination of the two strategies.

As BCG confers reliable protection against
disseminated disease in childhood, it might
be considered unethical to test and deploy
a vaccine strategy that does not include
BCG. The BCG booster strategy has attracted
a lot of recent interest from researchers®,
and the first booster vaccine based on
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Figure 1 | BCG: replace or repair? Hypothetical curve showing waning of Mycobacterium bovis bacille
Calmette-Guérin (BCG)-induced immune responses (solid green line) and the proposed action of
improved priming (a) and boosting (b) vaccines (red dashed line). When immunity drops under an arbitrary
threshold for immunological protection against tuberculosis (TB) (black line), immune surveillance will fail to
protect against the resurgence of TB. Improved priming vaccines aim to keep the immune response
above this threshold for longer, whereas intervention in the form of a booster vaccine is hypothesized to

restore immunity to levels above the threshold.

MVA-Ag85A (TABLE 1) recently proved
strongly immunogenic (boosting immune
responses over that obtained with BCG alone)
and was relatively well-tolerated in Phase 1
clinical trials**. Importantly, if the aim is to
boost immunity in BCG-vaccinated adults
or adolescents, we must understand why
most BCG vaccination campaigns in tropical
regions have failed in this age group.

Environmental mycobacteria

In sharp contrast to its varying efficacy in
human trials, BCG consistently provides effi-
cient protection in animal models of TB*. In
fact, many of the experimental TB vaccines
developed and tested in recent years have had
difficulty surpassing the efficacy of BCG in
animal models?**~*2. The reason for the fail-
ure of BCG in some human clinical trials has
been a subject of debate since the 1950s and
although many different explanations have
been proposed’®***, today, the two prevailing
hypotheses centre on the close relationship
of species within the genus Mycobacterium.
The mycobacteria, to which both M. bovis
and M. tuberculosis belong, comprise many
closely related species, of which most are
non-pathogenic soil saprophytes. Although
environmental mycobacteria represent
markedly different microbial lifestyles from
the intracellular pathogens M. tuberculosis
and M. bovis, they have several features in
common, such as a lipid-rich outer cell wall,
genomes with a high GC content and many
similar gene families?*>*. At the antigen
level, many mycobacterial species are also
cross-reactive*’->°, with some of the major
immunodominant antigens (such as the
Ag85 complex) being highly conserved. This
is the reason why BCG, although derived
from M. bovis and not M. tuberculosis,

provides efficient protection against the latter
in animal models as well as in some human
trials. The same family resemblance’ also
underlies the efficient protection provided
by Mycobacterium microti (the so-called
vole bacillus) in both human clinical trials
and animal models®'. However, for BCG
vaccination, the close relationship between
many mycobacterial species has turned out
to be a double-edged sword.

A wide range of mycobacterial species
(often referred to as environmental myco-
bacteria) are found in soil and water®>%,
Most are non-pathogenic, although margin-
ally invasive strains such as Mycobacterium
avium and Mycobacterium kansasii, which
can give rise to disease in immunosuppressed
individuals, are also found. It is known that
repeated exposure to these environmental
mycobacteria can sensitize individuals
and stimulate CMI responses that can be
measured both in vitro*** and in the skin
test®%. The high levels of responsiveness to
antigens derived from these species that are
observed in many individuals from tropical
regions indicate that they have a high level
of prior exposure to these mycobacteria®**,
although it is unclear whether this is owing
to higher exposure (for example, through
untreated water) or whether it reflects a
difference in the microbial fauna of these
regions. Whatever the cause, responsiveness
to antigens from non-pathogenic myco-
bacteria is generally lower in populations
from developed settings at higher latitudes.

That prior sensitization to environmental
mycobacteria affects the efficacy of human
BCG vaccination in some areas is suggested
by several classical epidemiological obser-
vations. First, BCG is efficacious in trials
from which tuberculin-skin-test-positive

(and therefore sensitized) donors have been
rigorously excluded®. As a note of caution,
the cut-off used in the UK trial (5 mm) to
identify negative recipients is completely
different from the criteria generally used in
the tropics where, owing to the higher level
of general sensitization in the population,
a cut-off of 10-15 mm is used to exclude
donors with active disease before vaccina-
tion®. This difference makes the direct
comparison between trials conducted in
these two regions difficult. Second, BCG
vaccination of neonates before there has
been significant sensitization from envi-
ronmental mycobacteria shows consistent
success against paediatric forms of TB*.
The importance of this observation cannot
be overemphasized. If vaccine efficacy in
BCG trials targeting different populations
is compared, BCG consistently does well
in neonates, whereas the BCG ‘failures’
are found in trials that target adults from
tropical regions with many years of poten-
tial exposure to mycobacteria from the
environment®. Another factor important
for the mycobacterial sensitization of the
adult population in high incidence areas
is that, owing to the chronic nature of TB,
the incidence of active TB is only the tip
of the iceberg and covers a large reservoir
of latent, subclinical TB in the population.
This pool of latent TB is also a considerable
source of mycobacterial sensitization and
might, in some of the most affected areas, be
an even larger single source of sensitization
than environmental mycobacteria.

BCG failure — hypotheses

The hypothesis that prior sensitization to
mycobacteria can have a deleterious effect
on the efficacy of BCG vaccination has
given rise to two different interpretations
of the possible role of the pre-existing CMI
response to mycobacterial antigens and its
interaction with BCG.

The masking hypothesis. The masking
hypothesis suggests that exposure to envi-
ronmental mycobacteria offers some level
of protective immunity to TB and that
any additional protective effect of a sub-
sequent BCG vaccine superimposed on
this baseline anti-mycobacterial immune
response is limited. This hypothesis was
suggested by Palmer and colleagues, based
on large-scale experiments in guinea pigs,
in which immunization with environmental
mycobacteria induced appreciable levels of
protective immunity to M. tuberculosis chal-
lenge and the effects of a subsequent BCG
vaccine were markedly reduced®’. In one
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Figure 2 | Schematic representation of the blocking and masking hypotheses and their
implications for vaccine design. The dotted line shows the level of immunity to tuberculosis (TB)
generated by Mycobacterium bovis bacille Calmette-Guérin (BCG). In the blocking hypothesis, the level
of protection provided by environmental mycobacteria need not be high — by interfering with the
replication of BCG, it reduces the efficacy of BCG in sensitized individuals. To show efficacy, therefore,
anew vaccine need only be as good as BCG to have a measurable effect — as long as it is not also
blocked by presensitization (for example, a vaccine based on a non-mycobacterial vector, such as a
virus, recombinant protein or naked DNA). By contrast, the masking hypothesis posits that the
protective effect of sensitizing mycobacteria is nearly as good as that of BCG, so improvement by
adding BCG is minimal. In this case, a novel vaccine would have to be significantly better than BCG to

have any measurable effect.

such study, immunization with strains of
M. avium isolated from soil or humans from
the Chingleput area of India gave anywhere
from 24% to 91% of the maximum protection
provided by BCG*, thereby leaving a limited
— and highly variable — window for an
improved immune response by adding BCG
(FIG. 2). Given the close relationship between
many mycobacteria, these findings seem
logical. If BCG vaccination (under optimal
conditions) can protect against infections
caused by the related mycobacterial pathogen
M. tuberculosis and even the distantly related
pathogen Mycobacterium leprae®>**, then
the possibility that other mycobacteria can
generate some level of cross-reactive protec-
tion must be considered. Incidentally, these
data explain why BCG has been consistently
efficacious in animal models, as the animals
used are normally protected from exposure to
other mycobacteria and are immunologically
naive, like human neonates. One of the con-
fusing interpretations of this hypothesis is
that it intuitively suggests that areas with
high levels of mycobacterial sensitization
should have a lower incidence of TB. This is
obviously not the case (as exemplified by the
high incidence of disease in many tropical
regions). However, although impossible to
investigate, the devastating consequences of
the introduction of TB into the northern Inuit
populations a century ago® might indicate
that populations in the tropics would have
been even worse off without their natural
immunizations from the environment.

The blocking hypothesis. The blocking
hypothesis suggests that pre-existing
immune responses to antigens common
for the mycobacteria block the replication
of BCG and therefore vaccine ‘take’ This
hypothesis was suggested by P.A. and col-
leagues, based on studies of BCG vaccine
replication and TB protection in a model
of environmental sensitization®®. In the
mouse model of aerosol infection with
M. tuberculosis, it was shown that prior
exposure to atypical mycobacterial species
(notably M. avium) results in an immune
response that is recalled rapidly after
BCG vaccination, and which controls the
replication of the vaccine strain, thereby
abrogating vaccine take and the induction
of immunity to subsequent M. tuberculosis
infection. As a live vaccine, replication of
BCG in vaccine recipients is a precondi-
tion for the induction and maintenance of
protective immunity®”*®. According to the
blocking hypothesis, prior sensitization
to non-tuberculous mycobacteria blocks
BCG dissemination by inducing an immune
response to antigens that are cross-reactive
with BCG antigens®. Other recent studies
have also presented a case for the detri-
mental influence of prior sensitization on
the activity of BCG’*72 In agreement with
the findings in the mouse model, cattle
with prior PPD (purified protein deriva-
tive) reactivity to sensitins from atypical
mycobacteria showed no BCG-induced
protection and in this study, sensitization
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to M. avium was acquired from exposure
to the environment, therefore reflecting the
proposed situation in humans™.

An important aspect of the blocking
hypothesis is the understanding that the
partial immunity induced by environmental
mycobacteria has only a minimal influence
on the more virulent M. tuberculosis® (FIG. 2).
These findings differ from the masking
hypothesis, according to which sensitiza-
tion would also be expected to provide sig-
nificant levels of protection against virulent
challenge. Of relevance in this regard is the
observation that an experimental vaccine
strain based on M. bovis, attenuated by
mutagenesis but still more virulent than
BCG, offered some protection in sensitized
animals”. Similarly, Demangel and col-
leagues recently showed in animal models
that recombinant BCG vaccine expressing
RD1 antigens (more virulent than BCG)
overrides immunity imparted by prior con-
tact with environmental mycobacteria’.
This suggests that the heterologous immu-
nity induced by atypical mycobacteria is suf-
ficient to inhibit the growth of the attenuated
BCG but not of more-virulent strains. This
might explain both why sensitization can
decrease the effectiveness of BCG vaccina-
tion but not infection with the more virulent
M. tuberculosis, and why BCG vaccination
can protect against the less virulent patho-
gen M. leprae, even in areas where its effect
on M. tuberculosis is not significant®.

Evidence from human clinical trials
The consistent efficacy of BCG in neonates
and non-sensitized individuals clearly indi-
cates an interaction between sensitization
and BCG efficacy, but does not distinguish
between the two hypotheses presented
above, as both masking and blocking will
give the same net outcome, namely a lack
of detectable BCG efficacy in sensitized
individuals. The two hypotheses are not
mutually exclusive, and in reality both
mechanisms probably have a role to play.
However, there are several lines of evidence
from human clinical trials that seems to
favour blocking as the main mechanism
responsible for BCG failure.

The first of these is the observation of
a lower rate of skin-test conversion and
smaller average DTH reaction following
BCG vaccination (in this context interpreted
as reduced BCG vaccine take) in areas with
high levels of sensitization to atypical or
environmental mycobacteria compared
with areas where there is minimal evidence
of environmental exposure”>’¢. However,
it is important to note that this reflects a
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difference not so much in the maximal DTH
size in tropical versus temperate regions, but
an accelerated waning of DTH responses
after BCG vaccination in tropical areas. In a
recently published large study from Malawi,
BCG-induced DTH peaked 2-3 months after
vaccination, at which time-point most vac-
cinated individuals had a substantial DTH
response that was not significantly different
from skin-test conversion in areas such as the
UK or Denmark®. The DTH responses in
Malawians, however, waned rapidly and were
close to pre-vaccination levels after 2.5 years,
whereas most individuals in temperate
regions maintain tuberculin hypersensitivity
for several years without waning™%”. This
accelerated waning was also found in the
large southern India BCG vaccine trial”*. A
simple interpretation of the different kinetics
of the emergence and waning of the skin-test
response in temperate and tropical regions is
that BCG-induced responses in the tropics
are transient, secondary responses; that is,
responses recalled from prior BCG vaccina-
tion, sensitization to environmental myco-
bacteria or latent M. tuberculosis infection.
This matches the transient T-cell responses
induced by BCG in animals sensitized with
environmental mycobacteria®. Therefore,
analogous to observations in animal models,
these BCG-vaccinated individuals have a
limited net increase of the immune response
and no improved immunity to TB. In agree-
ment with this hypothesis, another recent
publication from the Karonga Prevention
Study group convincingly showed impaired
interferon-y responses one year post-BCG
in sensitized Malawians compared with
non-sensitized children from the UK*.

Implications for a novel TB vaccine

As long as a novel TB vaccine is intended
to be given to neonates as a replacement for
BCG, it should theoretically avoid any nega-
tive effects owing to pre-existing immunity
from environmental mycobacteria. In
particular, live mycobacterial vaccines,
such as the genetically modified BCGs
discussed above, might prime the immune
system more efficiently than BCG, thereby
generating improved and more sustained
immunity against TB (FIG. 1a). By contrast, a
vaccine to boost BCG-induced immunity in
adults in tropical regions would be admin-
istered to individuals that have repeatedly
encountered mycobacterial antigens over
the previous 10-20 years, and it is therefore
relevant to discuss the implications of the
two hypotheses for the design and pros-
pects of a novel BCG booster vaccination
strategy.

The masking hypothesis leaves limited
room for optimism, as it stipulates that,
because environmental sensitization is
almost as efficient as BCG in preventing
TB, for any booster vaccine to have an effect
in sensitized individuals it needs a higher
absolute efficacy than that of BCG. Only
such a hypothetical ‘hyper-effective’ vaccine
would allow the detection of improvement
compared to the protection provided by
conventional BCG in sensitized individuals
(FIG. 2). It is possible that the high transmis-
sion rate in many highly TB-endemic regions
might be sufficient to overwhelm levels of
immunity that would have been sufficient
in regions with a lower transmission rate’.
Certainly, such an effect can be modelled in
animals”. This would mean that we need a
radically different vaccine strategy in these
regions, as even the most effective of the new
vaccines tested so far***° do not have such
marked superiority compared with BCG. It
should be noted in this regard that not even
a fully cured prior TB infection seems to give
complete protection against re-infection®,
and it might therefore be unrealistic to
expect any vaccine to do so.

The blocking hypothesis, on the other
hand, stipulates that the most important
characteristic of a booster vaccine is its
ability to function in an individual with pre-
existing immune responses against myco-
bacterial antigens, and that there is room
for improving immunity in these individu-
als (FIG.2). An important corollary is that
live mycobacterial strains, whether recom-
binant BCG or attenuated M. tuberculosis,
probably suffer from the same defect as
BCG — they would be inhibited in sen-
sitized adults. Subunit vaccines based on
either viral or adjuvant delivery systems,
on the other hand, might have potential as
booster vaccines, even though their efficacy
in non-sensitized individuals might be no
better than BCG. Ironically, the viral deliv-
ery systems that have proven so useful for
prime-boost strategies might in this con-
text suffer from the limitation that a large
proportion of the global population might
have pre-existing antibodies (for example,
from the smallpox vaccination campaign)
that can block their activity.

Conclusions and future perspectives

Boosting BCG immunity in adults is one of
the most important conceptual advances in
the TB vaccine field. However, any booster
approach must be carefully considered in the
light of the problems presented by the global
TB epidemic. The ability of M. tuberculosis
to infect an individual and remain latent

for many years, perhaps as long as that per-
son lives, is a key feature of the disease®®.
Current estimates indicate that as many as
a third of the world’s population could be
latently infected with M. tuberculosis, with a
5% chance of developing the disease later in
life!. This figure is an estimate and includes
both a relatively low frequency of latently
infected individuals in developed countries
and, as eluded to above, a large reservoir of
latent infection in TB-endemic regions. In
addition to the fact that this pool of latent
TB constitutes a considerable source of
mycobacterial sensitization, it poses two
theoretical problems for any booster vaccine
strategy. The first is to design a booster vac-
cine that is not only effective against primary
infection (for preventative use) but that is
also effective in latently infected individu-
als who are expected to be present in any
adult population in a TB-endemic region.
Only such a vaccine could be expected to
be broadly effective in the population as a
whole and in particular to affect latently
infected individuals, who seem to be at
high risk of later disease. The second is that
any vaccine that would be given to latently
infected individuals must be designed
to minimize immunopathology. Recent
progress in vaccine delivery systems, such
as the development of novel adjuvants*?*5$5
and viral vectors®, allows efficient targeting
of the immune response and should enable
future vaccines to be tailored to strike a
balance between the induction of strong,
protective Th1 responses and amplification
of disease — as was unfortunately so clearly
shown with the first attempt at a therapeutic
vaccine in the early twentieth century (the
so-called Koch phenomenon)®.

New vaccines that are effective against
primary infection have now entered the early
phases of clinical assessment**#*#-%° and
some will also be evaluated as boosters for
adults. The burning questions for current TB
vaccine research have therefore become: can
these vaccines boost BCG-induced immu-
nity to higher levels in areas with extensive
sensitization from environmental exposure;
and are such vaccines safe and effective in
latently infected individuals? The answers to
these questions will define the course of TB
vaccine development in the future.
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