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Educational aims

The reader will be able to

� Appreciate the history of the development of the BCG vaccine and how this influences current global use.
� Be cognisant of the non-specific effects of BCG relevant in children which include cross-mycobacterial effects and off-target effects

on all-cause mortality and respiratory infections.
� Understand the concepts and strategies involved in the development of new TB vaccines.
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The Bacille Calmette Guérin (BCG) vaccine was developed over a century ago and has become one of the
most used vaccines without undergoing a modern vaccine development life cycle. Despite this, the vac-
cine has protected many millions from severe and disseminated forms of tuberculosis (TB). In addition,
BCG has cross-mycobacterial effects against non-tuberculous mycobacteria and off-target (also called
non-specific or heterologous) effects against other infections and diseases. More recently, BCG’s effects
on innate immunity suggest it might improve the immune response against viral respiratory infections
including SARS-CoV-2. New TB vaccines, developed over the last 30 years, show promise, particularly
in prevention of progression to disease from TB infection in young adults. The role of BCG in the context
of new TB vaccines remains uncertain as most participants included in trials have been previously BCG
immunised. BCG replacement vaccines are in efficacy trials and these may also have off-target effects.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
BCG DEVELOPMENT AND EARLY TRIALS

The Bacille Callmette-Guérin (BCG) vaccine is one of the oldest
and most commonly administered vaccines worldwide. The vac-
cine was developed by Albert Calmette and Camille Guérin in the
early 1900s by attenuating a strain of Mycobacterium bovis – a
mycobacterium closely related to Mycobacterium tuberculosis caus-
ing bovine tuberculosis (TB). The first use of BCG in humans in
1921 was long before standardised pre-clinical and clinical trials
were required. Today, first-in-man phase I trials of new vaccines
are generally small trials in healthy adults. The first time the BCG
vaccine was used in humans was in an infant whose mother had
died of TB only a few hours after birth [1]. The infant was fed a
mixture of milk and oral BCG on day 3, 5 and 7 after birth and
remained well over the following six-months. Encouraged by this,
further infants with and without TB exposure were given BCG in
France with an up to 4-year follow-up with no evidence of adverse
effects [1]. This led to mass production of BCG at the Pasteur Insti-
tute in Lille (France) and Calmette and co-workers subsequently
immunised over 52,000 children with BCG in France between
1924 and 1927. Of those over 6000 were born in families with
TB cases and Calmette reported that BCG reduced TB mortality in
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infants from 25% to less than 1% [2]. Despite many researchers
questioning the scientific approach by Calmette, Turpin and
Weill-Hallé, the vaccine continued to be used in numerous studies
in children and adults. For example, in Sweden the head of the chil-
dren’s hospital in Gothenburg, Arvid Walgreen, studied the intra-
dermal application of BCG as this route of administration
resulted in a tuberculin skin test (TST) positivity, which at the time
was considered a correlate of protection against TB [3]. Earlier
work by Turpin and Weill-Hallé, using subcutaneous and intrader-
mal routes of BCG administration, has been discontinued as they
observed more frequent local adverse reactions. Despite continu-
ing controversy about the protective efficacy and the optimal route
of administration of the BCG vaccine, the vaccine was promoted
after 1948 by the World Health Organization (WHO) and the Uni-
ted Nations International Children’s Emergency Fund (UNICEF) [4].
SPECIFIC EFFECTS: PROTECTIVE EFFICACY OF BCG AGAINST
TUBERCULOSIS

Large trials with more robust trial design evaluating the protec-
tive efficacy of BCG started in the 1930s in several countries and
settings. Importantly, the protective efficacy varied considerably
between studies, in particular for pulmonary forms of TB [5]. For
example, the largest BCG vaccine trial including over 260,000 par-
ticipants in Chingleput (India) starting in 1968 showed no evidence
of protection against pulmonary TB compared with placebo in over
7 years follow-up [6]. Contrary to this, one of the earliest BCG vac-
cine trials, with a robust design done in North American Indians
between 1935 and 1938, showed long-term protective efficacy
for pulmonary TB of 82% after 20 years and 52% after 60 years
follow-up [7]. Factors that might explain such heterogeneous
results include study design (the Chingleput trial was criticised
for methodological flaws), variation in vaccine strains used and
exposure to environmental non-tuberculous mycobacteria, as well
as host and other geographical factors. Despite the variably
reported efficacy against pulmonary TB, BCG has consistently
shown high (over 70%) protective efficacy against disseminated
forms of TB, including TB meningitis and miliary TB [5,8–10]. In
addition, evidence from more recent studies suggest that BCG also
protects against TB infection and progression from infection to dis-
ease [11].
CROSS-MYCOBACTERIAL EFFECTS: PROTECTIVE EFFICACY OF
BCG AGAINST NON-TUBERCULOUS MYCOBACTERIAL INFECTIONS

In the late 1930s it was noted that BCG immunisation not only
led to a positive TST but also to a positive skin reaction following
intradermal injection of heat-killed Mycobacterium leprae. Subse-
quently studies investigating the protective efficacy of BCG against
leprosy showed a 26% to 61% efficacy (summarised in two meta-
analyses) [12,13]. Further to this, BCG has been shown to protect
against Buruli ulcer (caused byMycobacterium ulcerans) in two ran-
domised controlled trials in Uganda with a pooled protective effi-
cacy of 47%, and variable protection in case-control studies in a
recent meta-analysis [14].

Protection against other non-tuberculous mycobacteria, includ-
ing Mycobacterium avium and Mycobacterium intracellulare (which
can cause cervical lymphadenitis in pre-school children) has also
been investigated. In Finland, the incidence of non-tuberculous
mycobacterial infections increased from 0.2 to 3.9 per 100,000
person-years following a change from universal BCG to selective
BCG immunisation [15]. Similar observations were made in Swe-
den [16] and the Czech Republic [17]. A meta-analysis based on
three cohort studies in high-income countries showed that BCG-
immunised children had a 96% lower risk of non-tuberculous
mycobacterial lymphadenitis compared with BCG-unimmunised
children [14].
OFF-TARGET EFFECTS OF BCG ON NEONATAL AND INFANT
MORTALITY

In addition to protecting against mycobacterial infection, a
growing body of evidence indicates that BCG vaccine has a protec-
tive effect against viruses, bacteria and parasites through heterolo-
gous lymphocyte activation, boosting of innate immunity and
enhanced cytokine production (Fig. 1) [18–21]. These ‘off-target’
(also called ‘non-specific’ or ‘heterologous’) effects were described
soon after the first use of BCG in humans. Calmette reported an at
least 4-fold reduction in non-TB related mortality (from 16–26% to
4%) in the first year of life in children immunised with BCG
between 1926 and 1928 [22]. Similar observations were reported
in other countries. For example, Carl Naeslund in Sweden was puz-
zled by the reduction in mortality associated with BCG vaccination
in the first year of life considering TB being mainly responsible for
deaths in children beyond the first year of life. He introduced the
term ‘non-specific’ immunity to describe this BCG-induced protec-
tion against other diseases [23]. In the following decades a reduc-
tion in all-cause mortality was found in a number of controlled
trials in the US, UK, Canada, India and Papua New Guinea, and
more recently in observational and randomised controlled studies
mainly in Guinea-Bissau [24]. A WHO commissioned systematic
review, which analysed studies available up until 2013, concluded
that BCG reduced all-cause mortality by 30% (95% confidence inter-
val: �1% to 51%) in clinical trials [25]. Since then, two further ran-
domised controlled trials have been published. The first one, in
Guinea-Bissau, showed a reduction in mortality in the first 28 days
of life by 30% (95% confidence interval: �6% to 53%), which
decreased to 12% at 6 and 12 months of age [26]. The second trial,
done in intensive care units in India, showed no significant change
in reduction of mortality in the first 28 days of life of 5% (95% con-
fidence interval: �7% to 20%) in the BCG-immunised infants [27]. It
has been proposed that the difference in the results from Guinea-
Bissau and India might be attributable to the use of different vac-
cine strains (BCG-Denmark in Guinea-Bissau and BCG-Russia in
India) [28]. In addition, the infants in India were of lower birth
weight (<2000 g in India compared with <2500 g in Guinea-
Bissau) and potentially sicker as they were in an intensive care
unit.
OFF-TARGET EFFECTS OF BCG ON ACUTE RESPIRATORY TRACT
INFECTIONS

The studies on reduction in infant mortality by BCG triggered
studies on its protective effect against respiratory tract infections,
these being one of the most common causes of mortality in chil-
dren under 5 years of age. A matched case-control study from
Guinea-Bissau compared acute lower respiratory tract infections
in 772 children under 5 years of age in BCG-immunised and non-
immunised children in the late 1990’s, as BCG was temporarily
unavailable in the country [29]. The study found that children with
acute lower respiratory infections were more likely to be BCG
unimmunised. Similarly, hospitalisation rates for respiratory infec-
tion from a Spanish registry were analysed by BCG status, as rou-
tine BCG immunisation at birth was part of the Basque country
region immunisation schedule until 2012, whereas the rest of
Spain stopped using BCG in 1982 [30]. In the 464,611 admissions
between 1992 and 2011 the study found a 41.4% (95% confidence
interval: 40.3% to 42.5%) reduction in hospital admissions for res-
piratory infections in BCG-immunised children. A study from
Greenland with a similar design included population-based data



Fig. 1. Summary of the specific, cross-mycobacterial and off-target effects of BCG relevant to children.
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from 1989 to 2004, as BCG immunisation was temporarily discon-
tinued from 1991 to 1996 [31]. In the 19,363 children, admission
for respiratory infections did not differ between BCG-immunised
and BCG-unimmunised children [31]. However as highlighted in
a commentary, there was a 28% (95% confidence interval: �6% to
51%) reduced risk of infectious disease admission the subgroup of
infants aged 3 days to 3 months [32]. This important comment
relates to the concept that administration of non-live vaccines,
usually given at the age at 2 to 3 months of life, may mitigate or
negate the off-target effects of BCG at birth. The largest
population-based study investigating the effect of BCG on acute
lower respiratory tract infections in children under 5 years of age
included data from representative home-based interviews in 33
low- and middle-income countries [33]. Of the over 150,000 chil-
dren included the majority (96–97%) were BCG immunised with
a calculated 17% to 37% reduction in suspected acute lower respi-
ratory tract infections (defined by guardians reporting a child as
having a cough accompanied by rapid or difficult breathing during
the two weeks before the interview). Importantly this study
included data recorded up 2010, meaning none of the countries
had introduced routine immunisations for Haemophilus influenza
type B or Streptococcus pneumoniae in their national immunisation
programs, which potentially influenced the results.

Contrary to the findings from most of these population-based
studies, two studies originating from the randomised Danish Cal-
mette Study showed no overall influence of BCG on hospital admis-
sion rates and parent-reported infections. In 4262 infants
randomised to BCG immunisation or no intervention within 7 days
after birth between 2012 and 2013, hospital admission rates for
infections up to 15 months of age were not influenced by BCG
immunisation [34]. Similarly, for guardian-reported infections at
3- and 13-month telephone interviews, there was no influence of
BCG on the frequency of fever, pneumonia or cold episodes [35].
Interestingly, in a post hoc subset analysis of infants whose moth-
ers had received BCG, there was a 32% (95% confidence interval: 1%
to 54%) reduction in infections in the first three months of life in
the unadjusted hazard ration analysis [36]. A randomised study
in South African adolescents investigating a novel TB vaccine
(H4:IC31) also included a BCG revaccination arm. [37] Lower respi-
ratory tract infections were rare in all groups over the 24 months
follow-up period and there was no difference between BCG-
revaccinated and non-revaccinated individuals. However, there
was a reduction in upper respiratory tract infections in BCG-
immunised individuals compared with those who received the
new TB vaccine or placebo (2.1%, 9.4%, and 7.9% respectively).

OFF-TARGET EFFECTS OF BCG ON VIRAL INFECTIONS

Animal studies suggest that BCG has protective effects against
viruses including influenza, herpes simplex, hepatitis B and Japa-
nese encephalitis [18]. Studies in humans that have investigated
prevention of viral diseases associated with BCG immunisation
are rare. An interesting randomised placebo-controlled study in
30 healthy male adults (not previously BCG immunised) compared
the immune response to a yellow fever immunisation as a ‘‘viral
challenge model” one month after BCG immunisation [38]. Viremia
is usually detectable after yellow fever immunisation in the first
few days. The study showed a difference on day 5 after yellow
fever immunisation with higher viral loads in the non-BCG-
immunised adults compared to the BCG-immunised adults but this
was not the case when viral loads were compared on day 3 and 7.
They also investigated in-vitro cytokine expression after BCG
immunisation and showed that with some stimulants and cytoki-
nes this was increased in the BCG-immunised group [38]. Further,
monocytes from BCG-immunised individuals responded (tran-
scriptionally) differently to a secondary in-vitro stimulus and sug-
gesting that BCG-immunisation induces trained immunity in
innate immune cells through epigenetic changes. Innate immune
responses have been shown to be important in both specific and
off-target effects of BCG [39,40]. In the light of the evidence for
off-target effects on viral respiratory tract infections, it is therefore
not surprising that BCG-immunisation has been proposed as a
potential prophylaxis against the novel severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2). It is hypothesised that
induction of a trained immunity by BCG immunisation may reduce
severity of coronavirus disease 2019 (COVID-19) and randomised
controlled trials are underway in several countries worldwide to
assess whether BCG immunisation reduces the incidence and
severity of COVID-19 in healthcare workers [19,41]. However,
although BCG immunisation is generally safe in children and
adults, it is also possible that up-regulation of innate immunity
by BCG immunisation will exacerbate COVID-19 and therefore
BCG immunisation for COVID-19 should only be given within clin-
ical trials [41,42]. Cautious interpretation is also needed for pre-
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publication released ecological studies suggesting that countries
with longstanding and universal BCG immunisation policy have
reduced mortality and numbers of COVID-19 cases [43,44]. Such
ecological studies are prone to significant bias from many con-
founders, including differences in national demographics and dis-
ease burden, different definitions used for COVID-19 (confirmed
cases only versus inclusion of presumed cases), testing rates for
SARS-CoV-2, and the stage of the pandemic in each country
[43,45]. In addition, the current expert opinion is that BCG vaccine
given many years earlier is unlikely to protect against COVID-19 as
trained immunity induced by BCG might not be long-lasting and is
likely abrogated by other vaccines [46]. These and several other
ecological studies should therefore be interpreted with caution as
BCG is - including during the COVID-19 pandemic - essential for
the prevention of TB in infants and young children. It therefore
should not be used for the prevention of COVID-19 before solid evi-
dence for its effectiveness for this indication is available [47].

OTHER OFF-TARGET EFFECTS OF BCG

Previous or concurrent BCG also influences immune responses
to other immunisations. For example, when healthy volunteers
received BCG two weeks prior to a trivalent influenza vaccine, anti-
body responses against the influenza A[H1N1]pdm09 were
enhanced though not for the two other strains A[H3N2]2012 and
B/2012 [48]. This effect was most pronounced in individuals with
low baseline antibody titres. Previous or concurrent administration
of BCG with other routine infant immunisation has shown variable
effects. BCG immunisation increases concentrations of antibodies
against pneumococcus [49], has variable effects on antibodies
against hepatitis B and Haemophilus influenzae type b (Hib) [49–
51] and was not associated with significant changes in antibody
responses to diphtheria, tetanus, pertussis, typhoid, measles and
mumps [51,52]. Multiple other studies suggest that BCG immuni-
sation has numerous other potential beneficial off-target effects.
Of interest to paediatrics are the prevention of childhood leukae-
mia, and allergic asthma, and the treatment for type 1 diabetes (re-
viewed elsewhere [53,54]).

BCG IMMUNISATION POLICIES WORLDWIDE

The World Health organization (WHO) recommends adminis-
tration of a single dose of BCG to infants shortly after birth in coun-
tries with high TB incidence. In countries with low TB incidence,
mainly in Europe, North America and Australia, universal routine
BCG immunisation has been replaced over the last few decades
by a targeted approach with immunisation restricted to neonates
and infants at increased risk [55–57]. According to the WHO Global
Tuberculosis Report, 154 of 180 countries recommend universal
BCG vaccination, while 20 have had this policy in the past and
the remaining six use selective immunisation for at-risk individu-
als. Data on BCG coverage were available for 153 countries, of
which 113 reported a BCG coverage of at least 90% of the popula-
tion [58]. In Europe, recent data shows that indications for BCG
immunisation varied considerably between countries, reflecting
national TB incidence rates, immigration and other factors influ-
encing TB control strategies. Apart from universal BCG immunisa-
tion at birth, other strategies included: immunisation at birth or
older age for high-risk groups, universal immunisation at older
age, immunisation for immigrants and as a travel vaccine [56,59].

BCG VACCINE STRAIN

Several different BCG vaccine strains are in use today [57,60].
This is the result of the worldwide distribution of BCG in the
1920s following its development with further sub-culturing under
different conditions leading to genetic and metabolic variability
and the consequent evolution of different BCG strains [61,62]. To
standardise BCG production in the 1950s, seed lot systems were
established and freeze dried storage was recommended by WHO
[63]. Different BCG vaccine strains are associated with different
immune responses, expressed as proportion of polyfunctional
CD4 T cells [64,65]. However, in the absence of proven immunolog-
ical correlates or biomarkers of protection, the significance of these
findings for protective efficacy are unknown. One important obser-
vational study in Kazakhstan compared four birth cohorts that
were subject to immunisation with different BCG vaccine strains
(BCG-Russia, BCG-Serbia, BCG-Japan) or no BCG due to changes
in national immunisation policies [66]. The cohorts included
between 138,059 and 168,664 children with a 29-months follow-
up. Based on TB case notifications, a substantial difference in pro-
tection was observed with 69%, 43%, and 22% efficacy against clin-
ical TB and 92%, 82% and 51% efficacy against culture-positive TB
for BCG-Japan, BCG-Serbia and BCG-Russia, respectively. However,
in the absence of randomised controlled trials comparing currently
available strains there is currently insufficient evidence to favour
one BCG vaccine strain over another [67]. Naturally, in addition
to protection against TB, the question of BCG vaccine strain also
applies to BCG’s off-target effects [28]. A recently published ran-
domised trial in Guinea-Bissau using BCG-Denmark, BCG-Japan
and BCG-Russia found no statistically significant difference in the
6-week mortality of infants but unfortunately only had a power
to show a �30% reduction as a result of having to change vaccine
strains (BCG-Denmark was replaced by BCG-Japan) as the former
became unavailable during the trial in 2015 [68].
BCG VACCINE SHORTAGES

BCG is produced only by a limited number of manufactures
worldwide. UNICEF procures BCG vaccine on behalf of 70 mainly
resource-limited countries. In 2017, 160 million doses were dis-
tributed by UNICEF, accounting for 57% of the market [69]. Due
to production difficulties between 2013 and 2015, there was a glo-
bal BCG shortage in 2015 and 2016. Several actions to mitigate the
shortage were coordinated by WHO and UNICEF but the depen-
dence on limited suppliers underlines the importance of a well-
coordinated distribution and avoidance of misuse of BCG.
Resource-limited countries with higher TB incidences have, follow-
ing WHO recommendations, higher coverage with BCG and are
therefore most affected from supply shortages. Therefore, as
shown in a mathematical model, even relatively small BCG short-
ages of 6.3–27.3% may result in 7400–24,900 excess TB deaths
per birth cohort [70]. This is exemplified by the increased rates
of TB meningitis reported in South Africa attributed with the
2015/16 shortage [71]. BCG shortages have also affected European
countries and led to changes in immunisation policies and BCG
vaccine strains used [57]. Various strategies to reduce BCG wastage
have been proposed including optimising the use of multidose BCG
vaccine vials by centralising and cohorting BCG immunisations.
BCG-REVACCINATION

A single dose of BCG shortly after birth is recommended by the
WHO in countries or settings with a high incidence of TB and
revaccination is not recommended [72]. Despite this, BCG re-
vaccination is done in some TB endemic countries. Evidence from
a systematic review published in 2013 including four randomised
controlled studies, three cohort and two case-control studies sug-
gests that BCG revaccination overall confers no additional protec-
tion from TB and an updated systematic review is underway
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[73,74]. Recent evidence from a phase 2 trial of a novel TB vaccine
(H4:IC31), which included a BCG revaccination arm, however, sug-
gests potential beneficial effects. BCG-revaccinated adolescents
had a 45% reduced rate of TB infection (assessed by interferon-
gamma release assay (IGRA) conversion) compared with non-
revaccinated controls [37].
INTRAVENOUS AND ORAL ADMINISTRATION OF BCG

Today the BCG vaccine is universally administered as an intra-
dermal injection, but the original BCG was given orally. In Brazil,
the BCG-Moreau strain was used as an oral vaccine until 1976
[75]. In addition, animals studies done almost 50 years ago,
showed superior protection when intravenous and aerosol applica-
tion were used compared with intradermal administration [76].
Recent data from a study in macaques compared TB prevention
after intradermal, intravenous and aerosol BCG immunisation
(given via a paediatric mask attached to a Pari eFlow nebuliser)
[77]. The study had a complex design with several BCG administra-
tion routes: low-dose and high-dose intradermal, intravenous,
aerosol and a combination of aerosol and intradermal. To compare
the effects of intravenous and intradermal administration, only the
high-dose intradermal and the intravenous groups should be com-
pared as these received 5 � 107 colony forming units (CFU) of BCG-
Denmark. Intravenous BCG administration resulted in a higher fre-
quency of specific CD4 and CD8 T cells in blood and parenchymal
lung tissue compared with the two other routes of immunisation.
After the challenge with M. tuberculosis Erdman 6 to 10 months
after BCG immunisation, macaques that had received intravenous
BCG showed superior protection against TB measured by lung
PET-CT, number of granulomas and M. tuberculosis CFU in
necropsy. Similar results were seen in an earlier study using the
macaque challenge model comparing intravenous (using a 10-
fold higher dose compared to the standard intradermal dose),
intradermal (standard dose) and intradermal-intratracheal-boost
BCG immunisation [78]. Intravenous and the intradermal-
intratracheal-boost administration showed improved protection
and increased frequency of specific multifunctional CD4 T cells.
For clinical applications, both intravenous and aerosol application
of BCG are impractical for large scale immunisation. In addition,
both studies used a 10–100-fold higher dose for intravenous
administration than the current standard intradermal dose (2–
8 � 105 CFU). The use of higher doses such as this would present
supply difficulties given the current BCG vaccine shortages. How-
ever, these studies are proof of principle that alternative immuni-
sations routes may enhance the protective efficacy of TB vaccines.

As infection with M. tuberculosis occurs through the respiratory
tract, with early exposure of mucosa and the mucosa associated
lymph nodes, more recent studies investigated the effect of mim-
icking the natural route of infection by oral vaccine administration.
A study including 84 healthy adults administered BCG intrader-
mally, orally or by both routes [79]. The intradermal route resulted
in a more pronounced lymphoproliferation and higher
mycobacteria-specific interferon-gamma release by T cells,
whereas the oral route resulted in higher concentrations of
mycobacteria-specific secretory IgA. The combination resulted in
increased systemic and mucosal immune responses. These findings
suggest that mucosal immunity can be stimulated by oral BCG
immunisation, but it remains to be clarified whether immunologi-
cal changes translate into enhanced protection.
NEW TB VACCINES

WHO formulated preferred product characteristics for new TB
vaccines which should provide protection against both TB infection
and disease [80]. The new TB vaccine should have an efficacy of
more than 50% with durable protection of at least 5–10 years.
Mathematical models on the impact of new TB vaccines show that
vaccines targeting adolescents and adults could have a greater
impact than those targeting neonates and infants. In one model,
a vaccine with an efficacy of 40% and a duration of protection of
10 years given to adolescents and adults could avert 40% of TB
cases in a low-income country [81]. A systematic review of math-
ematical models suggests that a vaccine targeting adolescents and
adults would have the most rapid and cost-effective outcome TB
reduction [82].
STRATEGIES FOR NEW TB VACCINE USE

There are three main strategies for the design of new TB vacci-
nes: prevention of infection (aimed mainly at infants and children
without previous exposure to mycobacteria); prevention of disease
(targeting individuals with TB infection to prevent progression to
TB disease); and prevention of recurrence (focusing on individuals
after completion of TB treatment to prevent reinfection or reactiva-
tion). Another concept is that of therapeutic immunisation which
seeks to shorten or adapt treatment regimens with adjuvant vacci-
nes which may be particularly valuable for drug-resistant TB
(Fig. 2).
EXAMPLES OF NEW SUBUNIT, VIRAL VECTOR AND WHOLE CELL
TB VACCINES

There are currently over 20 vaccines in pre-clinical and clinical
studies, and these can be classified into three groups: live-
attenuated, inactivated whole cell and subunit vaccines [83]. For
subunit vaccines, either an adjuvant or a viral vector is required
to achieve sufficient immune stimulation [84]. A century later after
the development of BCG, all new TB vaccines have to undergo a
highly regulated process which includes preclinical testing in ani-
mal models, phase I trials in small groups of healthy adults, phase
II trials with expanding numbers and clinical characteristics of
individuals and, finally, phase III trials with large number of indi-
viduals in multiple geographic locations.

One of the first large phase II trials with a subunit-adjuvant TB
vaccine compared H4:IC31 to BCG revaccination and placebo in
900 TB uninfected adolescents in South Africa [37]. H4 is a recom-
binant fusion protein of M. tuberculosis antigens 85B and TB10.4
and IC31, a synthetic adjuvant. Unfortunately, neither H4:IC31
nor BCG revaccination prevented TB infection (measured by early
IGRA conversion). For H4:IC31, the efficacy to prevent sustained
IGRA conversion was 31% but did not achieve statistical signifi-
cance compared with placebo whereas BCG revaccination was
associated with a significant efficacy of 46%, which has renewed
interest in BCG revaccination. More successful was a different
subunit-adjuvant vaccine, M72/AS01E with M72 being a fusion
protein of M. tuberculosis antigens 32A and 39A combined with
liposomal adjuvant (AS01E) which is also used in licensed zoster
and malaria vaccines [85]. The final analysis of the phase IIb trial
comprised 3575 HIV-negative participants in South Africa, Kenya
and Zambia with TB infection (latent TB) who had two doses of
M72/AS01E or placebo injected intramuscularly one month apart
with the endpoint being prevention of bacteriologically confirmed
pulmonary TB over three years. The vaccine efficacy was 54% (95%
confidence interval: 2.9 –74.2) at the three-year follow-up com-
pared to placebo, which established proof of principle that preven-
tion of disease by a new TB vaccine is possible. Further
investigations on the correlates and duration of protection, the role
of prior BCG immunisation and generalisability of the results will
require analysis of biobanked samples and a phase III trial.
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Fig. 2. Novel TB vaccine strategies with example vaccines. Only vaccines that are in (or registered for) phase II or III trials are included. The colours around vaccines denote
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Another approach uses a viral vector gene encoding the
M. tuberculosis antigenic target protein which results in intracellu-
lar uptake and stimulation of the innate immune response, mean-
ing no adjuvant is needed. For viral vector vaccines, a potential
problem is that an immune response against the vector itself might
prevent efficient boosting. To overcome this, prime-boost regimes
are proposed in which the same encoding gene is delivered for
prime and boost vaccination, but in a different vector [83,84].
The first trial, using a viral vector vaccine, used a modified Vaccinia
Ankara virus expressing antigen 85A (MVA85A), which was given
to HIV-uninfected healthy infants who had previously received
BCG [86]. In the 2797 infants, followed for over 2 years, MVA85A
did not show protection against TB infection (measured as IGRA
conversion) or disease (based on the presence of clinical, radiolog-
ical, and microbiological findings). The vaccine was used in further
trials including in adults without success [87], and only few viral
vector base TB vaccines have been developed and tested in trials
since. One interesting new approach using cytomegalovirus
(CMV) as the viral vector is still in the preclinical phase and was
tested in macaques [88]. The idea behind this is to take advantage
of the natural periodic reactivation of CMV, which leads to a recur-
ring immune stimulus and thus makes boosters unnecessary. The
CMV-based vaccine RhCMV/TB (which includes nine M. tubercu-
losis antigens) was subcutaneously administered in two doses
three months apart and showed improved protection compared
with BCG or controls one year after immunisation following chal-
lenge with M. tuberculosis Erdman [89]. This is therefore a promis-
ing approach and it will be important to determine if such a
vaccine can safely be used in humans.

Among whole cell, live attenuated new TB vaccines there are
two main representatives: the MTBVAC, a genetically attenuated
M. tuberculosis vaccine and VPM1002, a recombinant BCG vaccine
(i.e., originating from M. bovis). The advantage of the latter is the
proof of concept and the knowledge and experience from BCG over
the last century. In a phase I trial, MTBVAC (a live attenuated
M. tuberculosis strain of the Euro-American lineage 4 with deletion
mutations in the virulence genes phoP and fadD26) was used in 18
healthy HIV-uninfected adults with were IGRA negative and had no
TB exposure and 36 newborns and showed durable CD4 T cell
responses in both groups [90]. The vaccine has now moved on to
phase II trials. The VPM1002 is a live attenuated M. bovis BCG-
Prague, which was developed in the 1990s on the basis that genetic
modification may lead to improved immunogenicity. This was
done by including the listeriolysin-encoding gene from Listeria
monocytogenes resulting in cytosol release of the BCG antigens. In
a phase II clinical trial in South Africa, the immune response in
36 newborns immunised with intradermal VPM1002 was overall
comparable to that in 12 newborns immunised with BCG. How-
ever, VPM1002 induced an increase in IL-17-producing CD8 T cells,
which may contribute to protection [91].

The vaccine is also being tested in trials in several other settings
in adults for prevention of disease and recurrence, and also for its
off-target effects on bladder cancer [83]. For any new TB vaccine
the WHO suggests including studies on leprosy and Buruli ulcer
and potentially other endpoints. It is also crucial that off-target
effects are considered and included as outcomes in clinical trials
to avoid an increase in all-cause mortality as a result of the loss
of protection against other infections causing neonatal death.
CONCLUSION

BCG was developed over a century ago and became one of the
most widely used vaccines worldwide. Despite not undergoing a
modern vaccine development life cycle, the vaccine has protected
many millions from severe and disseminated forms of TB as well
as from infection caused by non-tuberculous mycobacteria. Off-
target effects of BCG against other infections have potentially been
more important in terms of reducing all-cause mortality in neo-
nates. More recently, immunological studies, particularly relating
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to innate immunity, suggest that BCGmay protect against viral res-
piratory diseases, potentially including SARS-CoV-2. New TB vacci-
nes have been in development for over 30 years and now show
progress, particularly in the prevention of progression from TB
infection to disease in young adults. The role of BCG in the efficacy
of new TB vaccines remains to be clarified as most participants
included in trials were previously BCG immunised. BCG replace-
ment vaccines are in trials and these may also have off-target
effects which are an important consideration for any new vaccine.

DIRECTIONS FOR FUTURE RESEARCH

� Alternative routes of administration of BCG vaccine that might
enhance protective immunity, as well as provide easy and safe
routes of administration.

� Identification of biomarkers that provide correlates of protec-
tion for the short- and long-term protection provided by BCG
or new TB vaccines.

� Improved diagnostics for TB in children, including biomarkers
and immune responses associated with disease progression.

� Prospective immunological epidemiological studies and ran-
domised controlled trials that investigate the off-target effects
of BCG vaccination on non-TB infectious diseases, including
COVID-19.
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