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for robust and comparable may influence the perceived

BCG revaccination research efficacy of BCG revaccination
outcomes.

1) Bacille Calmette-Guérin (BCG) revaccination timing is crucial for enhancing
immunity, particularly in adolescents and young adults.

2) Prior Mycobacterium tuberculosis or non-tuberculous mycobacteria infections
may influence the perceived efficacy of BCG revaccination.

3) Different BCG strains show varied immunogenicity, affecting the vaccine’s
protective potential.

4) Standardized randomized controlled trial methodologies are essential for
robust and comparable BCG revaccination research outcomes.
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Abstract

The persistent threat of tuberculosis (TB) on a global scale hasprompted a
reevaluation of preventive strategies, with a particular focus onthe Bacille
Calmette-Guérin (BCG) vaccine’s role in revaccination. Theresurgence under-
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of BCG revaccination strategies. Drawing from the researchof Paulo Cesar
Pereira dos Santos and a synthesis of randomized controlledtrials (RCTs), this
review identifies key considerations for refining BCGrevaccination’s efficacy

L . against Mycobacterium tuberculosis (MTB) andTB. The main body of this review
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integrates four principal domains essentialfor optimizing BCG revaccination:
the timing of revaccination, the assessmentof various BCG strains, the evalu-
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ation of the vaccine’s effectiveness on MTBand non-tuberculous mycobacteria
(NTM) strains, and the enhancement of RCTmethodologies. Determining the
optimal revaccination timing is paramount forbolstering immunity, especially

in regions with high TB prevalence. Theanalysis of different BCG strains

provides insights into strain-specificimmunogenicity, informing vaccine deploy-
ment strategies. Additionally,understanding the vaccine’s impact on a range
of mycobacterial infections iscrucial for its broader application in various
microbial contexts. The reviewemphasizes the refinement of RCT designs to
ensure robust and consistentoutcomes, facilitating the reproducibility of results
in diverse settings. Itproposes a strategy that not only suggests modifications to
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revaccinationpractices to increase global TB prevention effectiveness but also
calls forcontinuous research to improve BCG revaccination methodologies.
The paperadvocates for a standardized, evidence-driven approach to global
TB preventionthat takes into account regional epidemiological differences.
In conclusion,this review significantly contributes to the discourse on TB
prevention,advocating for evidence-based, standardized approaches that could
potentiallytransform the role of BCG revaccination in global TB prevention
efforts. Thefindings support current initiatives aimed at developing policies
based onsolid evidence, ensuring the scientific integrity and practical relevance
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tuberculosis

1 | INTRODUCTION

The Bacille Calmette-Guérin (BCG) vaccine, a live atten-
uated strain derived from Mycobacterium bovis, was first
introduced in 1921 for preventing tuberculosis (TB) in
humans by French immunologist Albert Calmette and
microbiologist Camille Guérin. Over the past century,
numerous BCG strains have evolved from the original
parental strain, such as the early BCG Russia, Japan,
Moreau, Sweden and Phipps, followed by BCG Denmark,
Tice, Frappier, Birkhaug, Prague, Connaught, Glaxo, Pas-
teur et al. (Figure 1).! While the World Health Organization
does not currently recommend BCG revaccinations due to
insufficient evidence of their efficacy in preventing TB, the
hypothesized potential of BCG revaccination to prevent
Mpycobacterium tuberculosis (MTB) infections and persis-
tent infections is garnering increasing attention. Should
this hypothesis hold true, BCG revaccination will signifi-
cantly bolster efforts towards achieving the World Health
Organization’s (WHO’s) 2030 End TB Strategy.

1.1 | Latest evidence on BCG
revaccination

In the latest issue of The Lancet Infectious Diseases,
Paulo Cesar Pereira dos Santos and colleagues have pub-
lished results of a nested cohort study within the phase
III BRACE trial (NCT04327206), evaluating the efficacy
of BCG-Denmark strain revaccination in preventing ini-
tial and sustained QuantiFERON-TB Gold Plus (QFT Plus)
conversions among Brazilian healthcare workers.® The
QFT Plus, an interferon-gamma release assay (IGRA), is
commonly used to detect MTB infection status and differ-
entiates between latent TB infection (LTBI) and active TB

of BCG revaccination strategies.

Bacille Calmette-Guérin, efficacy, non-tuberculous mycobacteria, randomized controlled trial,

when positive.* Their findings showed that within the first
12 months, 66 out of 1985 eligible participants (who had
been excluded for QFT Plus positivity, the initial BCG vac-
cination status solely based on participant recall) had their
QFT Plus results shift from baseline negativity to positivity,
including 34 in the BCG group (3.4%) and 32 in the placebo
group (3.2%), with no significant risk reduction observed
(p =0.791, RR 1.09 [95% confidence interval, CI 0.67-1.77]).
Moreover, the subsequent six-month follow-up indicated
that 1.5% in the BCG group and 1.9% in the placebo group
continued to exhibit QFT Plus positivity (positivity thresh-
old > 0.35 IU/mL),* suggesting minimal influence of the
BCG-Denmark strain revaccination on sustained QFT Plus
conversion rates.

1.2 | Optimizing BCG revaccination
strategies

Paulo Cesar Pereira dos Santos’ study contributes novel
evidence to the ongoing discourse on BCG revaccination
for the prevention of MTB infection or TB. Existing ran-
domized controlled trials (RCTs) analyses underscore four
pivotal areas for future research emphasis:

First, the timing of BCG revaccination could drastically
affect its protective efficiency. Prior studies have shown
that the immune protection induced by the BCG vaccine
may only last for 10-15 years, suggesting that revaccination
of adolescents and young adults between the ages of 15—24
could induce a more robust immunity to counterbalance
the waning effect post-initial vaccination (Figure 2).° Past
RCTs conducted in children and adolescents indicated
a decrease in persistent conversion rates of QFT-GIT
(efficacy rate of 45.4%, p = 0.01, 95% CI: 6.4%-68.1%),°
with a protection efficiency of up to 62% in children aged
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FIGURE 1 Evolutionary lineage and genetic changes in Bacillus Calmette-Guérin (BCG) strains over time. This figure provides a
chronological depiction of the evolution of various BCG vaccine strains from the original BCG strain introduced in 1921. The figure traces the
development of early strains such as BCG Russia, BCG Japan, and BCG Sweden, through to later strains like BCG Denmark, BCG Tice and
BCG Frappier. Notable genetic changes, including the loss of the genomic region of difference 1 (RD1) and RD2, are marked alongside the
timeline. The figure also indicates specific genetic markers such as the presence of 2 copies of IS6110, the mpt64 gene, and the evolution of
new BCG strains from older ones. This visual representation underscores the genetic diversity and immunological implications of different

BCG strains used in tuberculosis vaccination.

Trend graph of the immunity induced by primary and booster vaccinations with the BCG over different ages.
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FIGURE 2 Age-related trends in immunity induced by primary and booster Bacillus Calmette-Guérin (BCG) vaccinations. This figure
presents a trend graph illustrating the age-related differences in immune responses following primary and booster vaccinations with the BCG
vaccine. The graph is segmented by age groups, ranging from 0—14 to 65 years and above, and plots the threshold value of immunity induced.
The primary vaccination line represents the initial immunological response to BCG, while the revaccination line indicates the booster effect
on immunity at various ages. This analysis suggests an age-dependent dynamic of BCG vaccine efficacy, with potential implications for timing
revaccination efforts to optimize long-term protection against tuberculosis. This figure was adapted from Andersen P and Doherty TM,’

Springer Nature Limited.
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TABLE 1
RCT number BCG Population Sample
(year) strain Phase range size
NCTO04327206 Denmark  Phase 3 Health-care 1985
(2024) strain workers
NCT02075203 Denmark  Phase 2 Adolescents 989
(2018) strain
ISRCTN11311670  Glaxo Phase 3 All ages 46,832
(2021) strain
Unknown (2023) Unknown Unknown All ages 4,436
ISRCTNO07601391 Moreau Unknown School-aged 200,805
(2005) strain children
ISRCTNO07601391 Moreau Unknown School-aged 200,805
(2011) strain children

Randomized controlled trials (RCTs) on evaluating the protective efficacy of Bacillus Calmette-Guérin (BCG) revaccination.

The status of

MTB infection Results Ref.
QFT Plus was done BCG revaccination did not prevent 3
on day O (baseline), either QFT Plus conversion by 12

and individuals with months or sustained QFT Plus
QFT Plus positive  conversion compared with placebo
were excluded. (p =0.791, RR 1.09, 95% CI 0.67-1.77).

BCG revaccination cannot prevent
initial QFT-GIT conversion, with
vaccine efficacy of 20.1% (p = 0.14, 95%
CI: —21.0%—47.2%), but reduced the
rate of sustained QFT-GIT conversion,
with an efficacy of 45.4% (p = 0.01, 95%
CI: 6.4%—68.1%).

BCG revaccination did not prevent TB ®
(odds ratio [OR] 0.92, 95% CI:
0.80-1.05), pulmonary tuberculosis

Patients with 6

positive QFT-GIT
were excluded at
baseline testing.

BCG scar-positive
individuals received
BCG revaccination

or placebo. (PTB) (OR 0.93; 95% CI: 0.81-1.07) or
lymph node TB (OR 0.60; 95% CI:
0.31-1.17), but can offer some
protection for children (p = 0.04).
Patients with TB BCG revaccination offered 36% 2

were excluded at
baseline, LTBI was
detected by TST but
not excluded.

protection against TB over the
follow-up period of 15 years (p = 0.008,
95% CL:11%—54%).

Children were not 2
tested with
tuberculin before

Overall efficacy of BCG revaccination
was 9%, 11% for Salvador and —2% for
Maunaus, with the highest efficacy in
BCG vaccination.  children at age 7—8 years (62%).

7

Children were not  Overall efficacy of BCG revaccination

tested with was 12% at 5 years of follow-up, 19% for
tuberculin before Salvador and 1% for Maunaus, with the
BCG vaccination. highest efficacy in children under 11

years of age (33%).

Abbreviations: BCG, Bacille Calmette-Guérin; LTBI, latent tuberculosis infection; PTB, pulmonary tuberculosis; QFT, QuantiFERON-TB; QFT-GIT,
QuantiFERON-TB Gold In-tube (QFT-GIT); RCT, randomized controlled trial; TST, tuberculin skin test.

7-8,> dropping to 33% by the age of 11 (Table 1).” Another
study that included participants of all ages suggested that
although BCG revaccination had no protective effect on
adults, it did show significance for children (p = 0.04).
Unlike these RCTs, the nested cohort study by Paulo Cesar
Pereira dos Santos et al. solely incorporated adults over
18 years of age, without evaluating the success rate of the
initial BCG vaccination among this cohort.? Therefore, in
the design of clinical trials, it is suggested that individuals
with unsuccessful initial BCG vaccination should be
excluded as much as possible, and the success rate of
vaccination should be assessed three months post-BCG
revaccination to eliminate the inclusion of individuals
who did not receive a successful dose.

Second, prior infection with MTB or non-tuberculous
mycobacteria (NTM) may affect or mask the efficacy of

BCG revaccination, and there is currently insufficient
evidence in this regard. Our previous studies demon-
strate such infections meddle with assessments of BCG’s
protective efficiency.”!! In 2005, Laura C Rodrigues
and colleagues conducted an RCT among over 200,000
Brazilian school-aged children aged 7-14 (Brazilian
BCG-REVAC trial) to assess the protective efficacy of BCG
revaccination against TB and the effects of MTB and NTM
infection on its outcome.? The trial, conducted in two
Brazilian cities, Manaus and Salvador, showed variations
in infection rates with higher incidence in Manaus. Their
findings presented a protection rate against pulmonary
TB of —30% and 10% in Manaus and Salvador respectively,
and against NTM infection, a protective efficacy of 68%
in Manaus and 14% in Salvador (Table 1). A nine-year
follow-up of the Brazilian BCG-REVAC trial revealed
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an overall protective efficacy of 12%, with Salvador at
19% and Manaus at 1% (Table 1). Additionally, a Phase
I RCT among healthy South African adults who were
tuberculin skin test (TST)-positive (induration >15 mm)
and HIV-negative evaluated the impact of LTBI on the
immunogenicity post-BCG revaccination.'? The outcomes
indicated that isoniazid preventive therapy (IPT) had min-
imal impact on the immune responses induced following
BCG revaccination, whereas revaccination boosted spe-
cific Thl, y8 T cells, CD3(+)CD56(+) natural killer T cells,
CD3(-)CD56(dim), and CD3(-)CD56(hi) NK cell immune
responses, effects that persisted for up to one year.'> While
attempting to mitigate LTBI’s impact on BCG-induced
immune responses, IPT does not eradicate MTB-induced
specific immune responses rapidly, especially those
sensitized memory T cells that continue to respond post-
treatment with rifampicin. The study also did not report
any comparative protective efficacy between IPT-treated
and control groups. Thus, it is advised that future clinical
trials evaluating BCG revaccination’s protective efficacy
should utilise IGRAs rather than TST to exclude individ-
uals with MTB and NTM infections. Our studies suggest
that if participants are already infected with MTB or NTM
prior to BCG revaccination, the protective efficacy of the
revaccination could be masked,® and furthermore, the risk
of MTB and NTM infections increases with age.'>!*

Thirdly, there is a considerable variation in immuno-
genicity among different BCG strains, which could impact
the protective effects of BCG revaccination. Previous
results from both animal and human experiments have
found that different BCG strains induce different immune
responses.'>'® Early BCG strains, such as BCG Japan and
BCG Russia, have relatively higher protective efficacy
against pathogens.!” These strains evolved from their pro-
genitors through genetic variation, retaining more of the
bacterial components capable of inducing the immune
response required by the host, including membrane pro-
teins like MPB64, MPB70, and MPBS83, and cell wall-
associated lipids such as mycolic acids.'®!° Conversely,
later-derived strains such as BCG Denmark have lost the
expression of these membrane proteins and specific cell
wall-associated lipids due to genetic mutations, resulting
in weaker protective effects against pathogens.'” Such dif-
ferences suggest that the choice of BCG strain could play
a significant role in the overall immune effect and protec-
tive power of revaccination. The RCTs published to date
have primarily used early strains like the Moreau strain®’
and later strains like the BCG Denmark®® and the Glaxo
strain® (Table 1). However, current evidence does not allow
for the evaluation of the different protective efficacies of
BCG strains due to each RCT’s lack of control in comparing
revaccination’s protective efficacy among identical cohorts
and experimental designs.

Finally, standardized designs, implementation, and data
analysis of RCTs are essential to ensure the rigour of
BCG revaccination research and the comparability of
results. Standardized trial designs, such as random allo-
cation, blinding, and baseline comparability, can enhance
the internal validity of studies, thereby reducing bias
and improving result reliability. Balanced and uniform
implementation procedures, including rigorous adherence
to research protocols, standardized training of research
personnel, and uniform methods of data collection, are
fundamental to ensuring the external validity and broader
applicability of studies. Moreover, a consistent approach
to data analysis, including the use of standardized sta-
tistical methods and transparent reporting of results, is
crucial for ensuring the accuracy of findings and reducing
interpretive discrepancies. The standardization of RCTs
is particularly important in comparing BCG revaccina-
tion effects across different regions and populations, as
it ensures that study results are comparable, aiding in a
comprehensive understanding of BCG revaccination’s true
benefits. Thus, to achieve a quantitative comparison and
deeper understanding of BCG efficacy on a global scale,
conducting rigorously standardized RCTs is indispensable.

2 | CONCLUSION

At the scientific crossroads of BCG vaccine revaccination,
we are faced with challenges including determining the
optimal timing for immunization, assessing the potential
masking effects of prior MTB and NTM infections on vac-
cine efficacy, exploring the differences in immunogenicity
between various BCG strains, and the necessity of strict
RCT design and standards adherence. The research by
Paulo Cesar Pereira dos Santos et al. provides us with
new data and insights, but it also highlights the need for
exploration of these key issues within large-scale and high-
quality RCTs. It is our hope that through more refined
study designs, meticulous implementation, and rigorous
analysis, we can achieve comprehensive standardization
while fully understanding and exploiting the potential
value of BCG revaccination. Only through such means can
we make a fundamental, significant contribution to the
global public health enterprise and steadfastly advance
toward the WHO’s goal of ending the global TB epidemic.
We should encourage the international community to
increase investments to optimize and promote appropriate
BCG vaccine strategies, contributing anew to the fight
against TB.
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