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1  |  INTRODUC TION

Mycobacterium bovis Bacille Calmette- Guerin (BCG) is the sole vac-
cine currently in use for the control of tuberculosis, a disease that 
has claimed about a billion lives in the past 200 years, more in fact 

than malaria, smallpox, influenza, HIV/AIDS, cholera, and plague.1 
As of 2021, BCG has been in use for 100 years. It was developed 
at the Pasteur Institute, France, by physician Albert Calmette and 
veterinarian Camille Guѐrin by passaging virulent Mycobacterium 
bovis (M bovis) 230 times from 1908 to 1921 until an attenuated 
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Abstract
BCG turns 100 this year and while it might not be the perfect vaccine, it has certainly 
contributed significantly towards eradication and prevention of spread of tuberculo-
sis (TB). The search for newer and better vaccines for TB is an ongoing endeavor and 
latest results from trials of candidate TB vaccines such as M72AS01 look promising. 
However, recent encouraging data from BCG revaccination trials in adults combined 
with studies on mucosal and intravenous routes of BCG vaccination in non- human 
primate models have renewed interest in BCG for TB prevention. In addition, several 
well- demonstrated non- specific effects of BCG, for example, prevention of viral and 
respiratory infections, give BCG an added advantage. Also, BCG vaccination is cur-
rently being widely tested in human clinical trials to determine whether it protects 
against SARS- CoV- 2 infection and/or death with detailed analyses and outcomes 
from several ongoing trials across the world awaited. Through this review, we at-
tempt to bring together information on various aspects of the BCG- induced immune 
response, its efficacy in TB control, comparison with other candidate TB vaccines and 
strategies to improve its efficiency including revaccination and alternate routes of 
administration. Finally, we discuss the future relevance of BCG use especially in light 
of its several heterologous benefits.
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TA B L E  1  Factors that influence BCG Efficacy

Variables Study cohort Country Study findings/trial outcomes Reference

BCG Strains Infants Hong Kong (RCT) Low dose of the more virulent strain, BCG- Pasteur 
provided a significantly greater (40%) protection 
against childhood forms of TB than a less virulent 
strain, BCG- Glaxo.

248

Mexico BCG Denmark and BCG Brazil (Moreau)- immunized 
newborns increased expression of cytokines 
related to adaptive immunity (IFN- γ, IL- 12, and 
IL- 27), while BCG Japan induced cytokines 
associated with acute inflammatory responses 
(IL- 1α/β, IL- 6, and IL- 24).

249

Australia (RCT) BCG Denmark and BCG Japan administered at birth 
induced higher proportions of Mtb- specific 
polyfunctional IFN- γ+TNF- α+IL- 2+CD4+ T cells 
than BCG Russia.

152

Uganda BCG- induced scarring was associated with higher 
IFN- γ responses to heterologous stimuli at 1 year 
after birth, strain efficacy: BCG Denmark>BCG 
Bulgaria>BCG Russia)

12

Kazakhstan Infants vaccinated at birth with 3 vaccine strains were 
monitored for clinical and culture- positive TB for 
3 years and TB meningitis for 21 months. Efficacy 
against TB was in the order, BCG Japan>BCG- 
Serbia>BCG- Russia, while all were 70% effective 
against meningitis.

151

Nigeria & South 
Africa

BCG- Denmark mounted significantly higher 
frequencies of CD4+ T cells, durable 
polyfunctional cytokine response to BCG and 
heterologous vaccine antigens (Tetanus and 
Pertussis) than BCG- Bulgaria and BCG- Russia 
strains.

13

Guinea- Bissau 
(RCT)

BCG strains did not affect morbidity; however, BCG- 
Denmark and BCG- Japan were more immunogenic 
than BCG- Russia.

14

NTM School children and 
adolescents

India, Malawi and 
UK (RCT)

The frequency of responders and the magnitude 
of IFN- γ induced in response to PPDs of NTM 
species are far greater in Malawian and Indian 
populations, where the efficacy of BCG against 
pulmonary TB is 0%, compared to the UK, where 
the efficacy of BCG is 80%.

157,158

Geographic Location 
(latitude)

Infants and children NA BCG provides greater protection at higher latitudes 
compared to that at equator.

Lower BCG efficacy may be due to high prevalence of 
NTM at the equator.

250,251

Time 
postvaccination

1-  to 19- year- olds American Indians 
and Alaska 
Natives (USA) 
RCT

BCG vaccination of TST- negative infants and children 
from low TB- endemic regions were followed 
up to 60 years. Efficacy persisted for 50 years, 
although it waned over time (80 to 50%) indicating 
that a single dose of the vaccine induces durable 
protection.

144

12-  to 50- year- olds Norway BCG- vaccinated TST- negative children and adults 
followed up to 44 years displayed a vaccine 
efficacy of 67% against pulmonary TB up to 
9 years, 63% (10- 19 years), 50% (20- 29 years), and 
40% (30- 40 years), indicating BCG offers long- 
lasting protection that wanes with time.

145

(Continues)
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Variables Study cohort Country Study findings/trial outcomes Reference

Infants and children 
{<1 yr, ≥1 yr <2 yr, 
≥2 yr <5 yr, ≥5 yr}

South Africa Infants mount comprehensive T cell responses. 
Reduced expansion and proliferation of BCG- 
specific effector CD4+ T cells was associated 
with increased regulatory T cells in older children. 
Recall responses to BCG wane with age and may 
contribute to susceptibility to TB.

146

Age at Immunization Infant/ Children/Adults UK MRC BCG- vaccinated TST- negative 14-  to 15- year- olds 
were followed up to 20 years and demonstrated a 
vaccine efficacy of 84% during the first five years, 
and gradually decreased, averaging 77% over the 
whole period.

18

Infants and Adults Chingleput South 
India (RCT)

Two BCG vaccines (French and Danish) at high and 
low doses were simultaneously tested in infants 
and adults. Vaccine recipients re- evaluated 
15 years after BCG vaccination. Vaccine efficacy 
in children was found to be 17%, while vaccination 
of adolescents or adults offered no protection.

19

Infants (0 and 10 weeks 
of age)

South Africa (RCT) Infants who received delayed BCG vaccination 
(10 weeks of age) demonstrated higher 
frequencies of BCG- specific CD4+ T cells, 
particularly polyfunctional IFN- γ+TNF- α+IL- 2+ T 
cells at 1 year of age.

147

Infants (0 and 4 
1/2 months old)

Gambia (RCT) Vaccination at birth induced a broad Th1/Th2/Th17/
Treg anti- Mtb response but postponing by 4 
1/2 months reduced the Th1/Th17 response

148

Infants (0 and 2 months 
old)

Australia (RCT) Comparable proportions of Mtb- specific cytokine- 
producing CD4+ and CD8+ T cells and 
polyfunctional IFN- γ+TNF- α+IL- 2+ CD4+ T cells 
at birth and 2 months of age. Delay of BCG 
immunization does not confer any immunological 
advantage in cellular immunity.

252

Infants (≤1year) and 
school- age children 
(10-  to 15- year- olds)

UK BCG- vaccinated UK- born infants (≤1year) from Black 
and Asian Minority Ethnic (BAME) communities 
and school- age children (10-  to 15- year- olds) from 
native white population were followed for up to 
20 years, vaccine efficacy ~50% and gradually 
waned after 10 years and 20 years in infants and 
school- age children, respectively.

253

Helminth infection Infants (10- 14 months 
old)

Kenya Prenatal sensitization to Schistosomiasis persisted 
into childhood and reduced PPD- specific IFN- γ 
responses induced by BCG vaccination at birth 
but led to a biased Th2 response accompanied by 
enhanced IL- 4 and IL- 5 production.

254

18- to- 24- year- old 
college students

Ethiopia (RCT) Deworming TST- negative helminth- infected subjects 
with albendazole prior to BCG vaccination 
increased T cell proliferation as well as PPD- 
specific IFN- γ production and enhanced BCG 
efficacy.

255

Adults Ethiopia (RCT) Helminth- infected individuals from the placebo 
group had lower frequencies of PPD- responsive 
IFN- γ and IL- 12 but higher frequencies of TGF- β 
producing cells compared to those who received 
anti- helminth therapy prior to BCG vaccination.

256

Socioeconomic 
status (SES)

6- 9- year- old children Dominican Republic Malnourished children from rural areas in Santo 
Domingo were less likely to have a BCG scar than 
were urban children with adequate nutritional 
status.

257

TA B L E  1  (Continued)

(Continues)
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form, namely M bovis bacille Calmette Guѐrin or M bovis BCG, inca-
pable of causing disease in healthy humans, monkeys, guinea pigs, 
horses, and other animals, was obtained.2 BCG was first used as a 
vaccine for TB control in humans in 1921.3 Since then, it has been 
one of the most widely used vaccines in the world and is part of 
the immunization programs of many countries. The use of BCG as 
a TB vaccine has steadily declined in the developed world owing 
to the dramatic reduction in TB cases and spread in these parts. 
However, regions with a very high TB burden, for example, India, 
Africa, and South America still administer BCG vaccine after birth 
for TB prevention.4

M bovis a virulent mycobacterium species responsible for bovine 
tuberculosis is the parent for all available BCG vaccine strains. The 
genome sequences of M bovis and M tuberculosis are 99.95% similar.5 
However, there are significant genomic differences between BCG and 
M bovis and M tuberculosis. Using subtractive genomic hybridization, 
it was found that the 9.5kb RD- 1 region is absent from all attenuated 
BCG strains but conserved in all laboratory and clinical isolates of M 
bovis and M tuberculosis capable of causing disease.6 The RD- 1 region 
encompasses 9 proteins: Rv3871, PE35, PPE68, ESAT- 6, CFP- 10, 
Rv3876, Rv3877, Rv3878, and Rv3879c.7 Reintroduction of RD- 1 into 
BCG results in changes in colony morphology and protein expression 
patterns such that they resemble that of virulent mycobacteria, for 
example, M tb and M bovis6,8; RD- 1 knock- in of BCG grows faster and 
causes more immunopathology and granuloma formation compared 
to control in immune- compromised SCID mice.8 These experimental 
evidences indicate that the loss of RD- 1 from BCG contributes to-
ward its attenuation. Apart from the absence of RD- 1, propagation 
of BCG around the world for vaccination over the years has resulted 
in several additional genomic changes like SNPs, insertions, and dele-
tions; about 129 open reading frames (ORFs) are absent from various 
BCG strains currently in use for vaccination.9 Based on these changes, 
BCG can be classified into early (Russia, Japan, Moreau, Birkhaug, and 
Sweden) and late (Prague, Glaxo, Danish, Tice, Phipps, and Pasteur) 
strains.2 BCG strains used for vaccination vary across different re-
gions of the world; BCG Russia is used in Russia and former USSR 

countries, BCG Denmark in several European countries, BCG Pasteur 
in Canada and Australia and several countries immunize with more 
than one BCG strain, for example, India which uses both BCG Russia 
and Denmark.10,11 There is evidence to suggest that anti- TB protection 
might vary with the strain of BCG used for vaccination (Table 1).12- 14 
In Uganda, mycobacterial immune responses between infants vacci-
nated with BCG- Russia, Bulgaria, and Denmark were compared and 
it was found that vaccination with BCG- Denmark induced a higher 
percentage of scarring and anti- mycobacterial immune responses.12 
Similar results were reported in another clinical trial which com-
pared BCG- Russia and Denmark.13 Here too, BCG- Denmark induced 
a greater magnitude of mycobacteria- specific CD4+T cell responses 
and polyfunctionality compared to BCG- Russia.13 Finally, a very large 
clinical trial in infants in Guinea- Bissau that compared BCG- Denmark, 
Russia, and Japan found that BCG- Denmark and Japan were more 
immunogenic than BCG- Russia.14 Results from these clinical trials 
suggest that the BCG strain used for immunization may impact vacci-
nation outcomes (Table 1).

BCG is the most commonly administered vaccine in the world 
and has been used for TB prevention for 100 years. A meta- analysis 
of 1264 studies on BCG vaccination showed that on an average 
BCG vaccination provides 50% protection from different forms of 
TB across ages.15 BCG protection against disseminated, meningeal, 
and pulmonary TB is greatest when administered at birth or school 
age.16 Also, using a mathematical model, it has been estimated that 
90% global BCG vaccination coverage prevents 117 132 TB deaths 
per birth cohort up to the age of 15.17 In adults, BCG- induced pro-
tection against TB in different populations can range from very high 
(incidence rate ratio 0.22) to very low (incidence rate ratio 1.05).18- 20 
However, the consensus from data that has emerged from numerous 
trials is that BCG efficacy is variable and appears to be influenced by 
numerous factors such as age at vaccination, latitude, exposure to 
non- tuberculous mycobacteria, BCG strains and route of adminis-
tration (Table 1).21

BCG is cheap, widely available and the sole WHO recommended 
vaccine for TB. Importantly, it is very safe across all age groups and 

Variables Study cohort Country Study findings/trial outcomes Reference

Infants Indonesia Both SES and nutritional status shape the response 
toward BCG vaccination at 10 months of age. Infants 
born to low SES families have smaller BCG scar size 
due to IgE levels compared to infants born in high 
SES families. Infants born with better nutritional 
status were found to have bigger BCG scar size.

258

Diet/nutritional 
Status

Infants UK Vitamin D deficiency is linked to TB susceptibility. 
BCG- vaccinated infants have higher 
concentrations of vitamin D in the serum. 
Vitamin D may play an immuno- regulatory role 
following BCG vaccination and contribute to its 
heterologous effects.

259

Infants China (RCT) Vitamin A and vitamin D supplementation for 3 months 
enhanced PPD- specific responses in BCG- 
vaccinated infants and may be beneficial in TB- 
endemic countries or in cases of vitamin deficiency.

260

TA B L E  1  (Continued)
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most populations/communities except in HIV positive and other 
immune- compromised individuals. While concerns about its vari-
able/limited efficacy in preventing the occurrence of TB in humans 
beyond childhood remain, promising results from recent studies 
primarily using primate models of TB have boosted confidence that 
BCG intrinsically has the potential to provide protection from adult 
TB too. This review aims to (a) provide a detailed analysis of BCG- 
induced immune responses implicated in protection from TB; (b) 
discuss the role of BCG in TB control including recent evidence that 
BCG has the potential to protect against TB; (c) discuss strategies 
that can be employed to improve BCG efficacy; (d) discuss the mech-
anisms that underpin the non- specific protective effects of BCG in-
cluding modulation of trained immunity; and finally (e) discuss the 
relevance of future use of BCG including how it may be exploited in 
the context of new and emergent pathogens, like SARS- CoV- 2.

2  |  BCG - INDUCED IMMUNE RESPONSES

The immune correlates of protection for TB are still not clearly 
outlined and neither are the protective anti- TB immune responses 
induced by BCG vaccination. While it is possible to study anti- Mtb 
responses post- BCG vaccination in controlled animal challenge 
experiments, such a strategy cannot be followed for human stud-
ies. Animal experiments on BCG vaccination followed by TB chal-
lenge have yielded important information on BCG- induced immune 
responses; however, longitudinal studies in humans to study BCG 
immune responses have not been very successful in identifying a 
definitive correlate of protection perhaps due to the fact that BCG 
vaccine efficacy is influenced by many factors and is variable across 
the world (summarized in Table 1). Therefore, identification of a cor-
relate of anti- TB protection induced by BCG is still an area of active 
investigation. Nevertheless, BCG- induced immune responses have 
now been studied for a century, and we currently have significant 
data on its wide- reaching impact on innate as well as adaptive as-
pects of anti- mycobacterial immunity (brief diagrammatic represen-
tation in Figure 1).22 This is discussed in the sections below.

2.1  |  Innate immune responses

BCG vaccine is administered intradermally, and hence, the immune 
response to it is initiated by resident epidermal neutrophils, mac-
rophages, and dendritic cells (DCs) (Figure 1). This is in contrast to 
the initiation of the Mtb immune response which happens in the pul-
monary tract and alveolar macrophages are the key players. The first 
interaction between BCG and the host immune system takes place 
via PAMPs on BCG and PRRs on neutrophils, macrophages, and DCs. 
The PAMPs present in BCG are primarily cell wall components like 
peptidoglycans, arabinogalactans, and mycolic acids.23 There are 
various mycobacterial proteins that can also serve as PAMPs (mostly 
TLR ligands), for example, members of the PE/PPE family24 and heat- 
shock proteins.25 The PRRs that recognize and bind to mycobacterial 

PAMPs are CD11b, CD18, FcγRII, and FcγRIII on neutrophils26; com-
plement receptor 3 (CR3),27 TLR2/4/9,28 mannose receptor (MR),29 
macrophage inducible Ca2+- dependent lectin (MINCLE) receptor on 
macrophages30; the cytosolic nucleotide- binding oligomerization 
domain (NOD)- like receptors, for example, NOD2 on monocytes31 
and; DC- SIGN, CD11b, CD11c, and CD205 on dendritic cells32- 35; 
and Dectin- 1 expressed on macrophages, DCs, and neutrophils.36,37 
There is redundancy in PRRs that recognize BCG PAMPs such that 
absence of one does not majorly influence the generation of an over-
all immune response.38,39

Culture studies from skin biopsies of injection/immunization 
spots have revealed that live BCG numbers peak at 2 weeks and last 
till 4 weeks after vaccination suggesting that this is perhaps the time-
line for the initial innate immune response at the site of immuniza-
tion.40 Also, the cells that accumulate at the BCG blister site comprise 
primarily of CD15+ neutrophils with a small percentage of CD14+ 
monocytes and a miniscule fraction of CD3+ T cells.40 The neutro-
phil response is not only a component of the BCG- induced innate 
immune response but also vital for the generation of the adaptive 
T cell response.41 However, in vitro experiments that have studied 
the BCG immune response in whole blood cultures have found that 
the BCG- induced innate response comprises of signatures not just 
derived from neutrophils, but from monocytes, CD56+NK cells, NKT 
cells γδ T cells, and MAIT cells as well.42 The major innate functional 
responses are generation of ROS/RNI primarily by neutrophils and 
secretion of chemokines and cytokines such as IL- 6, TNF- α, MIP- 1α, 
MIP- 1β, IL- 8, and IL- 1α mainly by monocytes, neutrophils and to 
a lesser extent by CD56+NK cells, NKT cells γδ T cells, and MAIT 
cells.42 Innate mediators are released very early on (1- 3 hours post- 
BCG stimulation). Cytokines that are released later on (16- 30 hours 
post- BCG stimulation) are adaptive cytokines like IL- 2, IFN- γ, and 
IL- 17.42

Macrophages are excellent phagocytes that are key antigen- 
presenting cells and also serve as specialized niches for mycobacte-
rial survival and replication.43 There is ample experimental evidence 
which shows that BCG- induced macrophage activation postvaccina-
tion has significant impact on anti- mycobacterial immune responses; 
both adaptive and innate.44 Postinternalization mycobacteria includ-
ing BCG reside in phagosomes. Mycobacteria through the course of 
evolution have acquired several mechanisms to prevent phagosome- 
lysosome fusion and supress other macrophage effector functions 
like generation of ROS/RNI, autophagy, secretion of effector cyto-
kines like TNF- α, IL- 12, and IL- 6, thus enabling their survival, repli-
cation, and dissemination in the host.24,45 However, BCG is a potent 
activator of macrophage/monocytes responses. Studies in mice 
have shown that mycobacterial killing by macrophages can be ob-
served as early as 7 days post- BCG vaccination suggesting that this 
effector function of macrophages is independent of the initiation of 
adaptive immune responses.46 Also, depletion of macrophages com-
promises clearance of mycobacteria (H37Ra) post- BCG vaccination 
in mice.47 BCG- vaccinated guinea pigs when challenged with H37Rv 
or Erdman show enhanced phagosome- lysosome fusion, signifi-
cantly enhanced mycobacterial clearance and increased secretion 



    |  103AHMED Et Al.

of TNF- α, IFN- γ, TGF- β, and IL- 12p40.48 In vitro infection of human 
monocyte- derived macrophages with BCG leads to secretion of 
IL- 6, IL- 12, TNF- α, and IL- 10; cytokines that influence macrophage 
function as well as Th differentiation, from both infected as well as 
bystander cells.49 BCG- induced secretion of cytokines IL- 6, TNF- α, 
MIP- 1α, MIP- 1β, IL- 8, and IL- 1α by monocytes is regulated by their 

own expression- autocrine regulation in a feed- forward fashion; 
blocking with IL- RA, anti- TNF- R and anti- IL- 6R dampens expression 
of IL- 6, TNF- α, MIP- 1α, MIP- 1β, IL- 8, and IL- 1α.42 Also, their secretion 
is regulated by ROS, NF- κB, and JAK1/2 signaling.42

Neutrophils comprise 60% of all blood cells and form the first line 
of defense by being the first cells to traffic to the site of infection. 

F I G U R E  1  A diagrammatic overview of innate, adaptive, and trained immune responses generated post intradermal BCG vaccination. 
BCG immunization leads to sequential immune responses that unfold at the site of injection, in the lymph node, periphery, and even the 
bone marrow (depicted as differently colored regions in the figure). BCG when administered intradermally is recognized by several PRRs 
like TLRs, NOD- 2, CD11b, FcγRII, FcγRIII, and mannose receptor present on neutrophils, monocytes, macrophages, and DCs which are the 
first responders that help in initiation of the immune response. The cytokine and chemokines that are secreted by activated macrophages, 
neutrophils and dendritic cells are IL- 6, IL- 8, TNF- α, IL- 12p40, MIP- 1α, MIP- 1β, TGF- β, etc. In addition, neutrophils produce ROS and 
macrophages produce ROS and RNI postphagocytosis. Other innate cells that can be measured in the periphery 8- 12 weeks post- BCG 
vaccination are IL- 2, IFN- γ, TNF- α producing NK and γδ T cells. From the site of vaccination, BCG antigens are trafficked to the lymph 
node primarily by DCs. In the lymph node, DCs present processed BCG antigens to specific CD4+ and CD8+T cells to give rise to effector 
adaptive responses. The major CD4+ effector populations that expand in response to BCG and can be measured in the periphery 8- 12 weeks 
postvaccination are IFN- γ+IL- 2+TNF- α+ Th1 and IFN- γ+IL- 17A+ Th17 cells along with CD4+ Treg and IL- 10+IL- 17+ regulatory Th17 cells. 
Similarly, Tc or cytotoxic CD8+ T cells and CD8+ Treg cells are the CD8+ effector T cells that expand and can be measured in the periphery 
8- 12 weeks postvaccination. In addition to T cells, B cells are also activated and differentiate into antibody- producing plasma B cells. Apart 
from the conventional innate and adaptive immune responses, BCG is also involved in generation of “trained immunity.” BCG can cause 
epigenetic changes in monocytes primarily in the promoter regions of cytokine genes such as IL- 1β, IL- 6, and TNF- α. These epigenetic 
signatures persist long after primary exposure to BCG such that when there is an insult or challenge from an agent totally unrelated to  
BCG, for example, LPS, C. albicans, and yellow fever virus, these trained monocytes are able to mount a more efficient immune response.  
Apart from this BCG can induce transcriptional changes in bone marrow myeloid precursor cells which boosts myelopoiesis, that is,  
increased generation of monocytes and neutrophils which can form an army of trained cells including monocytes in the periphery capable  
of responding to heterologous challenges such as C albicans, yellow fever virus, LPS from Gram- ve bacteria, and other respiratory viruses  
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The majority of cells present at the site of BCG immunization up to 
4 weeks are neutrophils.40 Intranasal infection with BCG and Mtb in 
mice leads to rapid recruitment of neutrophils to the lungs.50 Studies 
in a mouse model of aerosol BCG infection showed that the early 
phagocytic response in the lungs is dominated by Gr1int/hi granulo-
cytes/neutrophils.51 Stimulation of purified blood neutrophils from 
healthy donors with BCG for 1.5- 3.5 hours leads to enhanced mRNA 
expression of IL- 1α, IL- 1β, IL- 8, MIP- 1α, MIP- 1β, GRO- α, TGF- β, MCP- 
1, IL- 2Rγ, IL- 10Rα, and IL- 6R.52 Whole blood cultures stimulated with 
BCG for 16 hours lead to enhanced expression of IL- 8, MIP- 1α, and 
MIP- 1β in neutrophils as determined by flow cytometry.42 The en-
hanced expression of these mediators is dependent on ROS and NF- 
κB- mediated signaling.42 Neutrophils can internalize BCG and other 
mycobacteria and can eliminate them either by ROS- dependent 
mechanisms or non- oxidative mechanisms which involve phago- 
lysosome fusion and release of anti- microbial peptides.53 Apart from 
this, neutrophils can traffic internalized BCG to draining lymph nodes 
where the immune response can be further amplified by DCs and 
T cells. In fact, both mouse and human DCs co- cultured with BCG 
infected neutrophils stimulate IFN- γ responses in T cells.41 However, 
neutrophil activation in response to BCG and other mycobacteria can 
be beneficial as well as harmful. Two strains of mice namely C3Heb/
FeJ and C3H/HeOuJ mice exhibited varying BCG- induced protection 
upon Mtb challenge. Enhanced and prolonged BCG protection in the 
former was due to reduced frequencies of CD11b+Gr1+ neutrophils in 
the lungs compared to the latter upon aerosol Mtb challenge.54 Also, 
it is now well documented that TB disease severity in humans is as-
sociated with a neutrophil- derived Type- I IFN molecular signature.55

Dendritic cells serve as a bridge between the innate and adaptive 
arms of the immune system. Post- BCG vaccination, epidermal DCs 
serve as carriers of processed antigens to the draining lymph nodes 
where they present them to T cells (Figure 1).26 Antigen presentation 
and priming of T cells by DCs postexposure to BCG has been found 
to be dependent on IL- 1R, MyD88 pathway,56 and BATF- 3.57 BCG 
exposure promotes DC maturation into potent antigen presentation 
cells as indicated by enhanced expression of cell surface MHC- II, 
CD40, CD44, CD54, CD80, and CD86, markers of DC activation and 
molecules involved in antigen presentation.58 However, studies have 
also shown that BCG stimulation of DC leads to secretion of IL- 10 
and IL- 4 which might skew Th differentiation toward Th2 phenotype 
and diminish BCG efficacy.59,60

Apart from monocytes, macrophages, neutrophils, and DCs, 
other innate immune cells that are part of the BCG- induced in-
nate response are NK cells52,61; innate lymphoid cells or ILCs62 and 
innate- like T cell subset known as mucosal- associated invariant T 
or MAIT cells.63 However, their role in protection remains to be 
confirmed.

2.2  |  Adaptive immune responses

Our in- depth understanding on what constitutes protective im-
munity to TB is limited. Nevertheless, studies evaluating the 

immunogenicity of BCG and other TB vaccines have shed light 
on the probable correlates of protection against TB. Notably, the 
evidence for protective T cell responses induced upon BCG im-
munization was demonstrated by CD4+ and CD8+ T cells that were 
adoptively transferred from BCG- vaccinated mice into mice lack-
ing both T and B cells (rag1−/−), against aerosol BCG challenge. In 
this model, CD4+ T cells were implicated as the main effector cells 
that reduced bacterial burden in the lung and spleen, while the cy-
totoxic CD8+ T cells prevented extrapulmonary dissemination.64 
Although the effector role of CD8+ T cells has not been fully char-
acterized in the context of BCG vaccination, CD8+ T cells are able 
to reduce bacterial burden in the lung of BCG- vaccinated CD4 
knock- out mice challenged with Mtb at later stages of disease.65 
Moreover, depletion of CD8+ T cells in the BCG- vaccinated rhesus 
macaques compromised BCG vaccine- induced immunity against 
tuberculosis.66

Several mechanistic studies have provided valuable insight into 
the requirements for BCG- induced protection against TB that was 
originally thought to be executed primarily by Th1 cells mostly 
through the production of IFN- γ.67,68 Indeed, increased susceptibil-
ity to Mtb infection in IFN- γ knock- out mice69 and in patients who 
have deleterious mutations in genes that encode major proteins in 
the type- 1 cytokine (IL- 12/IL23- IFN- γ) axis70 underpin the impor-
tance of classical Th1 effectors in TB immunity. Consequently, IFN- γ 
secreted by CD4+ Th1 cells had been considered as the benchmark 
against which protective immunity of BCG or other candidate TB 
vaccines were evaluated (Figure 1).71

Protective efficacy of BCG vaccination against TB has been 
validated in various animal models. Notably, many studies have 
provided extensive evidence that immunization of C57BL/6 or 
BALB/c mice with BCG or recombinant BCG (rBCG) vaccines in-
duced a dominant Th1- type immune response, characterized by 
elevated expression of Th1 signature cytokines IFN- γ, IL- 2, and 
TNF- α.72- 75 On the contrary, other studies indicated the preva-
lence of a mixed Th1/Th2- type response associated with reduced 
IFN- γ and increased IL- 10 levels in mice immunized with rBCG ex-
pressing Ag85B or heat- killed BCG.76,77 The pivotal role of Th1 im-
munity and IFN- γ in BCG- induced protection was best illustrated 
in infants wherein BCG administered at birth induced a Th1- biased 
response like vaccinated adults that persisted for 1 year and in-
dicated the development of immunological memory after vacci-
nation, whereas a Th2- type immune response was dominant in 
unvaccinated infants.68,78 Additionally, IFN- γ- secreting BCG- 
specific T cells were associated with reduced risk of TB disease 
over the next three years of life.79

However, this long- established paradigm has been repeatedly 
debated over the last few decades by some animal and human stud-
ies that contradict the existing mechanisms of BCG- induced immune 
protection in their quest for better correlates of protection. These 
reports undermine the notion that a single immune marker can ex-
clusively predict protection provided by BCG vaccination and have 
conclusively shown a lack of correlation between IFN- γ produced by 
CD4+ T cells and BCG- mediated protection against TB.71,80- 82 Bone 
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marrow– derived macrophages from IFN- γR knock- out mice when cul-
tured with BCG- primed CD4+ T cells substantially inhibited intracellu-
lar Mtb growth in vitro via a NO- dependent mechanism. Furthermore, 
BCG- vaccinated IFN- γ- deficient mice demonstrated significant pro-
tection against a subsequent virulent Mtb challenge that was signifi-
cantly lost upon depletion of CD4+ T cells,81 consistent with CD4+ T 
cell deficient mice that succumb to tuberculosis despite a transient 
reduction in IFN- γ levels.83 Similarly, a study in BCG- vaccinated hu-
mans that investigated relationships between immune- mediated Mtb 
growth inhibition and potential surrogate markers of protective TB im-
munity concluded that mycobacterial growth inhibition does not cor-
relate with IFN- γ production.80 Therefore, these reports reinforced 
that CD4+ T cell– mediated IFN- γ- independent mechanisms are asso-
ciated with BCG- induced immune protection against Mtb infection.

Polyfunctional CD4+ T cells, which predominantly express dif-
ferent combinations of effector cytokines (IFN- γ, TNF- α, and IL- 2), 
display greater association with protective T cell immune responses 
in infectious diseases than IFN- γ- secreting monofunctional T cells.84 
Vaccine- induced protection against Mtb infection in mice strongly 
correlated with the magnitude and quality of polyfunctional CD4+ T 
cells.85 However, BCG- vaccinated infants followed up to 2 years to 
identify those who developed culture- positive TB demonstrated en-
hanced Th1 responses and polyfunctional cytokine profile but none 
of these correlated with protection against TB.86 Yet another study 
that involved BCG- vaccinated adults who were administered with a 
booster dose of MVA85A (modified vaccinia virus Ankara expressing 
antigen 85A) revealed that the frequency of polyfunctional T cells 
was significantly higher compared to BCG vaccination alone, leading 
to the hypothesis that the heterologous vaccine might augment the 
efficacy of BCG.87 However, the results obtained from the phase 
2b trial in infants given this prime- boost strategy indicated that 
MVA85A booster immunization failed to enhance protection despite 
the expansion of polyfunctional T cells.88 These studies substantiate 
that polyfunctional T cells though essential for mycobacterial immu-
nity do not always correlate with protective immunity, consistent 
with reports that detected increased multifunctional Mtb- specific 
CD4+ T cells in active TB compared to latent TB subjects.89

2.3  |  Th17 cells: Key players emerging in  
BCG- mediated protective immunity to TB

Several studies have highlighted the contribution of IL- 17-  and IL- 22- 
producing CD4+ T cell subsets toward protective anti- mycobacterial 
immunity,90,91 while others have demonstrated reduced frequencies 
of Th17 cells and low serum IL- 17 levels in TB patients compared to 
LTBI subjects to be associated with high mortality in TB patients.92- 94 
Consistent with these reports, recent studies from our laboratory have 
provided further evidence in this aspect, whereby IL- 10+ regulatory 
Th17 cells enriched in latent TB subjects were skewed toward IFN- γ+ 
pro- inflammatory Th17 cells in active TB and HIV- infected patients; 
however, a balanced Th17 response was restored following anti- 
tubercular and anti- retroviral therapy, respectively.95,96 Additionally, a 

correlation between the inhibition of Th17 responses and progression 
from infection to active TB was revealed by transcriptional and clinical 
analyses of healthy South African adolescents.97 Subsequently, Th17 
cells have steadily emerged as key players in vaccine- induced protec-
tion against TB,98,99 even in the absence of IFN- γ.100 In an Mtb chal-
lenge model, adoptive transfer of in vitro primed ESAT6- specific Th17 
cells into naive mice, conferred similar level of protection as achieved 
by vaccination. Importantly, IL- 23 is critical, while IL- 12 and IL- 21 are 
not required for the quick generation and activation of protective 
Th17 recall responses. On the contrary, IFN- γ produced by adoptively 
transferred Th17 cells is detrimental to long- lasting protective recall 
immunity against Mtb challenge.101 BCG- stimulated Th17 responses 
in the lung are diverse and are either linked to increased protection 
against Mtb infection or tissue damage and lung pathology. Therefore, 
IL- 17A is important in generating an effective CD4+ T cell immune re-
sponse that leads to restrained inflammation and Mtb containment in 
the lung.102 On the other hand, IL- 17A- dependent increased influx of 
neutrophils into the lung due to repeated BCG immunization leads to 
exacerbated pathology owing to excessive inflammation and uncon-
trolled Mtb growth.103

Importantly, Th17 cells are considered indispensable for 
enhanced BCG- induced protection against Mtb challenge in 
tuberculosis- susceptible mice.104,105 In further support of Th17 cells 
as critical mediators of immunity to BCG, it has been shown that 
accelerated Th1 memory responses in the lung of BCG- vaccinated 
mice are dependent on IL- 17A and IL- 23 derived from Ag- specific 
memory Th17 cells, and that these lung- resident memory Th17 cells 
quickly respond to Mtb infection.102 Furthermore, sterile granulomas 
in the lungs of Mtb- infected cynomolgus macaques had moderately 
higher frequencies of T cells that produced IL- 10 in combination with 
any of Th1 (IL- 2 and TNF- α) and/or Th17 (IL- 17A) cytokines than non- 
sterile granulomas, were linked to containment of Mtb.106

Additionally, Th17 cells correlated with improved immunogenicity 
in preclinical models of novel TB vaccines. For instance, VPM1002, 
the recombinant BCG vaccine candidate in which the urease C gene is 
replaced with the listeriolysin O encoding gene from Listeria monocy-
togenes (BCG∆ureC:hly), elicited a profound increase in Th17 cells and 
offered superior protection compared with parental BCG in mice.107 
Besides being safe, well- tolerated, and immunogenic in newborn 
infants with additional increase in CD8+ T cells producing IL- 17.108 
Additionally, rBCG- CMX (composed of immune- dominant epitopes 
from Ag85C, MPT51, and HspX) immunized mice presented higher 
amounts of Th1, Th17, and polyfunctional- specific T cells that may be 
responsible for the reduction in the inflammatory lung lesions induced 
by Mtb challenge in BALB/c mice and the reduction in the bacterial 
load.109 Hence, antigen- specific IL- 17 and IFN- γ or IL- 10 co- producing 
CD4+ T cells are regarded as one of the major determinants for pro-
tective efficacy of TB vaccines, the effects of which are considerably 
abrogated either by depletion or neutralizing antibodies to IL- 17.

Importantly, intravenous and high- dose intradermal BCG ad-
ministration was associated with protection in non- human primates 
challenged with virulent Mtb, since these immunization regimens 
particularly induced PPD- responsive CD4+ T cells expressing the 
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Th1/Th17 phenotype that constituted almost 10% of total CD4+ 
Th1 response in BAL compared to low- dose intradermal or aero-
sol BCG delivery.110 Other NHP studies have also shown this cell 
subset to be associated with protection against Mtb.111,112 Notably, 
PBMC- mediated mycobacterial growth inhibition in vitro correlated 
significantly with the frequencies of polyfunctional and IL- 17+ CD4+ 
T cells at 4 months post- BCG vaccination of infants.113 Consistent 
with studies in NHP models, we have recently demonstrated that 
BCG revaccination of young adolescents induced Ag85A-  and BCG- 
specific lL- 10 expressing regulatory Th17 cells (Figure 1).114 Thus, 
antigen- specific Th1/Th17 cells may be considered as an attractive 
candidate for an immune correlate of protection against TB.

2.4  |  Effect of BCG on immune- regulatory  
mechanisms

The impact of BCG on immune- regulatory or inhibitory mechanisms 
has been most well studied in context of influence of BCG vaccina-
tion on regulatory T cell (Treg) cell frequency and function. Optimal 
Treg cell function is crucial for maintaining a balanced immune re-
sponse. The role of Tregs in active TB disease is dichotomous as ex-
perimental evidence from both animal models and human studies 
over the years indicates.115 During the acute stages of Mtb infec-
tion, Treg frequencies increase in lungs and hamper development 
of protective T cell responses.116 However, in the chronic phase of 
infection presence of Tregs can improve disease outcome by con-
trolling over- exuberant immune responses117,118 but the expansion 
of activated HLA- DR+CD4+ T cells refractory to Treg mediated sup-
pression can serve as a deterrent to this effect.119 Similar to active 
Mtb infection BCG inoculation has been shown to increase Treg fre-
quencies in animal models as well as human studies (Figure 1).120- 123 
This increase in Treg frequencies postadministration of BCG is be-
lieved to reduce its vaccination efficacy.124,125 Absence of Tregs in 
BCG- vaccinated mice leads to higher cytotoxic T cell and Th1 re-
sponses125 and marginally but significantly reduced bacterial burden 
postchallenge with Mtb.124 However, another study showed that 
depletion of Tregs had no effect on BCG vaccination efficacy.126 
Rather, the ability of BCG to expand IL- 13 producing CXCR3+CD4+ 
Treg was found to reduce mortality by diminishing damage caus-
ing inflammation in Mtb- infected type- 2- diabetes mice.123 On the 
other hand, Treg responses in humans postvaccination are heter-
ogenous.121 Individuals with high scarring/skin inflammation post-
vaccination exhibit an elevated pro- inflammatory response (high 
frequency of CD4+IFN- γ+IL- 2+TNF- α+) compared to individuals who 
had low scarring/localized skin inflammation but a more pronounced 
expansion in BCG- specific CD8+ Treg cells121 suggesting that per-
haps Treg cells indeed counter- regulate BCG- induced inflammation 
and may be detrimental to generation of vaccine- induced protec-
tive responses. This ability of BCG to increase Treg frequencies and 
dampen inflammation can be possibly exploited in its use as therapy 
in autoimmune disorders such as multiple sclerosis and type- 1 dia-
betes (Table 2).127,128 Patients with long- term type- 1 diabetes when 

given 2 doses of BCG and monitored over a period of 8 years were 
found to have reduced near- normal levels of hemoglobin A1c (marker 
of disease) after 3 years and also elevated expression of regulatory 
markers FoxP3 and CTLA- 4128 suggesting that the mechanism be-
hind BCG- mediated reduction in type- 1 diabetes disease severity 
is BCG- induced immune- regulatory processes. The normal levels of 
hemoglobin A1c were maintained for the next 5 years suggesting 
that such effects of BCG vaccination are reasonably long- lasting.128 
Similar beneficial effects of BCG were observed in patients with 
multiple sclerosis or MS.127 Multiple sclerosis patients who were 
given BCG had fewer lesions 6 months postvaccination compared to 
unvaccinated patients as monitored by brain MRI.127 BCG- induced 
expansion of IL- 10+CD4+ Treg cells in experimental autoimmune 
encephalomyelitis or EAE mice and the subsequent dampening of 
disease129 could also be a possible mechanism behind suppression 
of MS lesions post- BCG vaccination.127 BCG can influence immune- 
metabolism. It shifts the balance in cellular metabolism towards gly-
colysis as energy source rather than oxidative phosphorylation.130 
This shift known as the Warburg effect highly favors expansion and 
function of Treg cells which prefer glycolysis to obtain energy.131 
BCG- induced Treg expansion by modulation of immune- metabolism 
might be useful for tackling several inflammatory disorders.

Apart from Tregs, BCG can also modulate levels of regulatory 
cytokine IL- 10.60,111,125,132 BCG has been shown to increase IL- 10 in 
vitro60 as well as in vaccinated animals.111,125 The absence of IL- 10 in 
mice increases Th1, Th17, and cytotoxic T cell responses post- BCG 
vaccination and reduced bacterial burden after Mtb challenge125,132 
suggesting that IL- 10 might block generation of BCG- induced protec-
tive anti- mycobacterial responses. However, this might not be true 
of higher animals like macaques where BCG vaccination through the 
mucosal route enhanced mycobacteria- specific IL- 10 production in 
lungs post- Mtb challenge and this correlated with protection. In hu-
mans, BCG vaccination induces expansion of IL- 10+Th17 regulatory 
cells114 which are a marker of controlled rather than active Mtb infec-
tion.95 Expansion in Treg frequencies and IL- 10 production post- BCG 
vaccination might cause dampening of protective pro- inflammatory 
responses. At the same time, they might also be signatures of a bal-
anced immune response which is protective in chronic TB disease.

3  |  BCG VACCINATION AND TB CONTROL

3.1  |  How successful has BCG vaccination at birth 
been in TB eradication?

Although the incidence of active TB disease has declined considerably 
since its discovery 100 years ago, BCG is still in use in TB- endemic 
countries.133 However, several low- burden countries have withdrawn 
their universal immunization policy in childhood due to the changing 
epidemiology of TB but continued with restricted BCG vaccination 
for high- risk populations.4,134 Other deterrents for its usage include 
probable interference with tuberculin skin test (TST) reactivity and 
its highly variable efficacy (ranging from 0%- 80%) and duration of 
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TA B L E  2  Heterologous benefits of BCG beyond TB protection

Infection/disease condition Effect of BCG Mechanism of action Reference

Neonatal Sepsis BCG vaccination in infants protects against 
neonatal sepsis.

BCG vaccination triggers granulopoiesis, 
that is, increase in neutrophils thereby 
inducing protection.

261

Respiratory Infections BCG vaccination in infants reduces incidence 
of acute lower respiratory tract infections 
caused by respiratory syncytial virus.

206

BCG revaccination reduces incidence of 
upper- respiratory tract infection in 
adults.

163

BCG vaccination reduces incidence 
upper- respiratory tract infections and 
pneumonia in elderly.

207,208

Leprosy BCG vaccination and revaccination offers 
considerable protection against leprosy. 
BCG is the only vaccine available for 
leprosy prevention.

199- 201

NTM infections BCG vaccination provides 47% protection 
against Buruli ulcer caused by M ulcerans. 
BCG- vaccinated children have 96% 
protection against NTM infections.

202,203,262

Yellow Fever Virus (YFV) BCG- vaccinated individuals have reduced 
viremia when challenged with an 
attenuated strain of YFV.

BCG induces “trained immunity” the 
mechanism for which is primarily IL- 1β 
guided epigenetic reprogramming of 
monocytes. Such trained monocytes 
respond better to a heterologous 
challenge like YFV.

211

SARS- CoV- 2 infection/
COVID- 19

Countries with mandatory BCG vaccination 
have reduced spread and deaths per 
million from COVID- 19 compared to 
countries without mandatory BCG 
vaccination.

BCG- induced “trained immunity” is being 
speculated as the mechanism behind 
possible protection against COVID- 19.

241,242

Individuals from Netherlands vaccinated with 
BCG anytime in the past 5 years prior to 
the COVID- 19 outbreak reported less 
incidence of sickness, shorter duration 
of sickness and significantly reduced 
fatigue due to COVID- 19 compared to 
unvaccinated controls.

244

Melanoma BCG vaccination in infancy/childhood 
reduces the risk development of 
melanoma.

234

Injection of BCG into nodules induced 
regression in 90% lesions.

BCG when injected into skin lesions 
promotes local inflammatory responses 
which include secretion of CXCL9, 
CXCL10 and CXCL10 by primed innate 
immune cells leading to recruitment 
of CXCR3+Th1 cells; secretion of IL- 32 
by monocytes leading to increased 
cross- presentation; epigenetic 
reprogramming of primed monocytes 
leading to trained immunity.

263,264

Non- muscle invasive 
bladder cancer

BCG therapy reduces tumor progression BCG activates tumor infiltrating T 
cells, thus improving anti- tumor 
immunity; reduces tolerance in the 
tumor environment; increases Ag 
presentation.

265- 269

(Continues)
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protection (20- 60 years) against pulmonary TB (PTB).135 Furthermore, 
BCG’s adverse side effects like disseminated BCG infection in severely 
immune- compromised children, BCG- associated lymphadenitis, and 
osteomyelitis raised major concerns about its safety.136,137 Additionally, 
a small proportion (0.4%) of household contacts of newly diagnosed 
leprosy patients developed paucibacillary leprosy within 12 weeks 
post- BCG vaccination.138 The mechanisms of this observation remain 
to be elucidated but imply that BCG vaccine may in some individu-
als be detrimental in leprosy, possibly due to cross- reactive immune 
responses.138 This raises questions on the use of BCG in populations 
that are highly exposed to mycobacteria. While this is an important 
consideration, our recent data on BCG revaccination of young healthy 
adults living in a TB- endemic area with a positive IGRA test, implying 
Mtb infection, did not show an increased incidence of TB in these re-
vaccinated subjects over the 2 years that the study was conducted.114

Notably, BCG has been extremely effective at preventing life- 
threatening tuberculous meningitis and extrapulmonary dissemi-
nated TB in infants and young children.139,140 A meta- analysis and 
systematic review of case- control studies conducted predominantly 
in Brazil (Latin America) and India (Asia) from 1980 to 1996 to in-
vestigate the protective efficacy of BCG, revealed an overall 73% 
decline in the incidence of TB meningitis, with greater protection 
in Latin American (87%) compared to Asian countries (69%), while 
the incidence of miliary TB was reduced by 77%.139 Similarly, mul-
tiple randomized controlled trials performed in the United States, 
UK, Canada, Puerto Rico, and India demonstrated that BCG vacci-
nation leads to ~90% reduction in disease severity and progression 
in infants or environmental non- tuberculous mycobacteria (NTM)- 
unexposed TST- negative school- going children, with enhanced 
protection achieved against meningeal and miliary tuberculosis com-
pared to pulmonary tuberculosis.16

3.2  |  Limitations, Variable efficacy, and Failure of 
BCG in preventing Adult TB

BCG is undeniably the most reliable vaccine for prevention of TB, 
particularly disseminated TB in children; however, its protective ef-
ficacy against pulmonary TB in adults is highly variable.21,26,141- 143 
Table 2 summarizes the list of studies and trials conducted all over 
the world to substantiate the various hypotheses that have been 
proposed to explain the divergent outcomes of protection against 
TB induced upon BCG vaccination. Notably, the benefits of BCG 
vaccination seem to wane with age; thus, effectiveness against Mtb 
infection and disease is maximum during childhood and gradually 

declines over time.144- 146 Further, delayed immunization of TST- 
negative infants by a few weeks or months or in school- age children 
has demonstrated greater protection; however, this phenomenon is 
best observed in low TB- endemic countries where protective TB im-
munity has lasted until 50 years.147,148 Moreover, genetic variability 
amid BCG strains that has risen due to culture protocols and multiple 
passages can potentially manipulate the immunogenicity of BCG.149 
Meta- analysis and systematic review of data from case studies and 
randomized clinical trials that were conducted in diverse populations 
but lacked direct comparison of different BCG strains could not ac-
count for the variable efficacy of BCG.16,150 However, subsequent 
trials and studies that were longitudinally monitored up to several 
years following BCG vaccination provided extensive evidence for 
the variability in the efficiency against TB among BCG strains.151 
Additionally, in vitro studies demonstrated that BCG- mediated im-
mune responses in humans are strain- dependent.12,152

Another potential cause for the variable efficacy conferred by BCG 
against pulmonary disease is non- tuberculous mycobacteria (NTM) in-
terference.153- 155 Interestingly, high prevalence of NTMs in the tropical 
regions may be related to the reduced BCG efficacy observed in TB- 
endemic areas.135,156 Pre- existing baseline immunity induced by NTMs 
mask the effects of BCG; hence, further increment of the anti- TB im-
mune response is not detected upon BCG vaccination. Similarly, NTMs 
might block the replication of BCG due to cross- protective immunity, 
thereby limiting BCG- mediated protection against TB.157,158

Therefore, a plethora of factors responsible for the variable ef-
ficacy of BCG include host factors (genetic diversity, age, sex, and 
comorbidities), factors related to the vaccine (strain, dose, and deliv-
ery route) and the Mtb (virulence of circulating strains). Furthermore, 
environment factors (geographic location/latitude, climate), exter-
nal factors (pre- existing immunity due to environmental/NTM, hel-
minth/parasitic infections, and drugs/antibiotics), nutritional status 
(malnutrition, diet, micronutrients), and socioeconomic/psychoso-
cial determinants (poor ventilation, hygiene, stress, and low income) 
may influence the effectiveness of BCG vaccine.

3.3  |  How does efficacy of BCG compare with 
other TB vaccine candidates?

3.3.1  |  VPM1002

VPM1002, a recombinant BCG vaccine, was genetically developed 
to improve the efficacy of BCG and widen the protective T cell im-
mune response.159,160 Consequently, its safety and immunogenicity 

Infection/disease condition Effect of BCG Mechanism of action Reference

Type- 1 diabetes Patients given BCG have reduced Hb1Ac 
implying reduced disease severity.

BCG induces expansion of Treg cells by 
increasing glycolysis which favors 
Treg expansion and function. Increase 
in Tregs ameliorates severity of 
autoimmune disease.

127,128,130,131

Multiple Sclerosis Patients who were given BCG had fewer 
lesions 6 months postvaccination.

TA B L E  2  (Continued)



    |  109AHMED Et Al.

in adults and neonates have been proven by encouraging results from 
phase I and phase IIa clinical trials.108,161 Interestingly, the less virulent 
VPM1002 has been demonstrated to be more efficacious than ca-
nonical BCG since it leads to improved stimulation of CD4+ and CD8+ 
T cells mostly of central memory phenotype as well as enhanced acti-
vation of both Th1, follicular T helper cells (Tfh) and Th17 cells.107,162 
Currently additional clinical trials have been initiated whose results 
are awaited. These include (a) a phase III clinical trial in HIV exposed 
and unexposed neonates as a replacement for BCG with prevention of 
infection (POI) as clinical end point, (b) a trial named priMe that aims 
to investigate the efficacy of VPM1002 and BCG in neonates from 
Sub- Saharan Africa, and (c) an ongoing phase III clinical trial in India 
with VPM1002 to assess the prevention of recurrence (POR) in cured 
TB patients who have the propensity to relapse or get reinfected 
within 1 year after completion of drug treatment (NCT 03152903).162

3.3.2  |  H4:IC31, H56:IC31 vaccines and BCG

Recently, Aeras C- 040- 404, a phase 2 POI trial of H4:IC31 and BCG 
regimens, conducted among healthy HIV- uninfected adolescents 
BCG- vaccinated at birth from TB- endemic regions of South Africa, 
revealed that BCG revaccination significantly reduced the rate of 
sustained QuantiFERON- TB Gold In- tube (QFT- GIT) conversion, a 
secondary end point thought to be a marker of sustained Mtb in-
fection, with an efficacy of 45.4% (P = .03), while the efficacy of 
H4:IC31 vaccine was shown to be 30.5% (P = .16).163 Simultaneously, 
another randomized phase 1b trial (HVTN 602/Aeras A- 042) was 
conducted for investigating the safety and immunogenicity of 
H4:IC31, H56:IC31 vaccines and BCG revaccination in QFT- GIT- 
negative, HIV- uninfected, healthy adolescents (aged 12- 17 years) 
in Cape Town. All vaccines were safe and well- tolerated, with no 
reports of severe adverse events. H4:IC31 and H56:IC31 elicited 
CD4+ T cells recognizing vaccine- matched antigens and H4-  and 
H56- specific IgG binding antibodies. The highest vaccine- induced 
CD4+ T cell response rates were for those recognizing Ag85B in the 
H4:IC31 and H56:IC31 vaccinated groups, while BCG revaccination 
elicited robust, polyfunctional BCG- specific CD4+ T cells.164

4  |  POSSIBLE STR ATEGIES TO IMPROVE 
BCG EFFIC ACY

Even though BCG is the only vaccine available for TB control, but 
unfortunately it is not entirely efficacious due to several reasons dis-
cussed above and outlined in Table 1. Therefore, it is worthwhile to 
consider possible strategies to improve its efficacy as discussed below.

4.1  |  I. Altered route of administration

Protection conferred by the routine intradermal injection of live at-
tenuated BCG is variable; hence, better and alternative immunization 

strategies are required to improve TB prevention. Multiple studies 
across different species (mice and non- human primates) have dem-
onstrated that BCG vaccination by delivery to the lung mucosa is 
more effective against aerosol Mtb challenge than parenterally de-
livered BCG which may be due to the direct effect on the local envi-
ronment in the lung.

4.1.1  |  Murine model

Mucosal BCG vaccination via nasal route confers superior protection 
in BALB/c mice compared to subcutaneous vaccination against pulmo-
nary TB.165 Interestingly, intranasal BCG administration significantly 
enhanced protective splenic immune responses in Mtb- infected mice 
that persisted 10 months after vaccination and was characterized by 
increased frequencies of CD4+ and CD8+ T cells and elevated levels 
of IFN- γ, IL- 9, IL- 11, and IL- 21.166 Importantly, mucosal (intratracheal 
and intranasal) BCG vaccination generated T effector memory and 
resident memory T cells in the lung compared to subcutaneous vacci-
nation. Adoptive mucosal transfer of these airway- resident memory T 
cells expressing a PD- 1+ KLRG1− cell surface phenotype into naive mice 
contributed to host defense against pulmonary TB.167,168 Pulmonary 
(intratracheal) vaccination of mice with a higher dose of BCG (107 CFU) 
provided better protection against airway challenge with a virulent 
strain of Mycobacterium tuberculosis compared to that of conventional 
subcutaneous vaccination.105,169 Therefore, murine studies strongly 
suggest that BCG delivered directly to the respiratory mucosa may 
prove to be a more effective route of vaccination.

4.1.2  |  Non- human primates (NHP) model

NHP are regarded as the most clinically relevant models for evaluat-
ing vaccine efficacy as well as identifying correlates of protection 
against human TB.170 Moreover, BCG’s variable efficacy against Mtb 
infection and TB disease in NHP closely resemble that of humans.171 
Five decades ago, initial studies in rhesus macaques reported that 
BCG delivered by intradermal (ID), subcutaneous (SC), or intramus-
cular (IM) routes were not as effective in thwarting Mtb infection 
as intravenous (IV) route.172 Recent studies further corroborated 
these findings and revealed potential mechanisms that might be 
responsible for the remarkable protection induced by mucosal or 
intravenous (IV) BCG administration versus failure of intradermal 
immunization against aerosol Mtb infection of highly susceptible 
rhesus macaques.110,111,173- 175 Intradermal BCG vaccination pro-
vides complete protection against extrapulmonary dissemination 
of TB, however, is incapable of preventing pulmonary TB, associ-
ated with increased bacterial burden in the lungs and granuloma 
severity.176 On the contrary, localized immune responses induced 
by direct delivery of BCG into the lung mucosa deferred infection 
in some of the macaques challenged repeatedly with a low dose of 
Mtb, while entirely prevented Mtb infection and TB disease develop-
ment in others.111,174 Mucosal BCG vaccination of macaques led to 
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the enrichment of PPD- specific polyfunctional CD4+ Th1/Th17 cells 
that expressed IL- 17 in combination with canonical Th1 cytokines 
(IFN- γ, TNF- α, and/or IL- 2) and CD8+IFN- γ+TNF- α+ T cells preferen-
tially in the bronchoalveolar lavage (BAL) compared to unvaccinated 
and intradermally vaccinated groups. Additionally, IL- 10, granzyme 
B, GM- CSF, and IgA antibodies were also enhanced in the lung of 
mucosally vaccinated NHP and correlated with improved protection 
compared to parenteral immunization.111

Latest reports indicated that macaques challenged with 10- 
100 CFU of a highly pathogenic Mtb Erdman strain 5- 6 months postin-
travenous BCG vaccination exhibited rapid clearance of Mtb, reduced 
Mtb growth and fewer granulomas, decreased lung pathology and im-
proved survival compared to unvaccinated and intradermally and/or 
aerosol vaccinated animals.110,173 The probable mechanisms for un-
precedented protection elicited by IV BCG vaccination may be linked 
to increased frequencies of PPD- specific CD4+ and CD8+ T cells in 
the BAL, blood, spleen, bone marrow, peripheral lymph nodes and 
lung parenchyma, high proportion of tissue- resident memory (TRM), 
effector memory (TEM) and transitional memory (TTM) T cells in the 
lung and high level of IgA antibodies in BAL and plasma.110

Similarly, studies investigating the immunogenicity and efficacy 
of aerosol versus parenteral BCG vaccination against ultra- low- 
dose inhaled Mtb infection revealed that disease progression and 
extrapulmonary dissemination were appreciably inhibited, while 
bacterial burden was significantly reduced in extra- thoracic sites 
(spleen, liver, and kidneys) in response to aerosol in comparison with 
intradermal BCG delivery.177,178 White et al probed the mechanisms 
behind this enhanced protection mediated by vibrating mesh nebu-
lizer (VMN)- delivered aerosol BCG and showed an induction of Th1 
and Th17 cytokine responses, as well as CD4+ T cell responses in 
BAL fluid cells producing distinct cytokines. Additionally, they found 
a significant increase in frequencies of peripheral central memory 
(TCM) T cells and in PPD- specific IFN- γ- producing cells 10- 13 weeks 
following aerosol vaccination.177 More recently, the induction and 
continued presence of circulating Mtb- specific TCM and transitional 
effector memory CD8+ T cells post- BCG vaccination and Mtb chal-
lenge suggests their contribution toward disease control observed in 
aerosol BCG- vaccinated macaques.178

4.1.3  |  Human studies

Orally delivered BCG sub- strain Moreau Rio de Janeiro was well- 
tolerated in healthy adults from Brazil and UK and significantly 
boosted PPD-  and Ag85- specific IFN- γ responses to previous 
childhood intradermal BCG immunization that lasted for 3 months 
postvaccination.179 Similarly, a small- scale trial that investigated the 
safety and immunogenicity of oral and/or intradermal administration 
of Danish strain of BCG in healthy individuals reported no deleteri-
ous effects.180 Interestingly, using systems immunology approaches, 
it was suggested that a combination of intradermal and oral BCG 
vaccination regimens may lead to enhanced protection against TB 
due to the synergistic induction of systemic (blood) and mucosal 

(BAL) immune responses, respectively.180 Aerosolized BCG was first 
administered in the late 1960s to children and young adults and did 
not report serious adverse side effects.181 Currently, phase I clinical 
trials are investigating the safety of aerosol delivery of BCG in BCG- 
naive healthy adults (NCT02709278 and NCT03912207).182

Therefore, improving protective efficacy of BCG against TB in 
mice and non- human primates by employing alternative strategies of 
BCG immunization via mucosal or intravenous (IV) routes have shown 
considerable promise. Although BCG delivery through these routes 
may face technical challenges and is yet to undergo rigorous testing 
in human trials, these reports emphasize that the route of vaccination 
is a determining factor for robust and durable protection against TB.

4.2  |  II. BCG revaccination

BCG vaccination at birth protects children against disseminated and 
meningeal TB but is not so effective in preventing TB in adults.16,26,141 
This can be attributed to the waning of BCG- induced immunity with 
age.146 One of the ways to overcome this decline or dampening in im-
munity is BCG revaccination. Several BCG revaccination trials have 
been carried out yielding a mixed bag of results depending on the end 
point studied. In a trial in Karonga district in Malawi, between 1986 
and 1989, BCG was administered to previously vaccinated individu-
als and this reduced the incidence of leprosy but not tuberculosis.183 
In another very extensive trial in Brazil, about 100 000 children be-
tween the ages of 7- 14 were revaccinated with BCG. A similar num-
ber formed the control group which received no BCG. The rate of 
TB incidence was found to be similar in both groups; in other words, 
BCG revaccination provided no benefit.184 Similar results were ob-
tained in another trial in Hong Kong where previously vaccinated 
TST-  children between the ages of 6- 9 years were revaccinated with 
BCG, but this did not have any impact on TB incidence.185 However, 
more recent trials and studies on BCG revaccination have yielded 
more promising results. When BCG revaccination was compared to 
vaccination with Mtb candidate vaccine H4:IC31, it was found that 
the former was marginally better at preventing sustained QFT con-
version in young adults in a TB- endemic area.163 Moreover, BCG re-
vaccination induced generation of Ag85A, TB10.4, and BCG- specific 
IFN- γ+ and polyfunctional CD4+ and CD8+ T cell responses that were 
equivalent or even better than those generated by Mtb candidate 
vaccines H4:IC31 and H56:IC31.164 Also, BCG revaccination boosts 
IL- 22+CD4+ T cells in addition to Th1 cells.186 Another trial conducted 
in South Africa in TST+ 18- 40- year- olds revealed that BCG revaccina-
tion significantly boosts pre- existing BCG- specific cytokine+ (IFN- γ/
IL- 2/TNF- α/IL- 22/IL- 17) CD4+ and CD8+ responses at 5 weeks post-
administration. Apart from adaptive T cell responses, revaccination 
also boosted BCG- reactive IFN- γ+ NKT, NK, and γδ T cells.61 Our 
study which examined BCG revaccination in IGRA-  and IGRA+ young 
adults also showed similar results with anti- mycobacterial Th1 and 
polyfunctional responses boosted at 4 weeks postimmunization.114 
In addition, we also observed increment in frequencies of Ag85A- 
specific IFN- γ+IL- 17+ cells in both IGRA-  and IGRA+ vaccinees. The 
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other interesting finding was the increase in IL- 10+IL- 17+ regulatory 
Th17 cell frequencies in response to Ag85A, BCG and latency Ag 
restimulation in both IGRA-  and IGRA+ vaccinees at 34 weeks post-
vaccination. Notably, the ability of BCG to augment regulatory Th17 
frequencies has been identified as an important potential correlate 
of protection in non- human primates.111 BCG revaccination also en-
hanced NKT, CD56dim/bright NK, and γδ T cells at both 4 (IGRA-  and 
IGRA+ Ag85A- reactive) and 34 weeks (IGRA+ BCG- reactive) suggest-
ing that revaccination impacts BCG- induced innate, adaptive immu-
nity in the cohort we have studied.114 Notably, we also found that 
BCG revaccination boosted anti- mycobacterial immunity irrespec-
tive of prior Mtb exposure as has been previously reported.61 This 
is important if BCG revaccination is to be considered as a strategy in 
TB- endemic settings. However, it should be noted that BCG revac-
cination does not boost immune responses against all mycobacterial 
antigens. In our study, we found that while Ag85A- specific responses 
were boosted by BCG revaccination, there was no alteration in fre-
quencies of TB10.4- specific cells.114 This may be due to our reported 
higher pre- existing levels of TB10.4 compared to Ag85A- specific 
CD4+ T cells.114 Alternatively, this could also be due to the fact that 
Ag85A (~35.6 kDa) is larger than TB10.4 (~10.4 kDa) and therefore 
likely encompasses more T cell epitopes; additionally, Ag85A from 
Mtb and BCG are highly homologous.187 Moreover, the CD4+ T cell 
response induced by BCG has been shown to map primarily to the 
N- terminal region of TB10.4 gene,188 whereas the CD4+ T cell re-
sponse induced by Mtb infection spans more broadly across TB10.4 
implying that BCG vaccination may not induce a response to all T 
cell epitopes in TB10.4.188 Further studies with a much wider panel 
of mycobacterial antigens in BCG revaccinated individuals will shed 
light on exactly cells of which antigenic specificity are most affected. 
Also, our study and those by Suliman S and Nemes E et al have not 
looked at BCG revaccination efficacy in terms of TB incidence or 
mycobacterial growth control.61,163 This is important as previous 
studies have indicated that even though a second BCG dose boosts 
PPD- specific adaptive immunity it fails to augment the vaccinees 
pre- existing ability to control BCG growth as determined by an in 
vitro mycobacterial growth inhibition assay.189 TB incidence and my-
cobacterial growth control are two end points that should be consid-
ered in future BCG revaccination studies/trials. Another important 
clinical end point to consider is the acquisition of new TB infection or 
disappearance of previous infection as measured by QFT conversion 
at regular intervals postrevaccination.163,190 In conclusion, several re-
cent studies have reported promising results from BCG revaccination 
studies,61,114,163 thus providing strong evidence in support of BCG 
revaccination as a possible strategy to enhance BCG efficacy and TB 
control in absence of another candidate TB vaccine in the immediate 
future.

4.3  |  III. Recombinant BCG and use of adjuvants

Apart from altered route of vaccination and revaccination, an-
other approach being actively pursued to improve BCG efficacy 

is the use of recombinant BCG. The best example of this in recent 
times is the VPM1002, a urease C deficient recombinant BCG 
(rBCG) which expresses Listeria monocytogenes derived listeriolysin 
(rBCGΔurec::Hly).160,191 BCG and other mycobacteria when internal-
ized are able to prevent acidification of the phagosome and hence 
its maturation. The absence of urease C from VPM1002 is able to 
stop this; hence making the phagosome containing BCG VPM1002 
acidic and triggering secretion of listeriolysin which perturbs the 
phagosomal membrane enabling leakage of BCG antigens into the 
cytosol and their cross- presentation, thereby ensuring the genera-
tion of a more robust T cell response.162 The safety and immuno-
genicity trials for VPM1002 have been carried out and the vaccine 
was found to be safe and induced a CD4+ T cell response comparable 
to BCG in infants. The proportion of CD8+IL- 17+ cells was higher in 
the VPM1002 vaccinated infants compared to the BCG group.108,161 
This rBCG vaccine is currently under phase III clinical trials to ascer-
tain efficacy. Another rBCG expressing the ESX- 1 secretion system 
(BCG::RD- 1) when delivered mucosally was found to be protective 
against aerosol Mtb challenge in a mouse model of type- 2 diabe-
tes.192 Similarly, subcutaneous immunization of mice with rBCG ex-
pressing E coli derived heat- labile enterotoxin LTAK63 was found to 
be more protective than wild- type BCG against an Mtb challenge.193

Another strategy that has been pursued to boost BCG efficacy 
is to use adjuvants along with BCG, some examples of which are 
clofazimine, lactoferrin, inarigivir, and IL- 15.194- 198 BCG when admin-
istered along with clofazimine, a lipophilic compound used mainly 
for treatment of leprosy, was more efficacious than BCG alone in 
reducing cfu and granuloma formation upon Mtb H37Rv challenge in 
mice.194 The mechanism for this was found to be clofazimine's abil-
ity to boost frequencies of stem cell like memory cells, precursors 
of central and effector memory cells.194 Similarly, administration of 
human or bovine lactoferrin along with BCG in mice was found to 
better protect them from challenge with virulent Mtb by inducing 
Th1 responses, reducing lung cfu, and protecting against pathogen- 
induced tissue damage.195 BCG- vaccinated IL- 15 transgenic mice are 
better protected against aerosol Mtb challenge and this prompted 
suggestions that it could be used as an adjuvant.197 Indeed, rBCG 
expressing IL- 15 was found to reduce cfu, lung pathology and boost 
Th1 responses in mouse model of aerosol Mtb infection.198 Another 
recent example of use of an adjuvant is small molecule SB9200 or 
Inarigivir which is an activator of RIG- 1 and NOD- 2 mediated anti- 
viral immune responses. Subcutaneous administration of Inarigivir 
along with BCG better protected mice against an aerosol Mtb chal-
lenge than just BCG alone.196

5  |  THE EFFEC TS OF BCG BE YOND TB

Beyond studies in TB, there is strong evidence of BCG vaccination 
being particularly effective against leprosy and non- tuberculous 
mycobacteria (NTM) and more broadly against respiratory viral in-
fections (please see Table 2 for details). Among other mycobacte-
rial diseases, BCG efficacy has been most well studied in context 
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of leprosy, the causative organism of which is Mycobacterium leprae. 
There is no separate, widely used vaccine for leprosy and BCG ad-
ministration has been found to be protective especially in house-
hold contacts.199 Two meta- analysis (in 2006 and 2010) of BCG 
trials for leprosy prevention showed that the TB vaccine provides 
around 26%- 61% protection suggesting that BCG indeed has cross- 
mycobacterial effects.200,201 In the context of NTM infections, two 
trials in Uganda showed BCG vaccination protects against Buruli 
ulcer, caused by Mycobacterium ulcerans.202,203 Further, a discontinu-
ation of universal BCG vaccination in Sweden led to an increase in 
NTM infections in infants.204,205

Apart from its cross- mycobacterial protective effects, several 
studies have documented the effects of BCG in completely unre-
lated infections and disease conditions (Table 2). Studies in Guinea- 
Bissau, Indonesia, Japan, and South Africa have shown that BCG 
vaccination reduces respiratory tract infections in children by about 
73%.163,206- 208 Due to its ability to generate non- specific cross- 
protective immune responses, BCG vaccination appears to reduce 
infant mortality by about 38%.209 This capacity of BCG to induce 
non- specific cross- protective immune responses is not fully un-
derstood but is being actively probed. Based on experimental ev-
idence so far, non- specific cross- protective effects of BCG can be 
attributed primarily to a process known as “trained immunity” as is 
discussed below.210,211

5.1  |  BCG- induced trained immunity

The biological process by which the response of innate immune cells 
like monocytes to a challenge is amplified due to their previous ex-
posure to unrelated immunological agents is termed as “trained im-
munity” (Figure 1). It is therefore a concept that explains how like 
the adaptive response, the innate immune response can also be re- 
programmed or “trained” to exhibit features of memory.212 In vari-
ous study systems, trained immunity has been found to be induced 
by exposure to LPS213; β- glucan,214 muramyl dipeptide,215 CpG,216 
flagellin,217 controlled malaria infection,218 and BCG.219 In addition, 
BCG- induced trained immunity has now been well demonstrated to 
be a feature of BCG vaccination in humans.211 Indeed, monocyte re-
sponses as measured by secretion of IL- 1β, IL- 6, and TNF- α to LPS, 
Mtb, and C albicans are higher in BCG vaccinated compared to un-
vaccinated individuals.211 Also, BCG vaccinees are able to reduce 
yellow fever virus viremia better than non- vaccinees demonstrating 
very clearly that BCG vaccination indeed provides broad protection 
against non- related pathogenic threats.211 For a detailed list of het-
erologous benefits of BCG vaccination, please refer to Table 2.

Evidence of trained immune responses has been observed in 
myeloid cells220,221; NK cells222,223; ILCs224; and even stem cells.225 
However, trained immunity in context of BCG has been most well 
studied in monocytes.31,211,226 The primary mechanisms that govern 
BCG- induced trained immunity are epigenetic reprogramming and 
immune- metabolism changes influenced by BCG exposure.211,226 
What innate training by agents such as BCG is able to achieve is that 

during a primary exposure, there are epigenetic changes (H3K27ac, 
H3K4me3, etc) caused by secreted mediators such as IL- 1β leading 
to active transcription of IL- 6, IL- 8, and TNF- α; upon removal of 
the primary stimulus, the “trained cell” goes back to a resting state 
while still retaining the epigenetic signatures so that upon exposure 
to a secondary heterologous challenge there are further epigenetic 
changes and more pronounced expression of cytokines that eventu-
ally contribute to a protective immune response.212 Genome- wide 
epigenetic changes induced by BCG in monocytes are H3K27ac in 
genes of signaling pathways such as the PI3K/AKT, EGFR, FGF, and 
VEGF, and H3K4me3 in the promoter sites of genes such as IL- 6, 
TNF- α, mTOR, HK2, PFKP, GLS, and GLUD.211,226 BCG vaccination 
induces transcriptional changes in the bone marrow hematopoietic 
stem and progenitor cells (HSPCs) which boosts myelopoiesis, an 
effect that is visible up to 3 months postvaccination.227 These tran-
scriptional changes in HSPCs are accompanied by epigenetic mod-
ifications in peripheral CD14+ monocytes, that is, overexpressed 
genes in HSPC transcriptome and genes with epigenetic modifi-
cations in CD14+ monocytes overlap meaning that transcriptomic 
changes in HSPCs are relayed to newly formed monocytes and neu-
trophils in the periphery.227 One of the other mechanisms by which 
BCG- induced trained immunity is brought about is through changes 
in cellular metabolism. BCG shifts metabolism in trained monocytes 
primarily to glycolysis and inhibition of glycolysis but not oxidative 
phosphorylation dampens trained immunity responses like secretion 
of TNF- α and IL- 6 in CD14+ monocytes.226 This shift toward glycol-
ysis is due to epigenetic modifications in glycolytic pathway genes 
and their enhanced expression in BCG- stimulated monocytes.226 
Inhibition of glycolysis also abrogates BCG- induced epigenetic mod-
ifications in the promoters of IL- 6 and TNF- α; thus, demonstrating 
that during BCG- induced training in monocytes metabolic changes 
and epigenetic reprogramming regulate each other.226 One of the 
chief molecular mediators of BCG- induced training in monocytes is 
IL- 1β. Exposure of purified monocytes to recombinant IL- 1β alone in 
vitro can induce a training response similar to BCG.211

BCG- induced innate trained immunity has been implicated in 
protection against Mtb.228 Thus, BCG- vaccinated TB case contacts 
who persistently test interferon- γ release assay (IGRA) negative (im-
plying that they are uninfected at the time of the IGRA test despite 
persistent exposure) have higher levels of TNF- α, IL- 6, IL- 8, and IL- 1β 
in response to heterologous stimuli such as E coli and Streptococcus 
pneumoniae providing evidence for BCG- induced trained immunity 
in these individuals, which may also contribute to effective Mtb 
control.229 In a large longitudinal study tracking the efficacy of BCG 
revaccination in S. Africa through repeated IGRA testing to identify 
the proportion of Mtb- infected individuals in the vaccine compared 
to the non- vaccine arm highlighted reduced incidence of respiratory 
infections in the BCG- vaccinated subjects implying that BCG vacci-
nation induced trained immunity mechanisms may also be relevant 
in protection against Mtb infection.163 More direct experimental ev-
idence for this comes from in vitro mycobacterial growth inhibition 
assays (MGIA) which show that BCG outgrowth is best controlled 
not only by individuals with recent Mtb exposure but also by BCG 
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vaccinees.230 Indeed, the MGIA assay has been tested as a surrogate 
measure of BCG vaccine- induced protective immunity mediated in 
part by regulation of trained immunity through epigenetic modifi-
cation of key innate cytokine gene expression in macrophages.230 
Therefore, the observation that BCG- mediated protective immu-
nity includes the induction of trained immunity as demonstrated in 
the MGIA assay,230 indirectly supports the notion that the heter-
ologous protection against respiratory infections in infants follow-
ing BCG vaccination at birth, may be due to trained immunity. The 
peak inhibition in MGIA was observed anywhere between 4 and 
12 weeks postvaccination and was dependent on CXCL9, CXCL10, 
and CXCL11 producing CD14dim monocytes.230

6  |  CONCLUSIONS AND FUTURE 
DIREC TIONS

A century of BCG use has shown us that while it is protective against 
TB especially disseminated and meningeal in children, its efficacy 
in preventing TB in adults is highly variable and dependent on sev-
eral factors (summarized in Table 1). What should also be noted is 
that the BCG- induced immune response is still not very well un-
derstood and the immune correlates of TB protection is still not 
well determined. For example, we still do not have a clear picture 
of how BCG antigens are processed, presented and which ones are 
responsible for generating a protective immune response. However, 
recent work in this direction to determine BCG antigens presented 
by MHC- I and MHC- II pathways has provided insight which will be 
crucial for development of future anti- TB vaccines.231 In an effort to 
move beyond BCG and as part of the WHO End TB strategy, multi-
ple anti- TB vaccines have been developed and tested in the recent 
past. Notable among these are MVA85A, H4:IC31, H56:IC31, ID- 93/
GLA- SE, and M72AS01. MVA85A efficacy trials showed that it did 
not reduce the incidence of TB in infants.88 H4:IC31 was found to be 
immunogenic and efficacious in reducing sustained QuantiFERON 
conversion (however, efficacy of BCG revaccination was found to 
be higher than H4:IC31) and phase 1b trial of H56:IC31 showed that 
it is safe and immunogenic in individuals previously vaccinated with 
BCG.163,164 Phase 1 trial of ID- 93/GLA- SE established that it is safe 
and immunogenic232; while a phase 2b controlled trial of M72AS01 
showed that it was 54% efficacious in preventing active TB disease 
in IGRA+ adults.233 Therefore, significant progress is being made in 
finding an alternate TB vaccine. However, this does not undermine 
the significance of BCG. In fact, BCG continues to be relevant for the 
following four reasons. Firstly, because of its wide- ranging effects 
specially on innate immunity, it is well established that BCG reduces 
instances of child- mortality by about 38%,209 reduces respiratory 
infections in children by about 73%,163,206- 208 and also reduces the 
risk of developing melanoma when given at birth.234 Secondly, BCG 
can be used as therapy in bladder cancer, type- 1 diabetes, and mul-
tiple sclerosis. BCG therapy in bladder cancer has been shown to 
reduce tumor progression.235 Also, BCG by virtue of its ability to 
influence immune cell metabolism and epigenetic changes, reduces 

symptoms of autoimmunity in type- 1 diabetes patients and multiple 
sclerosis.128,129,131 Thirdly, as BCG has the capacity to boost non- 
specific immunity, it can serve as an adjuvant for other vaccines. 
This concept has been explored in the field of cancer vaccine de-
velopment236,237 and also TB.238 BCG boosted with subunit candi-
date TB vaccine ID- 93/GLA- SE protects better against aerosol Mtb 
challenge in mice.238 Fourthly, till the time that there is alternative 
and effective TB vaccine, BCG revaccination might be a worthwhile 
strategy to counter TB especially in the light of encouraging data 
from recent BCG revaccination trials/studies.61,114,163 Another pos-
sible benefit of revaccination could be the ability of BCG to induce 
trained immunity which enhances protection against not just Mtb 
but various heterologous insults/challenges in adult life includ-
ing novel pathogens such as SARS- CoV- 2 (Table 2). Interim results 
from the Phase III ACTIVATE trial to study whether BCG vaccina-
tion in the elderly protects against infection and improves survival 
like it does in children, show that BCG vaccination reduces the in-
cidence of infection, predominantly respiratory, and also increases 
the time to first infection.239 Indeed, BCG- induced trained immu-
nity might prove to be very useful in combatting challenges posed 
by pathogens including novel ones such as SARS- CoV- 2.240 Analysis 
of SARS- CoV- 2 infection data showed that countries with manda-
tory BCG vaccination had fewer cases and also significantly lesser 
deaths per million from COVID- 19.241,242 While it is possible that 
the incidence of COVID- 19 might not be different in unvaccinated 
individuals or those vaccinated with BCG at birth or in the recent 
past,243,244 it is certainly possible that BCG- induced trained im-
munity might dampen the severity of infections, prevent fatality as 
well as infection spread in a community.240 To test this hypothesis, 
several trials have been initiated worldwide, an example of which is 
the multi- center BRACE trial which aims to determine whether BCG 
vaccination can protect health workers against COVID- 19.245 Even 
though there are currently no definitive data available with respect 
to effect of BCG on COVID- 19, results from two trials investigating 
the link between BCG vaccination history and COVID- 19 look prom-
ising.244,246 In the first study, individuals vaccinated with BCG in 
the past five years in the Netherlands were studied for incidence of 
COVID- 19 and its symptoms.244 The incidence of COVID- 19 did not 
significantly differ between the vaccinated and unvaccinated arms 
but fewer vaccinated individuals self- reported sickness and fatigue 
(a symptom of COVID- 19) during the pandemic. The authors of this 
study emphasized that their data only demonstrate that BCG vac-
cination during the COVID- 19 pandemic is safe and does not provide 
any evidence of protective effects of BCG for which much larger tri-
als are needed.244 In the second observational study in Los Angeles, 
anti- SARS- CoV- 2 IgG seroprevalence and self- reported COVID- 19 
clinical symptoms were significantly less in healthcare workers 
with a history of BCG vaccination.246 Importantly, such protective 
effects were not observed for pneumococcal, meningococcal, and 
influenza vaccination.246 In contrast to results from the two trials 
described above, BCG vaccination did not confer any protection 
from SARS- CoV- 2 infection and disease symptoms in the most vul-
nerable elderly population according to unpublished data from the 
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BCG- PRIME study.247 These data have raised several questions, for 
example, does BCG vaccination/revaccination dampen COVID- 19 
disease severity, reduce duration of hospital stay, and whether its 
efficacy is associated with age. In summary, definitive data on the 
efficacy of BCG vaccination in the context of COVID- 19 are awaited 
from the large ongoing clinical trials.

Despite its availability over the past 100 years, we are yet to 
fully understand BCG- induced immunity, both innate and adaptive. 
Decoding which immune responses elicited by BCG are protective 
against TB and how to boost them is an important objective for 
future research. Also, in light of its multiple non- specific benefits, 
studying BCG efficacy in preventing not just TB but other infections 
in future vaccination/revaccination trials in infants and adults will 
help in framing effective BCG vaccination policies in the days to 
come.

ACKNOWLEDG EMENTS
We acknowledge the support to our work on BCG revaccination by 
Department of Biotechnology (DBT), Govt. of India and National 
Institutes of Health (NIH), USA, joint DBT- NIH grants: BT/MB/
Indo- US/HIPC/2013 BT/PR30219/MED/15/189/2018 to AV. We 
thank our collaborators and joint holders of the DBT- NIH awards: 
Professors M. Juliana McElrath and Stephen C. De Rosa, Vaccine 
and Infectious Disease Division, Fred Hutchinson Cancer Research 
Centre, Seattle, Washington for their collaboration and support of 
our jointly published and continued work that underpins this review. 
We also acknowledge additional funding by EC HORIZON2020 
TBVAC2020 and EC FP7 EURIPRED (FP7- INFRA- 2012 Grant 
Agreement No. 312661) to AV.

CONFLIC T OF INTERE S T
All authors declare no competing or conflicting interests.

AUTHOR CONTRIBUTIONS
All authors listed have made substantial, direct and intellectual con-
tribution to the work, and approved it for publication.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing not applicable to this article as no datasets were gener-
ated or analysed during the current study.

ORCID
Annapurna Vyakarnam  https://orcid.org/0000-0003-4260-258X 

R E FE R E N C E S
 1. https://www.niaid.nih.gov/disea ses- condi tions/ tuber culosis. 

Accessed March 12, 2021.
 2. Tran V, Liu J, Behr MA. BCG vaccines. Microbiol Spectr. 

2014;2(1):MGM2- 2013.
 3. Luca S, Mihaescu T. History of BCG vaccine. Maedica (Bucur). 

2013;8(1):53- 58.
 4. Zwerling and Lancione. The BCG Atlas: using data science to im-

prove knowledge around a century old vaccine. Nat Microbiol. 
2020. https://go.nature.com/381bhe8. Accessed April 23, 2021.

 5. Garnier T, Eiglmeier K, Camus JC, et al. The complete ge-
nome sequence of Mycobacterium bovis. Proc Natl Acad Sci USA. 
2003;100(13):7877- 7882.

 6. Mahairas GG, Sabo PJ, Hickey MJ, Singh DC, Stover CK. Molecular 
analysis of genetic differences between Mycobacterium bovis BCG 
and virulent M bovis. J Bacteriol. 1996;178(5):1274- 1282.

 7. Flint JL, Kowalski JC, Karnati PK, Derbyshire KM. The RD1 vir-
ulence locus of Mycobacterium tuberculosis regulates DNA 
transfer in Mycobacterium smegmatis. Proc Natl Acad Sci USA. 
2004;101(34):12598- 12603.

 8. Pym AS, Brodin P, Brosch R, Huerre M, Cole ST. Loss of RD1 
contributed to the attenuation of the live tuberculosis vac-
cines Mycobacterium bovis BCG and Mycobacterium microti. Mol 
Microbiol. 2002;46(3):709- 717.

 9. Behr MA, Wilson MA, Gill WP, et al. Comparative genomics 
of BCG vaccines by whole- genome DNA microarray. Science. 
1999;284(5419):1520- 1523.

 10. Ritz N, Curtis N. Mapping the global use of different BCG vaccine 
strains. Tuberculosis. 2009;89(4):248- 251.

 11. Cernuschi T, Malvolti S, Nickels E, Friede M. Bacillus Calmette- 
Guérin (BCG) vaccine: a global assessment of demand and supply 
balance. Vaccine. 2018;36(4):498- 506.

 12. Anderson EJ, Webb EL, Mawa PA, et al. The influence of BCG 
vaccine strain on mycobacteria- specific and non- specific immune 
responses in a prospective cohort of infants in Uganda. Vaccine. 
2012;30(12):2083- 2089.

 13. Kiravu A, Osawe S, Happel AU, et al. Bacille Calmette- Guérin vac-
cine strain modulates the ontogeny of both mycobacterial- specific 
and heterologous T cell immunity to vaccination in infants. Front 
Immunol. 2019;10:2307.

 14. Schaltz- Buchholzer F, Bjerregaard- Andersen M, Øland CB, et al. 
Early vaccination with bacille Calmette- Guérin- Denmark or BCG- 
Japan versus BCG- Russia to healthy newborns in Guinea- Bissau: a 
randomized controlled trial. Clin Infect Dis. 2020;71(8):1883- 1893.

 15. Colditz GA, Brewer TF, Berkey CS, et al. Efficacy of BCG vaccine 
in the prevention of tuberculosis. Meta- analysis of the published 
literature. JAMA. 1994;271(9):698- 702.

 16. Mangtani P, Abubakar I, Ariti C, et al. Protection by BCG vaccine 
against tuberculosis: a systematic review of randomized controlled 
trials. Clin Infect Dis. 2014;58(4):470- 480.

 17. Harris RC, Sumner T, Knight GM, White RG. Systematic re-
view of mathematical models exploring the epidemiologi-
cal impact of future TB vaccines. Hum Vaccin Immunother. 
2016;12(11):2813- 2832.

 18. Hart PD, Sutherland I. BCG and vole bacillus vaccines in the pre-
vention of tuberculosis in adolescence and early adult life. Br Med 
J. 1977;2(6082):293- 295.

 19. Narayanan PR. Influence of sex, age & nontuberculous infection at 
intake on the efficacy of BCG: re- analysis of 15- year data from a 
double- blind randomized control trial in South India. Indian J Med 
Res. 2006;123(2):119- 124.

 20. Abubakar I, Pimpin L, Ariti C, et al. Systematic review and meta- 
analysis of the current evidence on the duration of protection by 
bacillus Calmette- Guérin vaccination against tuberculosis. Health 
Technol Assess. 2013;17(37):pp. 1– 372, v– vi.

 21. Dockrell HM, Smith SG. What have we learnt about BCG vaccina-
tion in the last 20 years? Front Immunol. 2017;8:1134.

 22. Scriba TJ, Netea MG, Ginsberg AM. Key recent advances in TB 
vaccine development and understanding of protective immune 
responses against Mycobacterium tuberculosis. Semin Immunol. 
2020;50:101431.

 23. Tsuji S, Matsumoto M, Takeuchi O, et al. Maturation of human 
dendritic cells by cell wall skeleton of Mycobacterium bovis bacillus 
Calmette- Guérin: involvement of toll- like receptors. Infect Immun. 
2000;68(12):6883- 6890.

https://orcid.org/0000-0003-4260-258X
https://orcid.org/0000-0003-4260-258X
https://www.niaid.nih.gov/diseases-conditions/tuberculosis
https://go.nature.com/381bhe8


    |  115AHMED Et Al.

 24. Ahmed A, Das A, Mukhopadhyay S. Immunoregulatory functions 
and expression patterns of PE/PPE family members: roles in 
pathogenicity and impact on anti- tuberculosis vaccine and drug 
design. IUBMB Life. 2015;67(6):414- 427.

 25. Colaco CA, Bailey CR, Walker KB, Keeble J. Heat shock proteins: 
stimulators of innate and acquired immunity. Biomed Res Int. 
2013;2013:461230.

 26. Moliva JI, Turner J, Torrelles JB. Immune responses to bacillus 
Calmette- Guérin vaccination: why do they fail to protect against 
Mycobacterium tuberculosis? Front Immunol. 2017;8:407.

 27. Sendide K, Reiner NE, Lee JS, Bourgoin S, Talal A, Hmama Z. 
Cross- talk between CD14 and complement receptor 3 promotes 
phagocytosis of mycobacteria: regulation by phosphatidylinositol 
3- kinase and cytohesin- 1. J Immunol. 2005;174(7):4210- 4219.

 28. Heldwein KA, Liang MD, Andresen TK, et al. TLR2 and TLR4 serve 
distinct roles in the host immune response against Mycobacterium 
bovis BCG. J Leukoc Biol. 2003;74(2):277- 286.

 29. Turner J, Torrelles JB. Mannose- capped lipoarabinoman-
nan in Mycobacterium tuberculosis pathogenesis. Pathog Dis. 
2018;76(4):fty026.

 30. Patin EC, Orr SJ, Schaible UE. Macrophage inducible C- type lectin 
as a multifunctional player in immunity. Front Immunol. 2017;8:861.

 31. Kleinnijenhuis J, Quintin J, Preijers F, et al. Bacille Calmette- Guerin 
induces NOD2- dependent nonspecific protection from reinfec-
tion via epigenetic reprogramming of monocytes. Proc Natl Acad 
Sci USA. 2012;109(43):17537- 17542.

 32. Gagliardi MC, Teloni R, Giannoni F, et al. Mycobacterium bovis 
Bacillus Calmette- Guerin infects DC- SIGN-  dendritic cell and 
causes the inhibition of IL- 12 and the enhancement of IL- 10 pro-
duction. J Leukoc Biol. 2005;78(1):106- 113.

 33. Driessen NN, Ummels R, Maaskant JJ, et al. Role of phosphatidy-
linositol mannosides in the interaction between mycobacteria and 
DC- SIGN. Infect Immun. 2009;77(10):4538- 4547.

 34. Pecora ND, Fulton SA, Reba SM, et al. Mycobacterium bovis 
BCG decreases MHC- II expression in vivo on murine lung macro-
phages and dendritic cells during aerosol infection. Cell Immunol. 
2009;254(2):94- 104.

 35. Stylianou E, Pepponi I, van Dolleweerd CJ, Paul MJ, Ma JK, 
Reljic R. Exploring the vaccine potential of Dec- 205 target-
ing in Mycobacterium tuberculosis infection in mice. Vaccine. 
2011;29(12):2279- 2286.

 36. Yadav M, Schorey JS. The beta- glucan receptor dectin- 1 functions 
together with TLR2 to mediate macrophage activation by myco-
bacteria. Blood. 2006;108(9):3168- 3175.

 37. Rothfuchs AG, Bafica A, Feng CG, et al. Dectin- 1 interac-
tion with Mycobacterium tuberculosis leads to enhanced 
IL- 12p40 production by splenic dendritic cells. J Immunol. 
2007;179(6):3463- 3471.

 38. Hölscher C, Reiling N, Schaible UE, et al. Containment of aero-
genic Mycobacterium tuberculosis infection in mice does not re-
quire MyD88 adaptor function for TLR2, - 4 and - 9. Eur J Immunol. 
2008;38(3):680- 694.

 39. Court N, Vasseur V, Vacher R, et al. Partial redundancy of the 
pattern recognition receptors, scavenger receptors, and C- type 
lectins for the long- term control of Mycobacterium tuberculosis in-
fection. J Immunol. 2010;184(12):7057- 7070.

 40. Minassian AM, Satti I, Poulton ID, Meyer J, Hill AV, McShane 
H. A human challenge model for Mycobacterium tuberculosis 
using Mycobacterium bovis bacille Calmette- Guerin. J Infect Dis. 
2012;205(7):1035- 1042.

 41. Morel C, Badell E, Abadie V, et al. Mycobacterium bovis BCG- 
infected neutrophils and dendritic cells cooperate to induce 
specific T cell responses in humans and mice. Eur J Immunol. 
2008;38(2):437- 447.

 42. Bisiaux A, Boussier J, Duffy D, et al. Deconvolution of the re-
sponse to bacillus Calmette- Guérin reveals NF- κB- induced 

cytokines as autocrine mediators of innate immunity. Front 
Immunol. 2017;8:796.

 43. de Chastellier C. The many niches and strategies used by patho-
genic mycobacteria for survival within host macrophages. 
Immunobiology. 2009;214(7):526- 542.

 44. Marakalala MJ, Martinez FO, Plüddemann A, Gordon S. 
Macrophage heterogeneity in the immunopathogenesis of tuber-
culosis. Front Microbiol. 2018;9:1028.

 45. Hussain Bhat K, Mukhopadhyay S. Macrophage takeover and 
the host- bacilli interplay during tuberculosis. Future Microbiol. 
2015;10(5):853- 872.

 46. Bickett TE, McLean J, Creissen E, et al. Characterizing the BCG 
induced macrophage and neutrophil mechanisms for defense 
against Mycobacterium tuberculosis. Front Immunol. 2020;11:1202.

 47. Yang SJ, Chen YY, Hsu CH, et al. Activation of M1 macrophages 
in response to recombinant TB vaccines with enhanced antimyco-
bacterial activity. Front Immunol. 2020;11:1298.

 48. Ly LH, Barhoumi R, Cho SH, Franzblau SG, McMurray DN. 
Vaccination with Bacille- Calmette Guérin promotes mycobacte-
rial control in guinea pig macrophages infected in vivo. J Infect Dis. 
2008;198(5):768- 771.

 49. Atkinson S, Valadas E, Smith SM, Lukey PT, Dockrell HM. 
Monocyte- derived macrophage cytokine responses induced by M 
bovis BCG. Tuber Lung Dis. 2000;80(4– 5):197- 207.

 50. Lombard R, Doz E, Carreras F, et al. IL- 17RA in non- hematopoietic 
cells controls CXCL- 1 and 5 critical to recruit neutrophils to the 
lung of mycobacteria- infected mice during the adaptive immune 
response. PLoS One. 2016;11(2):e0149455.

 51. Ryder BM, Sandford SK, Manners KM, Dalton JP, Wiles S, Kirman 
JR. Gr1int/high cells dominate the early phagocyte response to my-
cobacterial lung infection in mice. Front Microbiol. 2019;10:402.

 52. Suttmann H, Lehan N, Böhle A, Brandau S. Stimulation of neutrophil 
granulocytes with Mycobacterium bovis bacillus Calmette- Guérin 
induces changes in phenotype and gene expression and inhibits 
spontaneous apoptosis. Infect Immun. 2003;71(8):4647- 4656.

 53. Kroon EE, Coussens AK, Kinnear C, et al. Neutrophils: innate ef-
fectors of TB resistance? Front Immunol. 2018;9:2637.

 54. Henao- Tamayo M, Obregón- Henao A, Creissen E, Shanley C, Orme I, 
Ordway DJ. Differential Mycobacterium bovis BCG vaccine- derived ef-
ficacy in C3Heb/FeJ and C3H/HeOuJ mice exposed to a clinical strain 
of Mycobacterium tuberculosis. Clin Vaccine Immunol. 2015;22(1):91- 98.

 55. Berry MP, Graham CM, McNab FW, et al. An interferon- inducible 
neutrophil- driven blood transcriptional signature in human tuber-
culosis. Nature. 2010;466(7309):973- 977.

 56. Bollampalli VP, Harumi Yamashiro L, Feng X, et al. BCG skin in-
fection triggers IL- 1R- MyD88- dependent migration of EpCAMlow 
CD11bhigh skin dendritic cells to draining lymph node during 
CD4+ T- cell priming. PLoS Pathog. 2015;11(10):e1005206.

 57. Arnold IC, Zhang X, Artola- Boran M, et al. BATF3- dependent den-
dritic cells drive both effector and regulatory T- cell responses in 
bacterially infected tissues. PLoS Pathog. 2019;15(6):e1007866.

 58. Kim KD, Lee HG, Kim JK, et al. Enhanced antigen- presenting ac-
tivity and tumour necrosis factor- alpha- independent activation of 
dendritic cells following treatment with Mycobacterium bovis bacil-
lus Calmette- Guérin. Immunology. 1999;97(4):626- 633.

 59. Martino A, Sacchi A, Sanarico N, et al. Dendritic cells derived from 
BCG- infected precursors induce Th2- like immune response. J 
Leukoc Biol. 2004;76(4):827- 834.

 60. Madura Larsen J, Benn CS, Fillie Y, van der Kleij D, Aaby P, 
Yazdanbakhsh M. BCG stimulated dendritic cells induce an in-
terleukin- 10 producing T- cell population with no T helper 1 or T 
helper 2 bias in vitro. Immunology. 2007;121(2):276- 282.

 61. Suliman S, Geldenhuys H, Johnson JL, et al. Bacillus Calmette- 
Guérin (BCG) revaccination of adults with latent Mycobacterium 
tuberculosis infection induces long- lived BCG- reactive NK cell re-
sponses. J Immunol. 2016;197(4):1100- 1110.



116  |    AHMED Et Al.

 62. Steigler P, Daniels NJ, McCulloch TR, Ryder BM, Sandford SK, 
Kirman JR. BCG vaccination drives accumulation and effector 
function of innate lymphoid cells in murine lungs. Immunol Cell Biol. 
2018;96(4):379- 389.

 63. Suliman S, Murphy M, Musvosvi M, et al. MR1- independent acti-
vation of human mucosal- associated invariant T cells by mycobac-
teria. J Immunol. 2019;203(11):2917- 2927.

 64. Feng CG, Britton WJ. CD4+ and CD8+ T cells mediate adoptive 
immunity to aerosol infection of Mycobacterium bovis bacillus 
Calmette- Guerin. J Infect Dis. 2000;181(5):1846- 1849.

 65. Wang J, Santosuosso M, Ngai P, Zganiacz A, Xing Z. Activation 
of CD8 T cells by mycobacterial vaccination protects against pul-
monary tuberculosis in the absence of CD4 T cells. J Immunol. 
2004;173(7):4590- 4597.

 66. Chen CY, Huang D, Wang RC, et al. A critical role for CD8 T 
cells in a nonhuman primate model of tuberculosis. PLoS Pathog. 
2009;5(4):e1000392.

 67. Ravn P, Boesen H, Pedersen BK, Andersen P. Human T cell re-
sponses induced by vaccination with Mycobacterium bovis bacillus 
Calmette- Guérin. J Immunol. 1997;158(4):1949- 1955.

 68. Vekemans J, Amedei A, Ota MO, et al. Neonatal bacillus Calmette- 
Guérin vaccination induces adult- like IFN- gamma production by 
CD4+ T lymphocytes. Eur J Immunol. 2001;31(5):1531- 1535.

 69. Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR. An 
essential role for interferon gamma in resistance to Mycobacterium 
tuberculosis infection. J Exp Med. 1993;178(6):2249- 2254.

 70. Ottenhoff TH, Verreck FA, Hoeve MA, van de Vosse E. Control 
of human host immunity to mycobacteria. Tuberculosis. 
2005;85(1– 2):53- 64.

 71. Abebe F. Is interferon- gamma the right marker for bacille 
Calmette- Guérin- induced immune protection? The missing link in 
our understanding of tuberculosis immunology. Clin Exp Immunol. 
2012;169(3):213- 219.

 72. McShane H, Pathan AA, Sander CR, et al. Recombinant modified 
vaccinia virus Ankara expressing antigen 85A boosts BCG- primed 
and naturally acquired antimycobacterial immunity in humans. Nat 
Med. 2004;10(11):1240- 1244.

 73. Shen H, Wang C, Yang E, et al. Novel recombinant BCG coexpress-
ing Ag85B, ESAT- 6 and mouse TNF- alpha induces significantly en-
hanced cellular immune and antibody responses in C57BL/6 mice. 
Microbiol Immunol. 2010;54(8):435- 441.

 74. Christy AJ, Dharman K, Dhandapaani G, et al. Epitope based re-
combinant BCG vaccine elicits specific Th1 polarized immune re-
sponses in BALB/c mice. Vaccine. 2012;30(7):1364- 1370.

 75. Yang E, Lu Y, Xu Y, et al. Recombinant BCG coexpressing Ag85B, 
ESAT- 6 and Rv3620c elicits specific Th1 immune responses in 
C57BL/6 mice. Microb Pathog. 2014;69– 70:53- 59.

 76. Dhar N, Rao V, Tyagi AK. Skewing of the Th1/Th2 responses in 
mice due to variation in the level of expression of an antigen in a 
recombinant BCG system. Immunol Lett. 2003;88(3):175- 184.

 77. Haile M, Schröder U, Hamasur B, et al. Immunization with heat- 
killed Mycobacterium bovis bacille Calmette- Guerin (BCG) in 
Eurocine L3 adjuvant protects against tuberculosis. Vaccine. 
2004;22(11– 12):1498- 1508.

 78. Marchant A, Goetghebuer T, Ota MO, et al. Newborns de-
velop a Th1- type immune response to Mycobacterium 
bovis bacillus Calmette- Guérin vaccination. J Immunol. 
1999;163(4):2249- 2255.

 79. Fletcher HA, Snowden MA, Landry B, et al. T- cell activation is an 
immune correlate of risk in BCG vaccinated infants. Nat Commun. 
2016;7:11290.

 80. Hoft DF, Worku S, Kampmann B, et al. Investigation of the 
relationships between immune- mediated inhibition of my-
cobacterial growth and other potential surrogate markers of 
protective Mycobacterium tuberculosis immunity. J Infect Dis. 
2002;186(10):1448- 1457.

 81. Cowley SC, Elkins KL. CD4+ T cells mediate IFN- gamma- 
independent control of Mycobacterium tuberculosis infection both 
in vitro and in vivo. J Immunol. 2003;171(9):4689- 4699.

 82. Mittrücker HW, Steinhoff U, Köhler A, et al. Poor correla-
tion between BCG vaccination- induced T cell responses 
and protection against tuberculosis. Proc Natl Acad Sci USA. 
2007;104(30):12434- 12439.

 83. Caruso AM, Serbina N, Klein E, Triebold K, Bloom BR, Flynn JL. 
Mice deficient in CD4 T cells have only transiently diminished 
levels of IFN- gamma, yet succumb to tuberculosis. J Immunol. 
1999;162(9):5407- 5416.

 84. Bhatt K, Verma S, Ellner JJ, Salgame P. Quest for correlates 
of protection against tuberculosis. Clin Vaccine Immunol. 
2015;22(3):258- 266.

 85. Derrick SC, Yabe IM, Yang A, Morris SL. Vaccine- induced anti- 
tuberculosis protective immunity in mice correlates with the 
magnitude and quality of multifunctional CD4 T cells. Vaccine. 
2011;29(16):2902- 2909.

 86. Kagina BM, Abel B, Scriba TJ, et al. Specific T cell frequency and 
cytokine expression profile do not correlate with protection 
against tuberculosis after bacillus Calmette- Guérin vaccination of 
newborns. Am J Respir Crit Care Med. 2010;182(8):1073- 1079.

 87. Hawkridge T, Scriba TJ, Gelderbloem S, et al. Safety and immuno-
genicity of a new tuberculosis vaccine, MVA85A, in healthy adults 
in South Africa. J Infect Dis. 2008;198(4):544- 552.

 88. Tameris MD, Hatherill M, Landry BS, et al. Safety and efficacy of 
MVA85A, a new tuberculosis vaccine, in infants previously vacci-
nated with BCG: a randomised, placebo- controlled phase 2b trial. 
Lancet. 2013;381(9871):1021- 1028.

 89. Caccamo N, Guggino G, Joosten SA, et al. Multifunctional CD4(+) 
T cells correlate with active Mycobacterium tuberculosis infection. 
Eur J Immunol. 2010;40(8):2211- 2220.

 90. Gopal R, Monin L, Slight S, et al. Unexpected role for IL- 17 in pro-
tective immunity against hypervirulent Mycobacterium tuberculosis 
HN878 infection. PLoS Pathog. 2014;10(5):e1004099.

 91. Treerat P, Prince O, Cruz- Lagunas A, et al. Novel role for IL- 22 in 
protection during chronic Mycobacterium tuberculosis HN878 in-
fection. Mucosal Immunol. 2017;10(4):1069- 1081.

 92. Scriba TJ, Kalsdorf B, Abrahams DA, et al. Distinct, specific 
IL- 17-  and IL- 22- producing CD4+ T cell subsets contribute to 
the human anti- mycobacterial immune response. J Immunol. 
2008;180(3):1962- 1970.

 93. Chen X, Zhang M, Liao M, et al. Reduced Th17 response in pa-
tients with tuberculosis correlates with IL- 6R expression on CD4+ 
T Cells. Am J Respir Crit Care Med. 2010;181(7):734- 742.

 94. Chen YC, Chin CH, Liu SF, et al. Prognostic values of serum IP- 
10 and IL- 17 in patients with pulmonary tuberculosis. Dis Markers. 
2011;31(2):101- 110.

 95. Rakshit S, Adiga V, Nayak S, et al. Circulating Mycobacterium tuber-
culosis DosR latency antigen- specific, polyfunctional, regulatory 
IL10+ Th17 CD4 T- cells differentiate latent from active tuberculo-
sis. Sci Rep. 2017;7(1):11948.

 96. Rakshit S, Hingankar N, Alampalli SV, et al. HIV skews a balanced 
Mtb- specific Th17 response in latent tuberculosis subjects to 
a pro- inflammatory profile independent of viral load. Cell Rep. 
2020;33(9):108451.

 97. Scriba TJ, Penn- Nicholson A, Shankar S, et al. Sequential inflamma-
tory processes define human progression from M tuberculosis infec-
tion to tuberculosis disease. PLoS Pathog. 2017;13(11):e1006687.

 98. Li Q, Li J, Tian J, et al. IL- 17 and IFN- γ production in peripheral blood 
following BCG vaccination and Mycobacterium tuberculosis infec-
tion in human. Eur Rev Med Pharmacol Sci. 2012;16(14):2029- 2036.

 99. Griffiths KL, Khader SA. Novel vaccine approaches for protection 
against intracellular pathogens. Curr Opin Immunol. 2014;28:58- 63.

 100. Wozniak TM, Saunders BM, Ryan AA, Britton WJ. Mycobacterium 
bovis BCG- specific Th17 cells confer partial protection against 



    |  117AHMED Et Al.

Mycobacterium tuberculosis infection in the absence of gamma in-
terferon. Infect Immun. 2010;78(10):4187- 4194.

 101. Monin L, Griffiths KL, Slight S, Lin Y, Rangel- Moreno J, Khader 
SA. Immune requirements for protective Th17 recall responses 
to Mycobacterium tuberculosis challenge. Mucosal Immunol. 
2015;8(5):1099- 1109.

 102. Khader SA, Bell GK, Pearl JE, et al. IL- 23 and IL- 17 in the estab-
lishment of protective pulmonary CD4+ T cell responses after 
vaccination and during Mycobacterium tuberculosis challenge. Nat 
Immunol. 2007;8(4):369- 377.

 103. Cruz A, Fraga AG, Fountain JJ, et al. Pathological role of in-
terleukin 17 in mice subjected to repeated BCG vaccination 
after infection with Mycobacterium tuberculosis. J Exp Med. 
2010;207(8):1609- 1616.

 104. Cruz A, Torrado E, Carmona J, et al. BCG vaccination- induced 
long- lasting control of Mycobacterium tuberculosis correlates with 
the accumulation of a novel population of CD4⁺IL- 17⁺TNF⁺IL- 2⁺ T 
cells. Vaccine. 2015;33(1):85- 91.

 105. Aguilo N, Alvarez- Arguedas S, Uranga S, et al. Pulmonary but 
not subcutaneous delivery of BCG vaccine confers protection 
to tuberculosis- susceptible mice by an interleukin 17- dependent 
mechanism. J Infect Dis. 2016;213(5):831- 839.

 106. Gideon HP, Phuah J, Myers AJ, et al. Variability in tuberculo-
sis granuloma T cell responses exists, but a balance of pro-  and 
anti- inflammatory cytokines is associated with sterilization. PLoS 
Pathog. 2015;11(1):e1004603.

 107. Desel C, Dorhoi A, Bandermann S, Grode L, Eisele B, Kaufmann SH. 
Recombinant BCG ΔureC hly+ induces superior protection over 
parental BCG by stimulating a balanced combination of type 1 and 
type 17 cytokine responses. J Infect Dis. 2011;204(10):1573- 1584.

 108. Loxton AG, Knaul JK, Grode L, et al. Safety and immunogenicity 
of the recombinant Mycobacterium bovis BCG vaccine VPM1002 
in HIV- unexposed newborn infants in South Africa. Clin Vaccine 
Immunol. 2017;24(2):e00439- 16.

 109. da Costa AC, Costa- Júnior Ade O, de Oliveira FM, et al. A new 
recombinant BCG vaccine induces specific Th17 and Th1 effec-
tor cells with higher protective efficacy against tuberculosis. PLoS 
One. 2014;9(11):e112848.

 110. Darrah PA, Zeppa JJ, Maiello P, et al. Prevention of tuberculo-
sis in macaques after intravenous BCG immunization. Nature. 
2020;577(7788):95- 102.

 111. Dijkman K, Sombroek CC, Vervenne RAW, et al. Prevention of 
tuberculosis infection and disease by local BCG in repeatedly ex-
posed rhesus macaques. Nat Med. 2019;25(2):255- 262.

 112. Cadena AM, Hopkins FF, Maiello P, et al. Concurrent infec-
tion with Mycobacterium tuberculosis confers robust protec-
tion against secondary infection in macaques. PLoS Pathog. 
2018;14(10):e1007305.

 113. Smith SG, Zelmer A, Blitz R, Fletcher HA, Dockrell HM. 
Polyfunctional CD4 T- cells correlate with in vitro mycobacterial 
growth inhibition following Mycobacterium bovis BCG- vaccination 
of infants. Vaccine. 2016;34(44):5298- 5305.

 114. Rakshit S, Ahmed A, Adiga V, et al. BCG revaccination boosts 
adaptive polyfunctional Th1/Th17 and innate effectors in IGRA+ 
and IGRA-  Indian adults. JCI Insight. 2019;4(24):e130540.

 115. Ahmed A, Vyakarnam A. Emerging patterns of regulatory T cell 
function in tuberculosis. Clin Exp Immunol. 2020;202(3):273- 287.

 116. Shafiani S, Dinh C, Ertelt JM, et al. Pathogen- specific Treg cells 
expand early during mycobacterium tuberculosis infection but 
are later eliminated in response to Interleukin- 12. Immunity. 
2013;38(6):1261- 1270.

 117. Green AM, Mattila JT, Bigbee CL, Bongers KS, Lin PL, Flynn JL. CD4(+) 
regulatory T cells in a cynomolgus macaque model of Mycobacterium 
tuberculosis infection. J Infect Dis. 2010;202(4):533- 541.

 118. Chen CY, Huang D, Yao S, et al. IL- 2 simultaneously expands 
Foxp3+ T regulatory and T effector cells and confers resistance to 

severe tuberculosis (TB): implicative Treg- T effector cooperation 
in immunity to TB. J Immunol. 2012;188(9):4278- 4288.

 119. Ahmed A, Adiga V, Nayak S, et al. Circulating HLA- DR+CD4+ 
effector memory T cells resistant to CCR5 and PD- L1 mediated 
suppression compromise regulatory T cell function in tuberculosis. 
PLoS Pathog. 2018;14(9):e1007289.

 120. Burl S, Hill PC, Jeffries DJ, et al. FOXP3 gene expression in a tuber-
culosis case contact study. Clin Exp Immunol. 2007;149(1):117- 122.

 121. Boer MC, Prins C, van Meijgaarden KE, van Dissel JT, Ottenhoff 
TH, Joosten SA Mycobacterium bovis BCG vaccination induces di-
vergent proinflammatory or regulatory T cell responses in adults. 
Clin Vaccine Immunol. 2015;22(7):778- 788.

 122. Chen C, Xu H, Peng Y, et al. Elevation in the counts of IL- 35- 
producing B cells infiltrating into lung tissue in mycobacterial in-
fection is associated with the downregulation of Th1/Th17 and 
upregulation of Foxp3+Treg. Sci Rep. 2020;10(1):13212.

 123. Radhakrishnan RK, Thandi RS, Tripathi D, et al. BCG vaccination 
reduces the mortality of Mycobacterium tuberculosis- infected type 
2 diabetes mellitus mice. JCI Insight. 2020;5(5):e133788.

 124. Jaron B, Maranghi E, Leclerc C, Majlessi L. Effect of attenuation 
of Treg during BCG immunization on anti- mycobacterial Th1 re-
sponses and protection against Mycobacterium tuberculosis. PLoS 
One. 2008;3(7):e2833.

 125. Xu H, Jia Y, Li Y, et al. IL- 10 dampens the Th1 and Tc activation 
through modulating DC functions in BCG vaccination. Mediators 
Inflamm. 2019;2019:8616154.

 126. Quinn KM, Rich FJ, Goldsack LM, et al. Accelerating the second-
ary immune response by inactivating CD4(+)CD25(+) T regulatory 
cells prior to BCG vaccination does not enhance protection against 
tuberculosis. Eur J Immunol. 2008;38(3):695- 705.

 127. Ristori G, Romano S, Cannoni S, et al. Effects of Bacille Calmette- 
Guerin after the first demyelinating event in the CNS. Neurology. 
2014;82(1):41- 48.

 128. Kühtreiber WM, Tran L, Kim T, et al. Long- term reduction in hyper-
glycemia in advanced type 1 diabetes: the value of induced aerobic 
glycolysis with BCG vaccinations. NPJ Vaccines. 2018;3:23.

 129. Lippens C, Garnier L, Guyonvarc'h PM, Santiago- Raber ML, 
Hugues S. Extended freeze- dried BCG instructed pDCs in-
duce suppressive tregs and dampen EAE. Front Immunol. 
2018;9:2777.

 130. Faustman DL. Benefits of BCG- induced metabolic switch from ox-
idative phosphorylation to aerobic glycolysis in autoimmune and 
nervous system diseases. J Intern Med. 2020;288(6):641- 650.

 131. Ristori G, Faustman D, Matarese G, Romano S, Salvetti M. Bridging 
the gap between vaccination with Bacille Calmette- Guérin (BCG) 
and immunological tolerance: the cases of type 1 diabetes and 
multiple sclerosis. Curr Opin Immunol. 2018;55:89- 96.

 132. Pitt JM, Stavropoulos E, Redford PS, et al. Blockade of IL- 10 sig-
naling during bacillus Calmette- Guérin vaccination enhances and 
sustains Th1, Th17, and innate lymphoid IFN- γ and IL- 17 responses 
and increases protection to Mycobacterium tuberculosis infection. J 
Immunol. 2012;189(8):4079- 4087.

 133. Pooransingh S, Sakhamuri S. Need for BCG vaccination to prevent 
TB in high- incidence countries and populations. Emerg Infect Dis. 
2020;26(3):624- 625.

 134. Zwerling A, Behr MA, Verma A, Brewer TF, Menzies D, Pai M. The 
BCG World Atlas: a database of global BCG vaccination policies 
and practices. PLoS Medicine. 2011;8(3):e1001012.

 135. Fine PE. Variation in protection by BCG: implications of and for 
heterologous immunity. Lancet. 1995;346(8986):1339- 1345.

 136. Venkataraman A, Yusuff M, Liebeschuetz S, Riddell A, Prendergast 
AJ. Management and outcome of Bacille Calmette- Guérin vaccine 
adverse reactions. Vaccine. 2015;33(41):5470- 5474.

 137. Al- Hammadi S, Alsuwaidi AR, Alshamsi ET, Ghatasheh GA, Souid 
AK. Disseminated Bacillus Calmette- Guérin (BCG) infections in in-
fants with immunodeficiency. BMC Res Notes. 2017;10(1):177.



118  |    AHMED Et Al.

 138. Richardus RA, Butlin CR, Alam K, Kundu K, Geluk A, Richardus JH. 
Clinical manifestations of leprosy after BCG vaccination: an obser-
vational study in Bangladesh. Vaccine. 2015;33(13):1562- 1567.

 139. Trunz BB, Fine P, Dye C. Effect of BCG vaccination on child-
hood tuberculous meningitis and miliary tuberculosis worldwide: 
a meta- analysis and assessment of cost- effectiveness. Lancet. 
2006;367(9517):1173- 1180.

 140. Roy A, Eisenhut M, Harris RJ, et al. Effect of BCG vaccination 
against Mycobacterium tuberculosis infection in children: system-
atic review and meta- analysis. BMJ. 2014;349:g4643.

 141. Andersen P, Doherty TM. The success and failure of BCG –  im-
plications for a novel tuberculosis vaccine. Nat Rev Microbiol. 
2005;3(8):656- 662.

 142. Moliva JI, Turner J, Torrelles JB. Prospects in Mycobacterium bovis 
Bacille Calmette et Guérin (BCG) vaccine diversity and deliv-
ery: why does BCG fail to protect against tuberculosis? Vaccine. 
2015;33(39):5035- 5041.

 143. Angelidou A, Diray- Arce J, Conti MG, et al. BCG as a case study 
for precision vaccine development: lessons from vaccine hetero-
geneity, trained immunity, and immune ontogeny. Front Microbiol. 
2020;11:332.

 144. Aronson NE, Santosham M, Comstock GW, et al. Long- term ef-
ficacy of BCG vaccine in American Indians and Alaska Natives: a 
60- year follow- up study. JAMA. 2004;291(17):2086- 2091.

 145. Nguipdop- Djomo P, Heldal E, Rodrigues LC, Abubakar I, Mangtani 
P. Duration of BCG protection against tuberculosis and change 
in effectiveness with time since vaccination in Norway: a ret-
rospective population- based cohort study. Lancet Infect Dis. 
2016;16(2):219- 226.

 146. Whittaker E, Nicol MP, Zar HJ, Tena- Coki NG, Kampmann B. Age- 
related waning of immune responses to BCG in healthy children 
supports the need for a booster dose of BCG in TB endemic coun-
tries. Sci Rep. 2018;8(1):15309.

 147. Kagina BM, Abel B, Bowmaker M, et al. Delaying BCG vaccination 
from birth to 10 weeks of age may result in an enhanced memory 
CD4 T cell response. Vaccine. 2009;27(40):5488- 5495.

 148. Burl S, Adetifa UJ, Cox M, et al. Delaying bacillus Calmette- 
Guérin vaccination from birth to 4 1/2 months of age reduces 
postvaccination Th1 and IL- 17 responses but leads to compa-
rable mycobacterial responses at 9 months of age. J Immunol. 
2010;185(4):2620- 2628.

 149. Shann F. Editorial commentary: different strains of bacillus 
calmette- guérin vaccine have very different effects on tuberculo-
sis and on unrelated infections. Clin Infect Dis. 2015;61(6):960- 962.

 150. Brewer TF, Colditz GA. Relationship between bacille Calmette- 
Guérin (BCG) strains and the efficacy of BCG vaccine in the pre-
vention of tuberculosis. Clin Infect Dis. 1995;20(1):126- 135.

 151. Favorov M, Ali M, Tursunbayeva A, et al. Comparative tuberculo-
sis (TB) prevention effectiveness in children of Bacillus Calmette- 
Guérin (BCG) vaccines from different sources, Kazakhstan. PLoS 
One. 2012;7(3):e32567.

 152. Ritz N, Dutta B, Donath S, et al. The influence of bacille Calmette- 
Guerin vaccine strain on the immune response against tuberculosis: 
a randomized trial. Am J Respir Crit Care Med. 2012;185(2):213- 222.

 153. Palmer CE, Long MW. Effects of infection with atypical myco-
bacteria on BCG vaccination and tuberculosis. Am Rev Respir Dis. 
1966;94(4):553- 568.

 154. Poyntz HC, Stylianou E, Griffiths KL, Marsay L, Checkley AM, 
McShane H. Non- tuberculous mycobacteria have diverse effects 
on BCG efficacy against Mycobacterium tuberculosis. Tuberculosis. 
2014;94(3):226- 237.

 155. Verma D, Chan ED, Ordway DJ. Non- tuberculous mycobacteria in-
terference with BCG- current controversies and future directions. 
Vaccines (Basel). 2020;8(4):688.

 156. Brandt L, Feino Cunha J, Weinreich Olsen A, et al. Failure of the 
Mycobacterium bovis BCG vaccine: some species of environmental 

mycobacteria block multiplication of BCG and induction of protec-
tive immunity to tuberculosis. Infect Immun. 2002;70(2):672- 678.

 157. Black GF, Weir RE, Floyd S, et al. BCG- induced increase in 
interferon- gamma response to mycobacterial antigens and effi-
cacy of BCG vaccination in Malawi and the UK: two randomised 
controlled studies. Lancet. 2002;359(9315):1393- 1401.

 158. Weir RE, Black GF, Nazareth B, et al. The influence of previous 
exposure to environmental mycobacteria on the interferon- 
gamma response to bacille Calmette- Guerin vaccination in 
southern England and northern Malawi. Clin Exp Immunol. 
2006;146(3):390- 399.

 159. Kaufmann SH, Cotton MF, Eisele B, et al. The BCG replacement 
vaccine VPM1002: from drawing board to clinical trial. Expert Rev 
Vaccines. 2014;13(5):619- 630.

 160. Nieuwenhuizen NE, Kulkarni PS, Shaligram U, et al. The 
Recombinant bacille Calmette- Guérin vaccine VPM1002: ready 
for clinical efficacy testing. Front Immunol. 2017;8:1147.

 161. Grode L, Ganoza CA, Brohm C, Weiner J 3rd, Eisele B, Kaufmann 
SH. Safety and immunogenicity of the recombinant BCG vac-
cine VPM1002 in a phase 1 open- label randomized clinical trial. 
Vaccine. 2013;31(9):1340- 1348.

 162. Kaufmann SHE. Vaccination against tuberculosis: revamping BCG 
by molecular genetics guided by immunology. Front Immunol. 
2020;11:316.

 163. Nemes E, Geldenhuys H, Rozot V, et al. Prevention of M tuberculo-
sis infection with H4:IC31 vaccine or BCG revaccination. N Engl J 
Med. 2018;379(2):138- 149.

 164. Bekker LG, Dintwe O, Fiore- Gartland A, et al. A phase 1b ran-
domized study of the safety and immunological responses to 
vaccination with H4:IC31, H56:IC31, and BCG revaccination in 
Mycobacterium tuberculosis- uninfected adolescents in Cape Town, 
South Africa. EClinicalMedicine. 2020;21:100313.

 165. Chen L, Wang J, Zganiacz A, Xing Z. Single intranasal mucosal 
Mycobacterium bovis BCG vaccination confers improved protec-
tion compared to subcutaneous vaccination against pulmonary 
tuberculosis. Infect Immun. 2004;72(1):238- 246.

 166. Derrick SC, Kolibab K, Yang A, Morris SL. Intranasal administration 
of Mycobacterium bovis BCG induces superior protection against 
aerosol infection with Mycobacterium tuberculosis in mice. Clin 
Vaccine Immunol. 2014;21(10):1443- 1451.

 167. Perdomo C, Zedler U, Kühl AA, et al. Mucosal BCG vaccination in-
duces protective lung- resident memory T cell populations against 
tuberculosis. MBio. 2016;7(6):e01686- 16.

 168. Bull NC, Stylianou E, Kaveh DA, et al. Enhanced protection con-
ferred by mucosal BCG vaccination associates with presence of 
antigen- specific lung tissue- resident PD- 1+ KLRG1-  CD4+ T cells. 
Mucosal Immunol. 2019;12(2):555- 564.

 169. Aguilo N, Toledo AM, Lopez- Roman EM, et al. Pulmonary myco-
bacterium bovis BCG vaccination confers dose- dependent supe-
rior protection compared to that of subcutaneous vaccination. Clin 
Vaccine Immunol. 2014;21(4):594- 597.

 170. Flynn JL, Gideon HP, Mattila JT, Lin PL. Immunology studies 
in non- human primate models of tuberculosis. Immunol Rev. 
2015;264(1):60- 73.

 171. Langermans JA, Andersen P, van Soolingen D, et al. Divergent 
effect of bacillus Calmette- Guérin (BCG) vaccination on 
Mycobacterium tuberculosis infection in highly related macaque 
species: implications for primate models in tuberculosis vaccine 
research. Proc Natl Acad Sci USA. 2001;98(20):11497- 11502.

 172. Anacker RL, Brehmer W, Barclay WR, et al. Superiority of intra-
venously administered BCG and BCG cell walls in protecting rhe-
sus monkeys (Macaca mulatta) against airborne tuberculosis. Z 
Immunitatsforsch Exp Klin Immunol. 1972;143(4):363- 376.

 173. Sharpe S, White A, Sarfas C, et al. Alternative BCG delivery strat-
egies improve protection against Mycobacterium tuberculosis in 
non- human primates: protection associated with mycobacterial 



    |  119AHMED Et Al.

antigen- specific CD4 effector memory T- cell populations. 
Tuberculosis. 2016;101:174- 190.

 174. Verreck FAW, Tchilian EZ, Vervenne RAW, et al. Variable BCG 
efficacy in rhesus populations: pulmonary BCG provides protec-
tion where standard intra- dermal vaccination fails. Tuberculosis. 
2017;104:46- 57.

 175. Stylianou E, Paul MJ, Reljic R, McShane H. Mucosal delivery of 
tuberculosis vaccines: a review of current approaches and chal-
lenges. Expert Rev Vaccines. 2019;18(12):1271- 1284.

 176. Tsujimura Y, Shiogama Y, Soma S, et al. Vaccination with intrader-
mal Bacillus Calmette- Guérin provides robust protection against 
extrapulmonary tuberculosis but dnot pulmonary infection in cy-
nomolgus macaques. J Immunol. 2020;205(11):3023- 3036.

 177. White AD, Sarfas C, West K, et al. Evaluation of the immunogenic-
ity of Mycobacterium bovis BCG delivered by aerosol to the lungs 
of macaques. Clin Vaccine Immunol. 2015;22(9):992- 1003.

 178. White AD, Sarfas C, Sibley LS, et al. Protective efficacy of inhaled 
BCG vaccination against ultra- low dose aerosol M tuberculosis 
challenge in rhesus macaques. Pharmaceutics. 2020;12(5):394.

 179. Cosgrove CA, Castello- Branco LR, Hussell T, et al. Boosting of 
cellular immunity against Mycobacterium tuberculosis and modula-
tion of skin cytokine responses in healthy human volunteers by 
Mycobacterium bovis BCG substrain Moreau Rio de Janeiro oral 
vaccine. Infect Immun. 2006;74(4):2449- 2452.

 180. Hoft DF, Xia M, Zhang GL, et al. PO and ID BCG vaccination in 
humans induce distinct mucosal and systemic immune responses 
and CD4(+) T cell transcriptomal molecular signatures. Mucosal 
Immunol. 2018;11(2):486- 495.

 181. Rosenthal SR, McEnery JT, Raisys N. Aerogenic BCG vaccination 
against tuberculosis in animal and human subjects. J Asthma Res. 
1968;5(4):309- 323.

 182. McShane H. Controlled human infection models: is it really fea-
sible to give people tuberculosis? Am J Respir Crit Care Med. 
2020;201(10):1180- 1181.

 183. Randomised controlled trial of single BCG, repeated BCG, or com-
bined BCG and killed Mycobacterium leprae vaccine for prevention 
of leprosy and tuberculosis in Malawi. Karonga Prevention Trial 
Group. Lancet. 1996;348(9019):17- 24.

 184. Rodrigues LC, Pereira SM, Cunha SS, et al. Effect of BCG re-
vaccination on incidence of tuberculosis in school- aged chil-
dren in Brazil: the BCG- REVAC cluster- randomised trial. Lancet. 
2005;366(9493):1290- 1295.

 185. Leung CC, Tam CM, Chan SL, Chan- Yeung M, Chan CK, Chang KC. 
Efficacy of the BCG revaccination programme in a cohort given 
BCG vaccination at birth in Hong Kong. Int J Tuberc Lung Dis. 
2001;5(8):717- 723.

 186. Rozot V, Nemes E, Geldenhuys H, et al. Multidimensional analyses 
reveal modulation of adaptive and innate immune subsets by tu-
berculosis vaccines. Commun Biol. 2020;3(1):563.

 187. Huygen K. The Immunodominant T- cell epitopes of the mycolyl- 
transferases of the antigen 85 complex of M tuberculosis. Front 
Immunol. 2014;5:321.

 188. Skjøt RL, Brock I, Arend SM, et al. Epitope mapping of the immu-
nodominant antigen TB10.4 and the two homologous proteins 
TB10.3 and TB12.9, which constitute a subfamily of the esat- 6 
gene family. Infect Immun. 2002;70(10):5446- 5453.

 189. Fletcher HA, Tanner R, Wallis RS, et al. Inhibition of mycobac-
terial growth in vitro following primary but not secondary vac-
cination with Mycobacterium bovis BCG. Clin Vaccine Immunol. 
2013;20(11):1683- 1689.

 190. Kuan R, Muskat K, Peters B, Lindestam Arlehamn CS. Is map-
ping the BCG vaccine- induced immune responses the key 
to improving the efficacy against tuberculosis? J Intern Med. 
2020;288(6):651- 660.

 191. Grode L, Seiler P, Baumann S, et al. Increased vaccine efficacy 
against tuberculosis of recombinant Mycobacterium bovis bacille 

Calmette- Guérin mutants that secrete listeriolysin. J Clin Invest. 
2005;115(9):2472- 2479.

 192. Sathkumara HD, Muruganandah V, Cooper MM, et al. Mucosal 
delivery of ESX- 1- expressing BCG strains provides superior immu-
nity against tuberculosis in murine type 2 diabetes. Proc Natl Acad 
Sci USA. 2020;117(34):20848- 20859.

 193. Nascimento IP, Rodriguez D, Santos CC, et al. Recombinant BCG 
expressing LTAK63 adjuvant induces superior protection against 
Mycobacterium tuberculosis. Sci Rep. 2017;7(1):2109.

 194. Ahmad S, Bhattacharya D, Gupta N, et al. Clofazimine enhances 
the efficacy of BCG revaccination via stem cell- like memory T 
cells. PLoS Pathog. 2020;16(5):e1008356.

 195. Hwang SA, Welsh KJ, Kruzel ML, Actor JK. Lactoferrin augmen-
tation of the BCG vaccine leads to increased pulmonary integrity. 
Tuberc Res Treat. 2011;2011:835410.

 196. Khan A, Singh VK, Mishra A, et al. NOD2/RIG- I activating Inarigivir 
adjuvant enhances the efficacy of BCG vaccine against tuberculo-
sis in mice. Front Immunol. 2020;11:592333.

 197. Umemura M, Nishimura H, Saito K, et al. Interleukin- 15 as an 
immune adjuvant to increase the efficacy of Mycobacterium 
bovis bacillus Calmette- Guérin vaccination. Infect Immun. 
2003;71(10):6045- 6048.

 198. Tang C, Yamada H, Shibata K, et al. Efficacy of recombinant bacille 
Calmette- Guérin vaccine secreting interleukin- 15/antigen 85B fu-
sion protein in providing protection against Mycobacterium tuber-
culosis. J Infect Dis. 2008;197(9):1263- 1274.

 199. Richardus R, Alam K, Kundu K, et al. Effectiveness of single- dose 
rifampicin after BCG vaccination to prevent leprosy in close con-
tacts of patients with newly diagnosed leprosy: a cluster random-
ized controlled trial. Int J Infect Dis. 2019;88:65- 72.

 200. Setia MS, Steinmaus C, Ho CS, Rutherford GW. The role of 
BCG in prevention of leprosy: a meta- analysis. Lancet Infect Dis. 
2006;6(3):162- 170.

 201. Merle CS, Cunha SS, Rodrigues LC. BCG vaccination and leprosy 
protection: review of current evidence and status of BCG in lep-
rosy control. Expert Rev Vaccines. 2010;9(2):209- 222.

 202. Bradley DJ, Hutt MSR, Kiryabwire JWM, et al. BCG vaccination 
against Mycobacterium ulcerans infection (Buruli ulcer). First results 
of a trial in Uganda. Lancet. 1969;1:111- 115.

 203. Smith PG, Revill WD, Lukwago E, Rykushin YP. The protective ef-
fect of BCG against Mycobacterium ulcerans disease: a controlled 
trial in an endemic area of Uganda. Trans R Soc Trop Med Hyg. 
1976;70(5– 6):449- 457.

 204. Trnka L, Danková D, Svandová E. Six years' experience with the 
discontinuation of BCG vaccination. 4. Protective effect of BCG 
vaccination against the Mycobacterium avium intracellulare com-
plex. Tuber Lung Dis. 1994;75(5):348- 352.

 205. Romanus V, Hallander HO, Wåhlén P, Olinder- Nielsen AM, 
Magnusson PH, Juhlin I. Atypical mycobacteria in extrapulmonary 
disease among children. Incidence in Sweden from 1969 to 1990, 
related to changing BCG- vaccination coverage. Tuber Lung Dis. 
1995;76(4):300- 310.

 206. Stensballe LG, Nante E, Jensen IP, et al. Acute lower respiratory 
tract infections and respiratory syncytial virus in infants in Guinea- 
Bissau: a beneficial effect of BCG vaccination for girls community 
- based case- control study. Vaccine. 2005;23(10):1251- 1257.

 207. Ohrui T, Nakayama K, Fukushima T, Chiba H, Sasaki H. Prevention 
of elderly pneumonia by pneumococcal, influenza and BCG vacci-
nations. Nihon Ronen Igakkai Zasshi. 2005;42(1):34- 36.

 208. Wardhana, Datau EA, Sultana A, Mandang VV, Jim E. The effi-
cacy of Bacillus Calmette- Guerin vaccinations for the prevention 
of acute upper respiratory tract infection in the elderly. Acta Med 
Indones. 2011;43(3):185- 190.

 209. Biering- Sørensen S, Aaby P, Lund N, et al. Early BCG- Denmark and 
neonatal mortality among infants weighing <2500 g: a randomized 
controlled trial. Clin Infect Dis. 2017;65(7):1183- 1190.



120  |    AHMED Et Al.

 210. Netea MG, Quintin J, van der Meer JW. Trained immunity: a mem-
ory for innate host defense. Cell Host Microbe. 2011;9(5):355- 361.

 211. Arts RJW, Moorlag SJCFM, Novakovic B, et al. BCG vaccination 
protects against experimental viral infection in humans through 
the induction of cytokines associated with trained immunity. Cell 
Host Microbe. 2018;23(1):89- 100.e5.

 212. Netea MG, Domínguez- Andrés J, Barreiro LB, et al. Defining 
trained immunity and its role in health and disease. Nat Rev 
Immunol. 2020;20(6):375- 388.

 213. Feng YW, Wu C, Liang FY, et al. hUCMSCs mitigate LPS- induced 
trained immunity in ischemic stroke. Front Immunol. 2020;11:1746.

 214. Moorlag SJCFM, Khan N, Novakovic B, et al. β- glucan induces pro-
tective trained immunity against Mycobacterium tuberculosis infec-
tion: a key role for IL- 1. Cell Rep. 2020;31(7):107634.

 215. Krahenbuhl JL, Sharma SD, Ferraresi RW, Remington JS. Effects 
of muramyl dipeptide treatment on resistance to infection with 
Toxoplasma gondii in mice. Infect Immun. 1981;31(2):716- 722.

 216. Ribes S, Meister T, Ott M, et al. Intraperitoneal prophylaxis with 
CpG oligodeoxynucleotides protects neutropenic mice against 
intracerebral Escherichia coli K1 infection. J Neuroinflammation. 
2014;11:14.

 217. Muñoz N, Van Maele L, Marqués JM, Rial A, Sirard JC, 
Chabalgoity JA. Mucosal administration of flagellin protects 
mice from Streptococcus pneumoniae lung infection. Infect Immun. 
2010;78(10):4226- 4233.

 218. Walk J, Keramati F, de Bree LCJ, et al. Controlled human malaria in-
fection induces long- term functional changes in monocytes. Front 
Mol Biosci. 2020;7:604553.

 219. Kaufmann E, Sanz J, Dunn JL, et al. BCG educates hematopoietic 
stem cells to generate protective innate immunity against tubercu-
losis. Cell. 2018;172(1– 2):176- 190.e19.

 220. Quintin J, Saeed S, Martens JHA, et al. Candida albicans infection 
affords protection against reinfection via functional reprogram-
ming of monocytes. Cell Host Microbe. 2012;12(2):223- 232.

 221. Saeed S, Quintin J, Kerstens HH, et al. Epigenetic programming 
of monocyte- to- macrophage differentiation and trained innate 
immunity. Science. 2014;345(6204):1251086.

 222. Cooper MA, Elliott JM, Keyel PA, Yang L, Carrero JA, Yokoyama 
WM. Cytokine- induced memory- like natural killer cells. Proc Natl 
Acad Sci USA. 2009;106(6):1915- 1919.

 223. Hammer Q, Rückert T, Romagnani C. Natural killer cell specificity 
for viral infections. Nat Immunol. 2018;19(8):800- 808.

 224. Weizman OE, Song E, Adams NM, et al. Mouse cytomegalovirus- 
experienced ILC1s acquire a memory response dependent on the 
viral glycoprotein m12. Nat Immunol. 2019;20(8):1004- 1011.

 225. Naik S, Larsen SB, Gomez NC, et al. Inflammatory memory 
sensitizes skin epithelial stem cells to tissue damage. Nature. 
2017;550(7677):475- 480.

 226. Arts RJW, Carvalho A, La Rocca C, et al. Immunometabolic 
pathways in BCG- induced trained immunity. Cell Rep. 
2016;17(10):2562- 2571.

 227. Cirovic B, de Bree LCJ, Groh L, et al. BCG vaccination in humans 
elicits trained immunity via the hematopoietic progenitor com-
partment. Cell Host Microbe. 2020;28(2):322- 334.e5.

 228. Koeken VACM, Verrall AJ, Netea MG, Hill PC, van Crevel R. 
Trained innate immunity and resistance to Mycobacterium tubercu-
losis infection. Clin Microbiol Infect. 2019;25(12):1468- 1472.

 229. Verrall AJ, Schneider M, Alisjahbana B, et al. Early clearance of 
Mycobacterium tuberculosis is associated with increased innate im-
mune responses. J Infect Dis. 2020;221(8):1342- 1350.

 230. Joosten SA, van Meijgaarden KE, Arend SM, et al. Mycobacterial 
growth inhibition is associated with trained innate immunity. J Clin 
Invest. 2018;128(5):1837- 1851.

 231. Bettencourt P, Müller J, Nicastri A, et al. Identification of antigens 
presented by MHC for vaccines against tuberculosis. NPJ Vaccines. 
2020;5(1):2.

 232. Penn- Nicholson A, Tameris M, Smit E, et al. Safety and immunogenic-
ity of the novel tuberculosis vaccine ID93 + GLA- SE in BCG- vaccinated 
healthy adults in South Africa: a randomised, double- blind, placebo- 
controlled phase 1 trial. Lancet Respir Med. 2018;6(4):287- 298.

 233. Van Der Meeren O, Hatherill M, Nduba V, et al. Phase 2b con-
trolled trial of M72/AS01E vaccine to prevent tuberculosis. N Engl 
J Med. 2018;379(17):1621- 1634.

 234. Pfahlberg A, Botev IN, Kölmel KF, Gefeller O. Vaccination and mel-
anoma risk. Int J Cancer. 2002;102(1):96- 97.

 235. Alhunaidi O, Zlotta AR. The use of intravesical BCG in urothelial 
carcinoma of the bladder. Ecancermedicalscience. 2019;13:905.

 236. Udagawa M, Kudo- Saito C, Hasegawa G, et al. Enhancement of 
immunologic tumor regression by intratumoral administration of 
dendritic cells in combination with cryoablative tumor pretreat-
ment and Bacillus Calmette- Guerin cell wall skeleton stimulation. 
Clin Cancer Res. 2006;12(24):7465- 7475.

 237. Nishida S, Tsuboi A, Tanemura A, et al. Immune adjuvant therapy 
using Bacillus Calmette- Guérin cell wall skeleton (BCG- CWS) in 
advanced malignancies: a phase 1 study of safety and immunoge-
nicity assessments. Medicine (Baltimore). 2019;98(33):e16771.

 238. Kwon KW, Lee A, Larsen SE, et al. Long- term protective efficacy 
with a BCG- prime ID93/GLA- SE boost regimen against the hyper- 
virulent Mycobacterium tuberculosis strain K in a mouse model. Sci 
Rep. 2019;9(1):15560.

 239. Giamarellos- Bourboulis EJ, Tsilika M, Moorlag S, et al. Activate: 
randomized clinical trial of BCG vaccination against infection in 
the elderly. Cell. 2020;183(2):315- 323.e9.

 240. Netea MG, Giamarellos- Bourboulis EJ, Domínguez- Andrés J, et al. 
Trained immunity: a tool for reducing susceptibility to and the se-
verity of SARS- CoV- 2 infection. Cell. 2020;181(5):969- 977.

 241. Berg MK, Yu Q, Salvador CE, Melani I, Kitayama S. Mandated 
Bacillus Calmette- Guérin (BCG) vaccination predicts flattened 
curves for the spread of COVID- 19. Sci Adv. 2020;6(32):eabc1463.

 242. Escobar LE, Molina- Cruz A, Barillas- Mury C. BCG vaccine protec-
tion from severe coronavirus disease 2019 (COVID- 19). Proc Natl 
Acad Sci USA. 2020;117(30):17720- 17726.

 243. Hamiel U, Kozer E, Youngster I. SARS- CoV- 2 rates in BCG- vaccinated 
and unvaccinated young adults. JAMA. 2020;323(22):2340- 2341.

 244. Moorlag SJCFM, van Deuren RC, van Werkhoven CH, et al. Safety 
and COVID- 19 symptoms in individuals recently vaccinated with 
BCG: a retrospective cohort study. Cell Rep Med. 2020;1(5):100073.

 245. ht tps://www.clini  caltr  ials .gov/ct2/show/NCT04 327206. 
Accessed March 12, 2021.

 246. Rivas MN, Ebinger JE, Wu M, et al. BCG vaccination history associ-
ates with decreased SARS- CoV- 2 seroprevalence across a diverse 
cohort of health care workers. J Clin Invest. 2021;131(2):e145157.

 247. https://www.umcut recht.nl/en/about - us/news/artic le/jan- 18- 
tuber culos is- vacci ne- does- not- prote ct- vulne rable - elder ly- again 
st- covid - 19. Accessed March 12, 2021.

 248. Milstien JB, Gibson JJ. Quality control of BCG vaccine by WHO: 
a review of factors that may influence vaccine effectiveness and 
safety. Bull World Health Organ. 1990;68(1):93- 108.

 249. Wu B, Huang C, Garcia L, et al. Unique gene expression profiles 
in infants vaccinated with different strains of Mycobacterium bovis 
bacille Calmette- Guerin. Infect Immun. 2007;75(7):3658- 3664.

 250. Wilson ME, Fineberg HV, Colditz GA. Geographic latitude and 
the efficacy of bacillus Calmette- Guérin vaccine. Clin Infect Dis. 
1995;20(4):982- 991.

 251. Zodpey SP, Shrikhande SN. The geographic location (latitude) of 
studies evaluating protective effect of BCG vaccine and it's ef-
ficacy/effectiveness against tuberculosis. Indian J Public Health. 
2007;51(4):205- 210.

 252. Ritz N, Casalaz D, Donath S, et al. Comparable CD4 and CD8 
T cell responses and cytokine release after at- birth and de-
layed BCG immunisation in infants born in Australia. Vaccine. 
2016;34(35):4132- 4139.

https://www.clinicaltrials.gov/ct2/show/NCT04327206
https://www.umcutrecht.nl/en/about-us/news/article/jan-18-tuberculosis-vaccine-does-not-protect-vulnerable-elderly-against-covid-19
https://www.umcutrecht.nl/en/about-us/news/article/jan-18-tuberculosis-vaccine-does-not-protect-vulnerable-elderly-against-covid-19
https://www.umcutrecht.nl/en/about-us/news/article/jan-18-tuberculosis-vaccine-does-not-protect-vulnerable-elderly-against-covid-19


    |  121AHMED Et Al.

 253. Mangtani P, Nguipdop- Djomo P, Keogh RH, et al. Observational 
study to estimate the changes in the effectiveness of bacillus 
Calmette- Guérin (BCG) vaccination with time since vaccination 
for preventing tuberculosis in the UK. Health Technol Assess. 
2017;21(39):1- 54.

 254. Malhotra I, Mungai P, Wamachi A, et al. Helminth-  and 
Bacillus Calmette- Guérin- induced immunity in children sen-
sitized in utero to filariasis and schistosomiasis. J Immunol. 
1999;162(11):6843- 6848.

 255. Elias D, Wolday D, Akuffo H, Petros B, Bronner U, Britton S. 
Effect of deworming on human T cell responses to mycobacte-
rial antigens in helminth- exposed individuals before and after 
bacille Calmette- Guérin (BCG) vaccination. Clin Exp Immunol. 
2001;123(2):219- 225.

 256. Elias D, Britton S, Aseffa A, Engers H, Akuffo H. Poor immu-
nogenicity of BCG in helminth infected population is asso-
ciated with increased in vitro TGF- beta production. Vaccine. 
2008;26(31):3897- 3902.

 257. Pérez- Then E, Shor- Posner G, Crandall L, Wilkinson J. The rela-
tionship between nutritional and sociodemographic factors and 
the likelihood of children in the Dominican Republic having a BCG 
scar. Rev Panam Salud Publica. 2007;21(6):365- 372.

 258. Amaruddin AI, Wahyuni S, Hamid F, Chalid MT, Yazdanbakhsh M, 
Sartono E. BCG scar, socioeconomic and nutritional status: a study 
of newborns in urban area of Makassar, Indonesia. Trop Med Int 
Health. 2019;24(6):736- 746.

 259. Lalor MK, Floyd S, Gorak- Stolinska P, et al. BCG vaccination: a role 
for vitamin D? PLoS One. 2011;6(1):e16709.

 260. Zheng Y, Li XG, Wang QZ, et al. Enhancement of vitamin A com-
bined vitamin D supplementation on immune response to Bacille 
Calmette- Guérin vaccine revaccinated in Chinese infants. Asian 
Pac J Trop Med. 2014;7(2):130- 135.

 261. Brook B, Harbeson DJ, Shannon CP, et al. BCG vaccination- 
induced emergency granulopoiesis provides rapid protection from 
neonatal sepsis. Sci Transl Med. 2020;12(542):eaax4517.

 262. Zimmermann P, Finn A, Curtis N. Does BCG vaccination protect 
against nontuberculous mycobacterial infection? A systematic re-
view and meta- analysis. J Infect Dis. 2018;218(5):679- 687.

 263. Morton DL, Eilber FR, Holmes EC, et al. BCG immunotherapy of 
malignant melanoma: summary of a seven- year experience. Ann 
Surg. 1974;180(4):635- 643.

 264. Kremenovic M, Schenk M, Lee DJ. Clinical and molecular in-
sights into BCG immunotherapy for melanoma. J Intern Med. 
2020;288(6):625- 640.

 265. Binnewies M, Roberts EW, Kersten K, et al. Understanding the 
tumor immune microenvironment (TIME) for effective therapy. 
Nat Med. 2018;24(5):541- 550.

 266. De Boer EC, De Jong WH, Van Der Meijden AP, et al. Presence 
of activated lymphocytes in the urine of patients with superficial 
bladder cancer after intravesical immunotherapy with Bacillus 
Calmette- Guérin. Cancer Immunol Immunother. 1991;33(6):411- 416.

 267. Ikeda N, Toida I, Iwasaki A, Kawai K, Akaza H. Surface antigen 
expression on bladder tumor cells induced by bacillus Calmette- 
Guérin (BCG): a role of BCG internalization into tumor cells. Int J 
Urol. 2002;9(1):29- 35.

 268. Lardone RD, Chan AA, Lee AF, et al. Mycobacterium bovis Bacillus 
Calmette- Guérin alters melanoma microenvironment favoring an-
titumor T cell responses and improving M2 macrophage function. 
Front Immunol. 2017;8:965.

 269. Herr HW, Bajorin DF, Scher HI. Neoadjuvant chemotherapy and 
bladder- sparing surgery for invasive bladder cancer: ten- year out-
come. J Clin Oncol. 1998;16(4):1298- 1301.

How to cite this article: Ahmed A, Rakshit S, Adiga V, et al.  
A century of BCG: Impact on tuberculosis control and beyond. 
Immunol Rev. 2021;301:98– 121. https://doi.org/ 10.1111/
imr.12968

https://doi.org/10.1111/imr.12968
https://doi.org/10.1111/imr.12968

