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Abstract
Bacille Calmette–Guérin (BCG) vaccine is designed to provide protection against tuberculosis (TB). However, numerous 
epidemiological, clinical, and immunological studies have shown that BCG vaccination affects neonatal and infant 
mortality, which may be related to the reduction of TB-unrelated infections and diseases by BCG vaccine. We aimed to 
discuss the off-target effects of BCG vaccine on un-TB infections and diseases, as well as the potential mechanism and 
influencing factors. Literature was retrieved mainly from PubMed using medical subject headings “BCG, variations, and 
non-specific, heterologous or off-target”. Studies have showed that BCG vaccination can prevent various heterologous 
infections, including respiratory tract infections, leprosy, and malaria, treat viral infections including human 
papillomavirus and herpes simplex virus infection as immunotherapy, and improve the immune responses as vaccine 
adjuvant. Besides, BCG vaccine can reduce the recurrence rate of non-muscle-invasive bladder cancer, and may provide 
protection against autoimmune diseases. These off-target effects of BCG vaccine are thought to be achieved by modulating 
heterologous lymphocyte responses or inducing trained immunity, which were found to be sex-differentiated and affected 
by the BCG vaccine strains, sequence or time of vaccination.
Keywords: BCG vaccine; Off-target effects of vaccines; Infections; Non-muscle-invasive bladder cancer; Autoimmune diseases; 
Trained immunity

Introduction

Bacille Calmette–Guérin (BCG) vaccine, a live attenu-
ated bacterial vaccine derived from Mycobacterium 
bovis, is one of the earliest vaccines developed in the last 
century.[1] The BCG vaccine is the only licensed vaccine 
for the prevention of severe tuberculosis (TB) in chil-
dren, although the protection diminishes with age.

The BCG vaccine is currently one of the most widely 
administered vaccines in the world. In 2020, 154 
nations have implemented a policy to provide BCG 
vaccination for the whole population. Among them, 53 
countries have recorded a population coverage rate of at 
least 95% for the whole population.[2] Calmette[3] gath-
ered the mortality data of newborns under 1 year of age 
in French hospitals from 1926 to 1928, and first reported 
that BCG vaccination reduced non-TB mortality in chil-

dren four-fold compared with unvaccinated children. In 
the following decades, randomized controlled trials 
(RCTs) and observational studies in different countries 
provided accumulating evidence that BCG vaccination 
lessened non-TB neonatal mortality.[4] A World Health 
Organization (WHO) commissioned systematic review 
collected the most comprehensive evidence as of March 
2013 on the effect of BCG vaccine on all-cause 
mortality, and reported a 30% reduction in all-cause 
mortality following neonatal BCG vaccination.[5] Subse-
quent RCTs established that BCG vaccination reduced 
neonatal mortality by 38% and 1-year-mortality by 
16%, the majority of which were associated with the 
reduction of TB-unrelated infections and disorders.[6] A 
RCT of BCG vaccination designed by Prentice et al[7] in 
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2014 was the first to prospectively assess the effect of 
BCG vaccine on the morbidity of all-cause infectious 
diseases rather than all-cause mortality. The trial demon-
strated that BCG vaccine could reduce the incidence of 
heterologous infectious diseases. BCG vaccine not only 
has a protective effect against TB infection, but also has 
unspecific effects on TB-unrelated infections and 
diseases, which is called off-target effect.[8]

Here we summarized the off-target protective effects of 
BCG vaccine by reviewing the evidence for the impact of 
BCG vaccination on TB-unrelated infections and 
diseases, and discussed possible mechanisms that have 
been proposed to explain off-target effects, involving 
heterologous lymphocyte responses and trained immu-
nity. Furthermore, we summarized implications for vacci-
nation strategies, and discussed whether BCG vaccine 
would confer protection against coronavirus disease 
2019 (COVID-19).

Off-target Effects of BCG Vaccine

On infections

The decrease in infant mortality attributed to the BCG 
vaccine has prompted studies on its preventive benefits 
against respiratory tract infections (RTIs), which is 
caused by viral or bacterial infections and is one of the 
leading causes of death in children under 5 years old. A 
community case-control study by Stensballe et al[9] 

found that BCG-vaccinated children had a lower risk of 
RTI caused by respiratory syncytial virus compared with 
unvaccinated children [Table 1]. Among children from 
33 countries, the research with the largest observed 
population revealed a 17–37% reduction in the risk of 
suspected acute RTI.[10] And the retrospective epidemio-
logical study in Spain reported that children vaccinated 
with BCG vaccine had a 41.4% (95% confidence 
interval [CI]: 40.3–42.5%) drop in hospitalization rates 
for RTI compared with children not vaccinated with 
BCG vaccine.[11] Some evidence suggested the BCG 
vaccine might also be associated with a reduction in RTI 
among the elderly. One RCT in Indonesia has shown 
that monthly BCG vaccination for 3 months in older 
adults substantially reduced the prevalence of RTI 
compared with placebo.[12] Another RCT in Greece 
discovered that elderly people received a one-dose BCG 
vaccine had a 79% (95% CI: 28–94%) lower risk of 
respiratory infections compared to placebo.[13]

Clinical evidence suggested that BCG vaccine could also 
provide protection against other infections, such as 
leprosy caused by Mycobacterium leprae, and malaria 
caused by Plasmodium group. The overall protective 
effect of BCG vaccination against leprosy was 26% 
(95% CI: 14–37%), according to a meta-analysis of 7 
experimental investigations conducted between the 
1960s and 2001.[14] Until a more specific vaccine is 
available, the BCG vaccine is the best line of defense 
against contracting leprosy, which is why the WHO 

Table 1: Lists of off-target effects of BCG vaccine on infections and as immunotherapy for viral infections.

Infections

RTI

Malaria

HPV

HSV

References

Stensballe et al[9]

Hollm-Delgado 
et al[10]

de Castro et al[11]

Wardhana et al[12]

Giamarellos-
Bourboulis et al[13]

Berendsen et al[16]

Metawea et al[17]

Podder et al[18]

Sharquie et al[19]

Salem et al[20]

Hippmann et al[22]

Study types

Case-control 
study

Cohort study

Retrospective 
study

RCT

RCT

Cross-sectional 
study

Clinical trial

RCT

Clinical trial

Clinical trial

Case series

Sample sizes

772

151,322

446,915*

34

198

34,206

50

60

154

80

109

Age 
(years)

<5

<5

<15

60–75

≥65

<5

30–39

16–58

6–45

3–14

7–58

Locations

Guinea-
Bissau

33 countries

Spain

Indonesia

Greece

Sub-Saharan 
Africa

Egypt

India

Iraq

Egypt

America

BCG 
dosage

–

–

–

0.1 mL

0.1 mL

–

81.0 mg

0.1 mL

0.1 mL

1.0 mL

0.1 mL

Control dosage

BCG-unvaccinated

BCG-unvaccinated

BCG-unvaccinated

The solvent of the 
BCG/0.1 mL

Saline/0.1 mL

BCG-unvaccinated

Saline/8.0 mL

Tuberculin PPD/
0.1 mL

Distilled water/
0.1 mL

Saline/–

Prior-BCG 
vaccination

Treatment duration

–

–

–

1 dose/month × 3

1 dose

–

1 dose/week × 6

1 dose/4-week 
× 3

1–3 doses/month 
× 3

1 dose/week × 6

1 dose

Findings

Reduced the risk of infection

A 17–37% risk reduction in 
suspected acute RTI

Reduced hospitalization rates

Prevalence of RTI:
8.7% in BCG;
91.3% in control

Reduced the risk of infection

Reduced the risk of infection

Complete clearance:
80% in BCG;
0 in control

Complete clearance:
48.5% in BCG;
18.5% in PPD

Complete clearance:
37.0% in BCG;
13.7% in control

Complete clearance:
65% in BCG;
0 in control

Duration of recurrence-free 
period:
109 (100%) for ≥4–6 months
21 (19%) for ≥3 years
10 (9%) ≥6 years

BCG: Bacille Calmette-Guérin; HPV: Human papillomavirus; HSV: Herpes simplex virus; PPD: Purified protein derivative; RCT: Randomized 
controlled trial; RTI: Respiratory tract infection; –: Not available. *The number represented the number of hospitalization episodes.
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recommends it for all newborns in high-risk regions.[15] 
A cross-sectional study in South Africa recruited 34,206 
children under 5 years of age to investigate the relation-
ship between BCG vaccination and malaria incidence, 
which found that the prevalence of malaria was reduced 
by 6% in the BCG-vaccinated group.[16]

On viruses as immunotherapy

Due to the off-target effects against infections associated 
with the BCG vaccine, researchers tried to apply the 
BCG vaccination as non-specific immunotherapy for the 
treatment of viral infections. The most wildly known 
example is the aggressive treatment of cutaneous and 
genital warts caused by human papillomavirus (HPV). A 
placebo-controlled study with 50 participants revealed 
that 80% of patients had complete resolution of the 
lesions after a basic course of treatment (one dose 
weekly for 6 consecutive weeks), and 12% had complete 
remission after an intensive course of treatment (three 
doses weekly for 3 consecutive weeks), while no 
response was observed in the group receiving topical 
saline as a control.[17] Clinical trials in various countries 
have shown that after the use of BCG vaccine, the complete 
clearance of viral warts associated with HPV was between 
37.0% (30/81) and 65.0% (13/20) [Table 1].[18-20] 
However, the studies have found that the repeated BCG 
vaccination could increase the incidence of side effects 
such as pain on the injection side and scarring or abscess 
formation. In order to address the issue, researchers have 
found BCG polysaccharide nucleic acid (BCG-PSN), a 
novel bacterial lipopolysaccharide component extracted 
from BCG vaccine, as a potential immunotherapy.[21] The 
patients (n = 120) with warts were randomly assigned to 
receive either BCG-PSN, BCG vaccination, or saline up to 
5 times at 3-week intervals. Comparing the BCG vaccina-
tion group with the BCG-PSN group, the BCG-PSN group 
had a higher percentage of complete remission of warts 

(77.5% [31/40] vs. 63.9% [23/36]) and a lower rate of 
adverse effects. Immunotherapy with BCG-PSN was more 
efficient than the BCG vaccination at removing warts with 
less serious adverse events.

BCG vaccine was also found to be able to reduce the 
frequency and duration of relapses of herpes simplex 
virus (HSV) [Table 1]. With a single dose of BCG, all 
patients with recurrent herpes simplex remained relapse-
free for 4–6 months, 19.3% (21/109) for 3 years, and 
9.2% (10/109) for more than 6 years.[22] A systematic 
review concluded that BCG vaccination resulted in 37% 
of adults with genital herpes or cold sores not experi-
encing recurrence and 41% of patients with low 
frequency or severity recurrences.[23]

On other vaccines as adjuvant

BCG vaccine, in conjunction with other anti-infective 
vaccinations or previous immunization, may enhance 
the immune response [Table 2]. BCG vaccine and hepa-
titis B vaccine, as two vaccines in the national immuniza-
tion program, must be administered simultaneously to 
newborns.[24] Compared with hepatitis B vaccine alone, 
the coadministration of BCG vaccine and hepatitis B 
vaccine at birth substantially boosted the induction of 
cytokines (interferon-gamma [IFN-g], interleukin-5 [IL-
5], and interleukin-13 [IL-13]), and increased the anti-
body response to hepatitis B vaccine.[25] In addition, as 
shown in Table 2, BCG vaccination at birth has been 
shown in clinical trials to enhance antibody responses to 
other vaccines inoculated in accordance with national 
immunization schedules, including diphtheria, tetanus, 
pertussis, polio, haemophilus influenzae type b (Hib), and 
13-valent pneumococcal conjugate vaccines.[25-27] A 
randomized, placebo-controlled study by Leentjens et al[28] 
with 40 healthy participants revealed that BCG vaccina-
tion prior to influenza vaccination might lead to a more 

Table 2: Lists of off-target effects of BCG vaccine on other vaccines.

References

Ota et al[25]

Zimmermann 
et al[26]

Ritz et al[27]

Leentjens 
et al[28]

Study types

RCT

RCT

Prospective non-
randomized trial

RCT

Sample
 sizes

104

471

108

40

Vaccines

At birth, 2 4 months of age: Hepatitis B vaccine;
At birth, 1, 2, 3 and 4 months of age: OPV;
At 2, 3 and 4 months of age: DPTa

At birth or 2, 4, and 5 months of age: BCG;
At 6 weeks, 4 and 6 months of age: the combined 
DTPa–hepatitis B vaccine–IPV–Hib vaccine, PCV13 
vaccine, and oral rotavirus vaccine;
At 12 months of age: MMR vaccine, the combined 
meningococcal C and Hib vaccine

At birth: Hepatitis B vaccine;
At 2, 4 and 6 months of age: the 7-valent 
pneumococcal conjugate vaccine, the combined 
DTPa–hepatitis B vaccine–IPV–Hib vaccine, and oral 
pentavalent rotavirus vaccine

Intramuscular influenza vaccine

Findings

Enhanced antibody responses to 
OPV

Enhanced antibody responses to 
diphtheria, tetanus, pertussis, 
polio, Hib, and 13-valent 
pneumococcal conjugate vaccines

Enhanced antibody responses to 
tetanus vaccine and Hib vaccine

Enhanced antibody responses to 
influenza A

BCG: Bacille Calmette-Guérin; DPT: Diphtheria-pertussis-tetanus vaccine; DTPa: Diphtheria-tetanus-acellular pertussis vaccine; Hib: Hemophilus influen-
zae type b; IPV: Inactivated polio vaccine; MMR: Measles-mumps-rubella; OPV: Oral polio vaccine; PCV13: 13-valent conjugate pneumococcal; 
RCT: Randomized controlled trial.
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significant increase and accelerated induction of func-
tional antibody responses against the 2009 pandemic 
influenza A vaccine strain.

On non-muscle-invasive bladder cancer (NMIBC)

BCG vaccine for cancer immunotherapy has been shown 
to be effective against various malignant tumors 
(including melanoma, prostate cancer, lung cancer, etc.), 
while the most widely recognized cancer is NMIBC.[1] A 
meta-analysis reviewing 24 randomized clinical trials 
concluded that based on the follow-up with a median of 
2.5 years and a maximum of 15 years, 9.8% (260/2658) 
of patients receiving BCG vaccine had tumor progres-
sion compared to 13.8% (304/2205) in the control 
groups (resection or resection with treatment other than 
BCG vaccine), which showed a 27% lower probability 
of progression on BCG maintenance therapy (odds ratio 
[OR] = 0.73, P = 0.001).[29]

Compared with other chemotherapeutic infusion drugs 
via RCTs, including mitomycin C (MMC) or epirubicin 
alone, and the combination of epirubicin and alpha-
interferon-2a, BCG vaccine had the better ability to 
reduce the risk of NMIBC’s recurrence, distant progres-
sion, and mortality.[30-32] The recurrence rate of NMIBC 
was decreased from 33.9% to 20.6% when MMC was 
employed in conjunction with BCG immunization, and 
the duration of disease-free periods was extended.[33] 
The combinations of interferon plus BCG vaccine, and 
alpha-interferon-2a plus epirubicin were performed, but 
these combinations were non-superior to BCG vaccine-
alone immunotherapy in preventing relapse and progres-
sion.[34,35] However, the combination therapy was only 
utilized for NMIBC with higher likelihood of recurrence 
because of its higher incidence of serious adverse events 
than BCG vaccine alone.[33]

BCG vaccine is currently the most effective intravesical 
treatment for NMIBC, approved by the U. S. Food and 
Drug Administration as the first line therapy, not only 
reducing recurrence, but also preventing progression 
and reducing death.[36] According to European Associa-
tion of Urology Guidelines, the recommended treatment 
regimen is that patients with intermediate-risk NMIBC 
are administered a 1-year standard-dose BCG vaccine 
(81 mg) with a weekly induction cycle at weeks 1–6, 
plus 3 weekly maintenance therapies at 3 months, 6 
months, and 12 months.[37] And patients with high-risk 
NMIBC are administered a 3-year standard-dose BCG 
vaccine with induction plus 3 weekly maintenance thera-
pies at 3 months, 6 months, 12 months, 18 months, 24 
months, 30 months, and 36 months.

On autoimmune diseases

Multiple studies have shown the potential off-target 
effects of BCG immunization on autoimmune diseases, 
such as asthma, type 1 diabetes mellitus (T1DM), and 
multiple sclerosis (MS). BCG vaccination can provoke a 
T helper 1 (Th1) immune response, while Th1 and T 
helper 2 (Th2) cells can regulate one another. Anti-
inflammatory effects of neonatal BCG vaccination on 

asthma (Th2-related allergic disease) have been 
observed.[38] Lung function was significantly improved 
in asthma patients after BCG inoculation (significantly 
increased forced expiratory volume, forced expiratory 
flow, and morning peak expiratory flow), despite no 
significant change in scores of asthma symptom, but 
decreased use of asthma medications.[39]

T1DM is an autoimmune disease associated with pancre-
atic beta cells being attacked and destroyed by the 
body’s immune system. Results from an 8-year follow-
up study of participants with chronic T1DM who 
received 2 doses of the BCG vaccine showed that their 
glycosylated hemoglobin levels remained close to 
normal.[40] However, the noticeable impact did not 
appear until 3 years after administration. The 
researchers hypothesized that as autoimmune disorders 
took so long to develop, the time it took to stop or 
reverse autoimmunity could be comparable.

The BCG vaccination has also been linked to a lower 
chance of developing MS, an autoimmune illness charac-
terized by demyelination of the central nervous system 
and driven by an inflammatory immunological response. 
After the first demyelinating event in the central nervous 
system, 83 individuals were randomly assigned to 
receive either the BCG vaccine or placebo in a double-
blind, placebo-controlled experiment.[41] The percentage 
of patients who did not develop MS was considerably 
lower in the BCG vaccine group than in the placebo 
group at the conclusion of the experiment (57.6% 
[19/33] vs. 30.0% [12/40], P = 0.018). Demyelinating 
episode patients who got the BCG vaccine had a 52% 
reduced risk of developing MS compared to placebo. 
BCG vaccination was proved to have early positive 
benefits in individuals with MS and might have long-
term effects, since it decreased the total number of 
lesions at the first 6 months and disease activity at 
magnetic resonance imaging throughout the 5 years of 
follow-up.

Mechanisms Explaining the Off-target Effects of BCG Vaccine

There are two possible mechanisms have been proposed 
to explain the off-target effects of BCG vaccine on untar-
geted infections, cancer-related immune response and 
autoimmune diseases.

Heterologous lymphocyte responses

The first mechanism involves the effects of the BCG 
vaccine on different diseases via the induction of heter-
ologous lymphocyte responses. Heterologous lympho-
cyte responses induced by BCG vaccine enhanced 
immune responses to secondary unrelated pathogen 
infections.[42] Heterologous lymphocyte responses might 
involve the activation of cluster of differentiation 4 
(CD4)+ and CD8+ memory cells, which modulated Th1 
and T helper 17 (Th17) responses with secondary infec-
tion to unrelated pathogens. Heterologous production 
of Th1 and Th17 immune responses against unrelated 
pathogens was strongly elevated in BCG-vaccinated 
populations.[43] Heterologous lymphocyte responses 
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might be associated with cytokine production. After 
being stimulated by allogeneic sources, the BCG-
vaccinated population produced considerably more Th1-
polarizing cytokine (IFN-g), as well as more pro-
inflammatory response and pro-inflammatory cytokines 
derived by monocytes (interleukin-1 beta [IL-1b], inter-
leukin-6 [IL-6], and tumor necrosis factor-alpha [TNF-
a]), which accelerated the development of the neonatal 
immune system mediating comprehensive protection 
against infection and mortality.[44]

The treatment effect of BCG vaccine in NMBIC is 
thought to be related to the activation of natural killer 
(NK) cells. Scholars have shown that BCG vaccine can 
activate the cytotoxic CD56+ NK cell population to 
recognize cancer cells, which is dependent on the 
receptor natural killer group 2 member D (NKG2D) or 
cytokines (interleukin-12 [IL-12], interferon-alpha [IFN-
a], interleukin-2 [IL-2], etc.).[45-48] After intravesical 
BCG instillation, NK cells exhibited marked cytotoxicity 
to effectively eliminate bladder tumor cells, and the 
therapeutic benefit of BCG was abolished as NK cells 
were depleted.[49]

BCG vaccine stimulated the capacity of regulatory T 
cells (Tregs) to generate anti-inflammatory effects 
against autoimmune diseases.[50] The off-target effects of 
BCG vaccine in asthma may be attributed to trans-
forming growth factor-1 beta (TGF-b1), which could 
inhibit Th1 and Th2 cell responses and promote the 
differentiation of Treg cells to exert anti-inflammatory 
effects, and induce the differentiation of Th17 cells to 
result in the rapid accumulation of various inflamma-
tory cells at the site of inflammation. Asthma is charac-
terized by airway inflammation and airway remodeling, 
and TGF-b1 with immunomodulatory and fibrogenic 
activities is one of the key mediators involved in persis-
tent inflammation and tissue remodeling in asthma.[51] 
Tian et al[52] demonstrated that BCG vaccination might 
attenuate airway inflammation and airway remodeling 
by lowering TGF-b1 levels in an experimental mouse 
model of asthma, therefore, BCG vaccine could be a 
novel treatment for asthma.

Inducing “trained immunity”

Another plausible mechanism is trained immunity 
[Figure 1]. Trained immunity, also known as innate 
memory immunity, protects against unrelated diseases in 
a T/B cell-independent but monocytes/macrophages 
manner by inducing adaptive features via long-term 
reprograming of innate immune cell genetics and 
metabolism.[53] In severe combined immunodeficiency 
mice are deficient in both T cells and B cells, lethal 
inoculum of C. albicans (strain UC820) was injected 
two weeks after random injection of BCG vaccine or 
saline, and survival was significantly increased in the 
BCG vaccine group compared to the saline group, 
suggesting that T cells and B cells may be not associated 
with the off-target effects induced by BCG vaccine.[54] 
Trained immunity was considered to be performed by 
inducing hematopoietic stem cells and progenitor cells 
(HSPC) reprograming. BCG vaccine reprogramed HSPC 

in the bone marrow, resulting in enhanced myelopoiesis, 
and sustainable induction of epigenetically modified 
monocytes/macrophages.[55-57] Trained immunity induced 
by BCG vaccine led to a more open chromatin structure 
in macrophages and monocytes, which increased the 
accessibility of transcription factors to DNA to facilitate 
gene transcription. And BCG vaccination promoted the 
activation of transcriptionally active histone modifica-
tions, such as trimethylation of lysine 4 at histone 3 
(H3K4m3) and acetylation of lysine 27 at histone 3 
(H3K27ac), and decreased transcriptionally inhibitory 
histone modifications, such as trimethylation of lysine 9 
at histone 3 (H3K9m3). The changes in chromatin struc-
ture and histone modifications induced by BCG vaccina-
tion ultimately led to the activation of genes encoding 
pro-inflammatory cytokines such as IL-1b, TNF-a, and 
IL-6, which played crucial roles in the immune response, 
inflammation, and host defense against infections.

The researchers created a human infection model using 
live attenuated yellow fever vaccine (YFV) to construct 
and validate the effect of BCG vaccine on infection with 
unrelated pathogens in a randomized placebo-controlled 
human challenge trial.[58] They found H3K27ac 
increased after vaccination, suggesting that BCG vacci-
nation induced genome-wide epigenetic reprograming 
of human monocytes in vivo. These epigenetic 
changes were indeed accompanied by enhanced pro-
inflammatory cytokine production (IL-1b, TNF-a, and 
IL-6) against unrelated pathogens. Compared to those 
who received the placebo, volunteers who received the 
BCG vaccine had a lower viral load and lower propor-
tion of yellow fever viremia. The researchers also found 
a multiplied increase in IL-1b production after BCG 
vaccination was strongly associated with lower propor-
tion of viremia after YFV administration. In addition, 
significant differences in epigenetic markers in the mono-
cytes of BCG responders (low yellow fever viremia) and 
BCG non-responders (high yellow fever viremia) have 

Figure 1: Trained immunity induced by BCG vaccine. BCG: Bacille Calmette–Guérin; 
H3K27ac: Acetylation of lysine 27 at histone 3; H3K4m3: Trimethylation of lysine 4 at 
histone 3; H3K9m3: Trimethylation of lysine 9 at histone 3; HSPC: Hematopoietic stem 
cells and progenitor cells; IL-1b: Interleukin-1 beta; IL-6: Interleukin-6; TNF-a: Tumor 
necrosis factor-alpha.
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been shown. Therefore, the increase in monocyte cyto-
kine production induced by BCG vaccine may 
contribute to improved clinical outcomes after subse-
quent virus infections.

Trained immunity also has been proposed to mediate 
the anti-tumor effect of BCG vaccine.[59] Mononuclear 
cells isolated from patients with bladder cancer were 
stimulated ex vivo with lipopolysaccharide (LPS) before 
and after BCG vaccine treatment. And the cytokine 
responses (IL-1b, TNF-a, and IL-6) were considerably 
elevated post-treatment compared to pre-treatment, 
demonstrating that monocytes have been induced by 
trained immunity.[60] The study also found that BCG-
induced trained immunity was favorably influenced 
by autophagy. The autophagy-related 2B (ATG2B, 
rs3759601) affected the cytokine response induced by 
BCG vaccine upon restimulation with unrelated bacte-
rial or fungal stimuli, and significantly increased 
H3K4m3 to enhance epigenetic reprograming of mono-
cytes. Additionally, the correlation was observed in 
ATG2B with the progression and recurrence of bladder 
cancer after BCG intravesical instillation therapy. These 
results implied that trained immunity, induced by BCG 
vaccine, via the autophagy pathway might influence the 
therapeutic impact of BCG in NMIBC patients. Another 
study used the ratios of cytokine levels (TNF-a, IL-1b, 
IL-6, IFN-g, IL-12, and interleukin-10 [IL-10]) released 
by monocytes before and after BCG vaccine treatment 
to represent the strength of trained immunity.[61] The IL-
12 ratio was significantly higher (five times) in relapse-
free patients after BCG vaccine treatments compared 
with relapse patients. Patients without trained immunity 
(measured by the IL-12 ratio) had a significantly shorter 
time to relapse than those with trained immunity (P <0.001). 
These findings demonstrated the potential link 
between BCG-induced trained immunity and anti-tumor 
responses.

Systemic switching from oxidative phosphorylation to 
aerobic glycolysis may underlie the protective effect of 
BCG vaccine against autoimmune disorders and nervous 
system diseases.[62,63] Increases in key early glycolytic 
enzymes were observed, as were increases in glucose 
uptake and systemic blood sugar reduction, acceleration 
of glucose utilization via shunts to the pentose phos-
phate pathway, decreased utilization of the late glyco-
lytic steps including the Krebs cycle, increased lactate 
production, and decreased oxidative phosphoryla-
tion.[40] And methylation sites in Treg signature genes 
implicated in the glucose utilization and reestablished 
tolerance which were driven by systemic metabolic 
alterations in glycolysis.[40,64] Furthermore, a study 
found that BCG-induced trained immunity (effects on 
H3K4m3 and H3K9m3) in monocytes was accompa-
nied by a strong increase in glycolysis.[56] These findings 
provide evidence to the claim that BCG vaccine may 
stimulate glycolysis in immunized monocytes trained by 
BCG vaccine.

Increases in IL-1b were detected in both heterologous 
lymphocyte responses and trained immunizations, 
suggesting that this substance was fundamental to anti-

viral infection.[54,58,65] After being challenged by the 
virus, mice deficient in the IL-1b receptor or the inflam-
masome, which consists of components nucleotide-
binding and oligomerization domain-like receptor 
protein 3 (NLRP3), apoptosis-associated speck-like 
protein containing a caspase recruitment domain (ASC) 
and caspase-1, were more vulnerable to viral infection 
and had a poor survival rate.[66,67] Further, IL-1b was 
observed to induce trained immunity in vitro, and this 
effect was accompanied by epigenetic changes in the 
levels of histone methylation (H3K4m3 increasing and 
H3K9me3 decreasing).[58]

Factors Influencing Off-target Effect of BCG Vaccine

BCG vaccine strains

The most prevalent BCG vaccine strains are the 
Bulgarian, Danish, Russian, and Japanese strains. 
Compared with BCG vaccine-Bulgarian and BCG 
vaccine-Russian strains, infants that received BCG 
vaccine-Danish strain had a higher frequency of CD4+ T 
cell responses (peaking at day 42 post-immunization) 
and had persistent, multifunctional CD4+ T cells that 
were in the memory stage of early differentiation.[68] 
Moreover, BCG vaccine-Danish strain immunization 
elicited a higher proportion of multifunctional cytokine 
response, including IFN-g, TNF-a, and IL-2, to heterolo-
gous vaccine antigens (tetanus and pertussis) compared 
with BCG vaccine-Bulgarian and BCG vaccine-Russian 
strains. The study found CD4+ T cell responses to BCG 
vaccine antigens and other heterologous antigens varied 
in strength and adaptability depending on the immunity 
strains of BCG vaccine.

Inoculation time

The timing of vaccination is one of the important 
factors that may influence the off-target effects of BCG 
vaccine. An article collected studies on delayed BCG 
vaccination of low-birth-weight infants before 2014 and 
found that all-cause mortality after BCG vaccination at 
birth was reduced compared with newborns who 
delayed BCG vaccination.[69] And results of a prospec-
tive study in Uganda showed that comparing infants 
immunized at birth to those immunized at 6 weeks of 
age, the former group had a 29% lower rate of unspe-
cific infections (hazard ratio [HR] = 0.71, P = 0.023).[7] 
Newborns given BCG vaccine had a greater capacity to 
proliferate CD4+ and CD8+ T cells to express more IFN-
g alone or in combination with perforin, and more of 
other cytokines (IL-2 and TNF-a).[70]

Gender disparity

A pool of three clinical trials found a significantly lower 
mortality rate ratio (MRR [BCG vaccination/no BCG 
vaccination]) in boys compared with girls in the 
first week following BCG vaccination (0.36 vs. 0.85). 
However, girls had significantly lower MRR compared 
to boys (0.56 vs. 0.91) at weeks 2–4.[71] The finding that 
BCG immunization offered defense from all-cause 
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mortality as soon as one week after vaccination in boys 
and 2–4 weeks after vaccination in girls was ground-
breaking. It was associated with a stronger proinflamma-
tory cytokine response in girls than in boys at 4 weeks 
after BCG vaccination. The combination of hepatitis B 
vaccine and BCG vaccination at birth, however, showed 
sex-differential impact, as shown in the first RCT on 
humans to compare the off-target effects of BCG 
vaccine.[72] In response to the stimulation by unrelated 
pathogens, males generated more TNF-a, IFN-g, and less 
chemokine ligand 2 (CCL2) than females. And BCG 
vaccination was associated with a decrease in systemic 
inflammation, with the impact being greater in males 
than in females.[73] In conclusion, there are discernible 
disparities between the sexes in the off-target effects of 
BCG vaccine.

Inoculation sequence

The order of vaccination may affect the off-target effects 
of the BCG vaccine. In reaction to unrelated stimuli, IL-
10 was reduced and interleukin-22 (IL-22) was 
increased after vaccination with the Vi polysaccharide 
typhoid vaccine and then the BCG vaccine.[74] In addi-
tion, concurrent or subsequent vaccination with BCG 
vaccine counteracted the immunosuppressive effects 
caused by tetanus-diphtheria-pertussis inactivated polio 
vaccine inoculation alone. These effects are short-term 
potentiation and long-term suppression of monocyte-
derived cytokine responses, as well as short- and long-
term suppression of T cell responsiveness to unrelated 
pathogens. Epidemiological studies corroborated this 
finding, demonstrating a significantly decreased risk of 
acute lower RTI in BCG vaccine after or simultaneous 
with diphtheria-pertussis-tetanus (DTP) vaccine, as 
opposed to DTP after BCG vaccine.[10] Furthermore, a 
study found that adjusting for background factors and 
taking the child mortality rate and the combined BCG 
and first-dose DTP vaccination group as the reference, 
the BCG pre-vaccination group was associated with a 
2-fold higher mortality rate (MRR: 1.94, 95% CI: 
1.42–2.63), and children receiving BCG vaccination 
after first-dose DTP had 1.25-fold higher mortality 
(MRR: 1.25, 95% CI: 0.91–1.73).[75]

Discussion

According to decades of research on the off-target 
effects of the BCG vaccine, the BCG immunization 
could enhance non-specific immune responses against 
diseases including infections, NMIBC, and autoimmune 
diseases. Notably, there are studies providing counter-
evidence for the off-target effects of the BCG vaccine on 
infection rates and the development of autoimmune 
diseases. In two Danish investigations, hospitalization 
rates for infections were not reduced by newborn BCG 
immunization.[76,77] Another three studies concluded 
that BCG vaccination had no effect on the onset or 
progression of autoimmune disease.[78-80] Therefore, 
well-designed prospective studies or large-scale clinical 
RCTs are required to identify the off-target effects of 
BCG vaccine.

The immunological mechanisms may explain the off-
target effects of BCG vaccination, which are trained 
immunity and heterologous lymphocyte responses 
induced by BCG vaccine.[43] Trained immunity is medi-
ated by HSPCs to induce epigenetic and metabolic repro-
graming of innate immune cells like monocytes, 
resulting in increased production of cytokines, such as 
IL-1b. The heterologous lymphocyte response elicited by 
the BCG vaccine modulates responses to TB-unrelated 
infections and diseases by stimulating CD4+ and CD8+ T 
cell and NK cell responses. However, the precise 
biological mechanism of BCG vaccine remains uncer-
tain. It is necessary to further confirm the immune 
mechanism of the off-target effects of BCG vaccine in 
order to apply activation to the prevention and treat-
ment of non-targeted infections and diseases.

Implications for vaccination methods arise from the fact 
that the off-target effects of BCG vaccine may be influ-
enced by BCG vaccine strains, inoculation time, gender, 
and inoculation sequence. BCG vaccine may act as an 
immunological adjuvant to enhance immune responses 
when used in conjunction with other vaccinations, and 
the sequence in which vaccines are administered can 
have a significant impact on their efficacy. Studies have 
found that BCG pre-vaccination or combined vaccina-
tion (compared with BCG post-vaccination), or BCG 
vaccination at birth (compared with delayed BCG vacci-
nation) has lower unspecific infection rate or 
mortality.[7,10,69,75] Therefore, the sequence and time of 
vaccinations should be considered when planning immu-
nization schedules or introducing new vaccines into 
existing schedules. And BCG vaccine should be given 
priority after delivery in regions with high burden of 
infectious diseases because of the additional protection 
that BCG vaccine provides to newborns.[7] Concerns 
about the impact of BCG vaccine strains on off-target 
effects also remain. Most of the studies reporting off-
target effects of BCG vaccine have used the BCG 
vaccine-Danish strain phased out in 2015. Off-target 
effects of BCG vaccine-Japanese strain were shown to be 
greater than those of BCG vaccine-Russian or BCG 
vaccine-Danish strains in a study.[81] Therefore, equiva-
lence studies evaluating the off-target effects of different 
BCG vaccine strains are worthwhile.

Researchers have attempted to exploit the off-target 
effects of BCG vaccine to design a non-specific immuno-
therapy or vaccines regimen to treat or prevent COVID-
19, caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2). RCTs provided evidence for 
potential protection against COVID-19 provided 
by BCG vaccination [Supplementary Table 1, http://
links.lww.com/CM9/B769].[82-85] However, two other 
RCTs have found that past BCG vaccination was not asso-
ciated with increased COVID-19 incidence or symptom 
severity, nor was it protective against COVID-19, either in 
childhood or in adulthood [Supplementary Table 1, http://
links.lww.com/CM9/B769].[86,87] The immune response 
of the immune regimen to the two-dose Pfizer-BioNTech 
vaccine (Pfizer, New York, USA; BioNTech, Mainz, 
Germany) after 30 days of BCG immunization was 
stronger compared to the immunization schedule for the 
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only two-dose Pfizer-BioNTech vaccine [Supplementary 
Table 2, http://links.lww.com/CM9/B769].[88] Exploiting 
the immunostimulatory properties of BCG vaccine, 
researchers developed a novel COVID-19 vaccine named 
BCG:CoVac[89] (University of Sydney and the Centenary 
Institute, Sydney, Australia) and designed a therapeutic 
biological product mix named AD26-BCG[90] (Medicine 
Invention Design Incorporation, Maryland, USA).

In conclusion, our review suggests that the off-target 
effects of BCG vaccine have beneficial effects on the health 
of human, and so careful consideration should be given 
before discontinuing the BCG vaccine. And further studies 
are needed to confirm the off-target effects of BCG vaccine 
on TB-unrelated infections and diseases, and the immune 
mechanisms underlying them, shedding light on future 
applications of vaccination strategies.
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