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ABSTRACT

Bacillus Calmette-Guerin (BCG) vaccine is one of the most widely used vaccines in the world. It protects against many non-
mycobacterial infections secondary to its nonspecific immune effects. The mechanism for these effects includes modification
of innate and adaptive immunity. The alteration in innate immunity is through histone modifications and epigenetic reprogram-
ming of monocytes to develop an inflammatory phenotype, a process called “trained immunity.” The memory T cells of adap-
tive immunity are also responsible for resistance against secondary infections after administration of BCG vaccine, a process
called “heterologous immunity.” Bacillus Calmette-Guerin vaccine is known to not only boosts immune responses to many
vaccines when they are co-administered but also decrease severity of these infections when used alone. The BCG vaccine by
itself induces a TH1 type response, and its use as a vector has also shown promising results. This review article summarizes
the studies showing effects of BCG vaccines on various viral infections, its role in enhancing vaccine responses, the mecha-
nisms for this protective effect, and information on its effect on COVID-19.

Key Indexing Terms: Bacillus Calmette-Guerin vaccine; Recombinant BCG vaccine; Viral infections; Heterologous immunity;
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INTRODUCTION
Avaccine is a biological preparation that stimu-
lates the body’s immune system to recognize it
as foreign, destroy it, and remember it so that

the immune system can easily destroy it at any later
encounters. Historically, vaccines have been known to
have many non-disease- specific effects; for example,
Vaccinia virus vaccine in the 17th century was noted to
protect not only against small pox but also measles,
scarlet fever, and syphilis. Bacillus Calmette-Guerin
(BCG) vaccine is a live attenuated vaccine derived from
Mycobacterium bovis. It is the most widely used vaccine
in the world, and it reduces the risk of tuberculosis by
approximately 50%.1 However, it also has been shown
to decrease all cause neonatal mortality in several ran-
domized trials done in West Africa, India, and Haiti.2,3

This effect is due to the prevention of neonatal sepsis
and various upper respiratory tract infections (URTI) in
these countries. BCG also has nonspecific protective
effects against protozoan infections, including tegumen-
tary leishmaniasis and malaria,4 and in animal models
has provided protection against a diverse group of bac-
teria (Staphylococcus aureus, Mycobacterium fortuitum,5

Klebsiella pneumonia,6 Salmonella enteritidis), and viral
infections.7 In addition to its effect on infectious dis-
eases, BCG can induce potent nonspecific effects in the
treatment of bladder cancer in humans8 and in topical
therapy for common and genital warts and reduces
the growth of subcutaneously transplanted tumors in
mice.9-11
hern Society for Clinical Investigation. Published by Elsev
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In this review article we aim to discuss the patho-
physiologic mechanism for these effects and also the
use of BCG in COVID-19 infection. It is important to
understand that the BCG vaccine persists in skin for no
more than 1 month and any protection against tuberculo-
sis or any unrelated pathogen after that time period is
due to modulation of immunity by this vaccine. The non-
specific effects of BCG vaccine in humans and animal
models have been attributed to the two immunological
mechanisms discussed below.
HETEROLOGOUS IMMUNITY
Adaptive immunity works through the interaction of T

cells receptors (TCR) with an antigens presented by one
of the antigen presenting cells (APC) coupled to a Major
Histocompatibility Complex (MHC). The mechanism of
adaptive immunity is specific, and this interaction leads
to the production of memory T cells during the interac-
tion of T cells with APC. The memory T cell produced
during initial interaction of BCG epitopes cross react with
unrelated antigens. Heterologous immunity implies that
even after primary infection is over in response to expo-
sure to an unrelated pathogen there is an enhanced and
rapid production of the Th1/Th17 cytokines interferon-g
(IFN-g) and tumor necrosis factor (TNF) which help clear
the unrelated pathogen more quickly.12 This degenerate
nature of T cell recognition in which an antigenic peptide
is presented via MHC to T-cell receptor (TCR) enhances
the probability of cross-reactivity to an unrelated
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pathogen is called heterologous immunity. These cross-
reactive memory cells can be CD4 or CD8 T helper cells.
The cross reactive T cells have developed between anti-
gens of influenza and Epstein-Barr virus, hepatitis C
(HCV) and human immunodeficiency virus (HIV), and
human corona virus and Mycobacterium tuberculosis.
This effect is clinically more obvious when these
responses are produced in excess; for example, HCV-
induced hepatitis or dengue virus-induced hemorrhagic
fever are examples of this heterologous immunity.12

This concept of BCG vaccination resulting in immu-
nity to unrelated pathogens was seen in vaccinia virus
and herpes simplex virus type 2 (HSV-2) infections in
murine studies through a mechanism dependent on
increased T-cell receptor signaling and production of
IFN-g by memory CD4 T cells. Mice were immunized
with BCG vaccine and were subsequently treated with
isoniazid and rifampin to clear the bacteria from circula-
tion. Mathurin et al. then tested the resting immunity in
absence of any ongoing infection by challenging BCG
immunized mice with Vaccinia virus and noted that even
more than 6 months of BCG vaccination, memory CD4
were activated in mice in response to Vaccinia virus chal-
lenge and produced IFN-g in substantial titers to give
immunity to BCG immunized mice against Vaccinia
virus.13 Thus, there was the creation of a memory T lym-
phocyte repertoire which was subsequently activated
long after BCG immunization to provide benefits to other
nonspecific infections. The mechanism in the study was
postulated to be because of cross reactivity of T cell
MHC to react with similar epitopes of Vaccinia virus.
However, the study could not rule out the possibility of
nonspecific activation of the memory T cells cytokines,
such as IL-12 and IL-18 produced during secondary
infections, independent of TCR signaling. More studies
are needed to find the source of activation of these mem-
ory T cells, because even though the epitope spectrum
of BCG and M tuberculosis is large with at least 4000
proteins, it is hard to speculate BCG epitopes being
shared with all the pathogens described above.14 How-
ever, the end result remains that the memory cell gener-
ated in the initial encounter gets activated in the presence
of a secondary unrelated infection by an unknown mecha-
nism to produce Th1/Th17 cytokines to combat secondary
infection. Another example of this immunity involves the
administration of BCG vaccine for treatment of condyloma
acuminatum and warts. Activation of CD 4 lymphocytes
leads to increased TNF-a production which downregu-
lates gene transcription of HPV.15

There are several questions which remain unan-
swered. This type of immunity cannot explain why the
antiviral activity induced by BCG vaccine was more
effective against localized dermal lesions than systemic
involvement in HSV-2 infection, such as herpes enceph-
alitis. Also, as noted previously the non-specific benefits
f BCG vaccine against URTI were mostly found in studies
done in developing countries, and these differences were
not apparent in studies performed in Europe. It raises the
684
question of whether these effects are dependent on socio-
economic status or geographical location or other factors
related to infections and host defences (Fig. 1).16,17
TRAINED IMMUNITY
Heterologous immunity takes couple of weeks to

develop it and could not explain the rapid decrease of
perinatal mortality seen in several studies. Therefore, a
second mechanism for the nonspecific effects of BCG
involving innate immunity was thought to contribute to
rapid effects. Innate immunity comprises of neutrophils,
natural killer (NK) cells, dendritic cells, and monocytes/
macrophages. However, neutrophils are terminally differ-
entiated and short lived, leaving dendritic cells, mono-
cytes, and NK cells to be capable of forming
immunological memory called trained immunity. This
trained immune memory is nonspecific and protects
against unrelated secondary infections independent of T
and B cell responses.18

Kleinnijenhuis et al. showed that monocytes can be
functionally reprogrammed to induce protective effect
against other infections.19 Mice lacking CD4 and CD8
cells were vaccinated with BCG and subsequently
infected with lethal Candida albicans. These mice
showed decreased mortality when compared to sham
mice. Bacillus Calmette-Guerin vaccinated mice have an
increase in monocyte population one-month post vacci-
nation with changes in their phenotype leading to
increased pro-inflammatory cytokine production and
increased expression of pattern recognition receptors.
These mice had increased methylation of histone 3 at
lysine 4 (H3K4), a mechanism of epigenetic reprogram-
ming at the promoter site that is associated with
increased transcription of pro-inflammatory cytokine
genes in monocytes. The genomic region associated
with epigenetic reprogramming was upstream of the
gene coding for nucleotide-binding oligomerization
domain containing protein 2 (NOD2), which is the innate
immune receptor-pattern recognition receptor recogniz-
ing muramyl dipeptide (MDP), a bacterial cell wall com-
ponent, indicating that upregulation of NOD2 may also
be responsible for training monocytes.19

In 2018, Arts et al. did a human study to see the
effects of BCG in vaccinated volunteers and their
response to an unrelated virus by administering yellow
fever vaccine and subsequently comparing the viremia in
BCG-immunized versus non immunized volunteers.20

Volunteers with prior BCG vaccination had significantly
lower levels of viremia than volunteers vaccinated with
placebo, even after three months, which was attributed
to increased active chromatin state at gene promoters
and enhancers of monocytes and increased pro-inflam-
matory cytokine production (IL-1B, TNF-a, IL-6) in this
group. Arts et al. also showed that the PI3K/AKT path-
way, another pathway for mediating immunity, was upre-
gulated, and this was supported by the recent studies
demonstrating its involvement in the induction of trained
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FIG. 1. This figure outlines the possible changes in immunity following Bacillus Calmette-Guerin (BCG) vaccination.
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immunity by both BCG and b-glucan.20 These epigenetic
changes in trained immune cell require changes in physi-
ological activity with switching from oxidative phosphor-
ylation to aerobic glycolysis with decreased O2
requirements, also known as the Warburg effect. It
occurs in these trained inflammatory cells as an adapta-
tion to work efficiently in hypoxic environments.21

In 2013, Kleinnijenhuis et al. tried to study the dura-
tion of these protective effects and found that at the end
of one year heterologous immunity to an unrelated anti-
gen was still active but cytokine production by mono-
cytes in response to an unrelated pathogen decreased.19

However, there was still an increased expression of pat-
tern recognition receptors on monocytes, thus conclud-
ing that long lasting nonspecific benefits of BCG vaccine
were mainly because of heterologous immunity with
some residual trained immunity long after the disappear-
ance of BCG.
ENHANCED VACCINE RESPONSES
There were several studies done in 2002 to determine

the effect of BCG vaccines on other vaccines in neonates
Copyright © 2021 Southern Society for Clinical Investigation. Published by Elsev
www.amjmedsci.com � www.ssciweb.org
based on the observations of decreased mortality in this
population.22 BCC vaccine administered at birth aug-
mented the pneumococcal vaccine titers and the
response to hepatitis B vaccine and increased cytokines
in response to tetanus toxoids at two months. The mech-
anisms underlying the influence of BCG on the priming of
antibody responses to unrelated vaccine antigens likely
involves enhanced activation of T lymphocytes by APC
and markedly enhanced memory cell at 4.5 months. To
determine the effect of BCG vaccine in adults, BCG
immunized individuals were given the influenza vaccine
14 days after BCG immunization in a randomized con-
trolled trial.23 It was found that BCG vaccinated subjects
had markedly enhanced hemagglutinin-inhibition anti-
body responses against the H1N1/09 vaccine strain
compared to the placebo-treated group, and there was
sustained IL-B response (a marker of Th1 activation).
The effects of non-live typhoid fever vaccine with BCG
co-administration were also studied by Blok et al., and
there was reduced production of IL-10 (an anti-inflamma-
tory cytokine) and increased IL-22 by the typhoid fever
vaccine suggesting that BCG produces a pro-inflamma-
tory immune response instead of primary immune
ier Inc. All rights reserved. 685
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suppressive effect of typhoid fever vaccine.24 It was pos-
tulated that this opposing effect of BCG was due to its
capacity to induce trained immunity and thus counteract
immune tolerance. However, the study did not show any
increase in humoral or cellular responses to Salmonella
typhi.29 Similar to the typhoid vaccine, other inactivated
vaccines like the influenza vaccine have an overall
immune suppressive effect, especially in women, and
BCG vaccination influenced the influenza vaccination-
induced increase in TNF-a and IL-6 production after
lipopolysaccharide stimulation. The beneficial effect of
BCG on these vaccines makes it plausible for a role
against these infections.
REDUCTION IN SEVERITY OF INFECTION
Research done in 2017 showed that the BCG vaccine

can actually decrease the severity of influenza infection.
Influenza A virus infection targets the lung epithelial cells.
Following infection these cells become apoptotic and
necrotic and trigger excessive inflammation and cytokine
storm. Alveolar macrophages reduce lung inflammation
by ingesting apoptotic cells through a process called
efferocytosis. Mukherjee et al. demonstrated that intra-
nasal immunization with BCG increased efferocytosis by
alveolar phagocytes and conferred protection against
lethal influenza A virus pneumonia.25 They introduced
the lethal influenza A virus two days after intranasal BCG
delivery and found that all mice with prior BCG vaccina-
tion survived compared to no survivors in control ani-
mals. Since the mice were challenged with the virus only
two days after BCG, this response demonstrated that
the BCG strengthened innate immunity in lung. Subse-
quent viral loads were higher in control mice compared
to BCG-immunized mice due to increased efferocytosis
of influenza A virus infected apoptotic epithelial cell by
alveolar phagocytes. Delivery of BCG into the alveolar
space increased the expression of T-cell immunoglobulin
and mucin domain containing-4 receptors and other
phosphatidylserine receptors on macrophages. This
study also showed that alveolar phagocytes from BCG-
treated mice had significantly higher levels of peroxi-
some proliferator-activated nuclear receptors (PPARs)
that have a role in inflammation and immune regulating
properties leading to increased efferocytosis.30 This
might suggest the use of BCG in patients with lung dis-
eases with cells damaged by various pathogenetic
mechanisms in which increased efferocytosis might
decrease lung inflammation.

The Th1 milieu created by the BCG vaccine to control
tuberculosis and the later heterologous immunity with
non-specific effects were further studied by Wardhana
et al.26 They reported that BCG vaccination in elderly
subjects increases Th1 cells to produce IFN-g and IL-2
which are protective against influenza and other acute
upper respiratory tract infections, as opposed to the
usual Th2 subtype predominance in this age group.
Thus, in diseases whose pathophysiology involves
686
increased Th2, such as allergic diseases, asthma, and
Crohn’s disease in which Th2 lymphocyte responses
predominate, BCG vaccination has the potential to
reverse this milieu to Th1 mediated cytokines (IL-1, IL-2,
IFN-g, TNF-a). Datau et al. reported that BCG vaccina-
tion shifted the Th2 mediated IL-4 milieu to Th1 mediated
IFN-g in asthmatics.27 The inhibition of Th2 responses by
the BCG provides the rationale for its use in these dis-
eases and is a current area of research.28

Because of the capacity to induce a T cell response
which lasts for many years, recombinant BCG (rBCG)
strains with BCG as vector are being used to facilitate
viral clearance.29 rBCG technology refers to the genetic
engineering of BCG bacteria to use them as a vector to
express foreign genes of interest. This involves inserting
the DNA encoding an immunogenic antigen (such as a
bacterial surface protein) into M bovis bacteria and
expressing the antigen in these cells. The rationale for
using BCG as a delivery vector for heterologous antigens
is based on its adjuvant activity and capacity to replicate
inside antigen presenting cells (APC), such as macro-
phages and dendritic cells. Various antigen genes from
M tuberculosis (e.g., Ag85) and other pathogens (e.g.,
HIV-1 env), tumor-associated antigen genes (e.g.,
MUC1), and genes that encode specific mammalian cell
cytokines (e.g., IFN-g, IL-2) have been introduced into
BCG bacteria to construct rBCG strains that express
those genes.

For example, during metapneumoviruses infections,
host immunity is unable to generate protective immuno-
logical memory, and this allows recurrent infections.
Also, the vaccine developed for RSV increased Th2
responses and was not effective. Both these problems
can be fixed with recombinant BCG (rBCG) vaccine
strains expressing respiratory syncytial viruses (RSV) or
human metapneumoviruses as heterologous antigens on
BCG vector to provide protection against these infec-
tions. The potential benefit with rBCG is also seen with
strains of Mycobacterium smegmatis as a vaccine vector
for HIV-1 envelope protein which induces CD8 T cells
secreting IFN-g and creates a stable immunological
memory.30
BCG VACCINATION AND COVID-19
Covian et al. analyzed the differences in the number

of confirmed cases of COVID-19 per million in countries
which had a BCG vaccination program and countries
which did not.31 The number of confirmed cases was
much lower in countries that used BCG immunization at
birth. In addition, the number of deaths was lower, and
the mortality rate was lower. Madan and colleagues
reviewed information available on tuberculosis (TB) inci-
dence, BCG coverage, and COVID-19 incidence in 174
countries. They found that countries with a low TB inci-
dence and a low BCG coverage had the highest inci-
dence of COVID-19 per 100,000 population. Countries
with high BCG coverage, countries with a high TB
THE AMERICAN JOURNAL OF THE MEDICAL SCIENCES

VOLUME 361 NUMBER 6 JUNE 2021



Bacillus Calmette-Guerin Vaccine and Nonspecific Immunity
incidence, and countries with high TB incidence and
BCG coverage had much lower rates of COVID-19 infec-
tion. In addition, the case rate fatality rate appeared to be
lower in countries with a high TB incidence with a high
BCG coverage rate.32 Hamiel and coworkers studied
COVID-19 infection rates in adults in the age range of 35
−41 in Israel who presumably had different BCG vacci-
nation rates.33 There was no significant difference in the
proportion of positive test results in the BCG vaccinated
group (11.7%) compared to the unvaccinated group
(10.4%); the rates were 121 per 100,000 in the BCG vac-
cinated group and 100 per 100,000 in the BCG unvacci-
nated group. The number of cases with severe disease
was small in both groups, and this study does not pro-
vide any information about the clinical benefit of BCG
vaccination after infection. It is possible that cases with
prior vaccination had less severe disease. It is also possi-
ble that the long interval between BCG vaccination and
COVID-19 infection reduced any potential benefit associ-
ated with vaccination.

The rBCG vaccine has been shown to be protective
for parasites like Plasmodium malariae and viruses like
HCV. The inclusion of the coronavirus 2 spike protein in a
recombinant BCG vaccine has a potential to induce spe-
cific immunity against the spike protein and increase
trained innate immunity. However, the induction of immu-
nity can have potential adverse effects. Tereza et al. ana-
lyzed an “optimal” immune response to Mycobacterium
tuberculosis and argued that the factors involved in the
development of a cavitary tuberculosis included the
mycobacterial exposure level, the extent of the adaptive
immune response, and the extent of the innate immune
response.34 Consequently, in certain situations a vigorous
immune response might cause more disease; this possi-
bility greatly increases the complexity of vaccination trials.
SUMMARY
Bacillus Calmette-Guerin vaccine can modify both

innate and adaptive immunity and, thereby, provide
immunity not only against Mycobacterium tuberculosis
but also other pathogens. Heterologous immunity and
trained immunity contribute to pathophysiologic mecha-
nisms which explain how a vaccine against Mycobacte-
rium tuberculosis protects against unrelated pathogens.
The use of this vaccine as a vector to stimulate a milieu
of adaptive response could be explored in the develop-
ment of COVID vaccine. Randomized control trials are
warranted in certain high-risk populations, such as
healthcare workers and nursing home residents, to
determine if BCG vaccination can reduce the incidence
or severity of COVID-19.
GLOSSARY

1 Epitope is fragment of an antigen equivalent to 5−15
amino acids or 3−4 sugar residues that reacts with
Copyright © 2021 Southern Society for Clinical Investigation. Published by Elsev
www.amjmedsci.com � www.ssciweb.org
receptors on B-lymphocytes and T-lymphocytes, as
well as with free antibody molecules.

2 Antigen-presenting cells (APCs) are a heteroge-
neous group of immune cells that mediate the cellu-
lar immune response by processing and presenting
antigens for recognition by certain lymphocytes,
such as T cells. Classical APCs include dendritic
cells, macrophages, Langerhans cells, and B cells.

3 Pattern recognition receptors (PRRs) are a group
of receptors mainly expressed by antigen presenting
cells, such as dendritic cells and macrophages, to
recognize extracellular and intracellular invaders.
The five PRR families include the Toll-like receptors
(TLRs), the nucleotide-binding oligomerization
domain (NOD)- Leucin Rich Repeats (LRR)-contain-
ing receptors (NLR), the retinoic acid-inducible gene
1 (RIG-1) -like receptors (RLR), and the C-type lectin
receptors (CLRs). They usually differ in their ligand
recognition, signal transduction, and sub-cellular
localization.

4 Toll receptors: A type of PRR located on plasma
membrane or endosome that recognizes a variety of
pathogens like bacteria and work by signaling through
a network of protein kinases to kill the pathogen.

5 Pathogen associated molecular patterns (PAMP)
are molecules with conserved motifs that are associ-
ated with pathogen infection that serve as ligands
for host pattern recognition molecules.

6 Efferocytosis is the process by which apoptotic
cells with ‘eat me’ signals are removed by phago-
cytic cells limited not only to macrophages and den-
dritic cells but also by many other cell types,
including epithelial cells and fibroblasts.

7 Cytokines are molecules that are used for cell sig-
naling or cell-to-cell communication. Cytokines are
similar to chemokines, wherein they can be used to
communicate with neighboring or distant cells about
initiating an immune response. Cytokines are also
used to trigger cell trafficking, or movement, to a
specific area of the body.

8 Chemokines are cytokines released by infected cell
to initiate an immune response and to signal adja-
cent cells of the threat.

9 Major histocompatibility complex (MHC) is a group
of genes that encode for cell surface glycoproteins
(MHC molecule) whose main function is to present
intracellular peptide fragments to T lymphocytes.

10 Innate immunity refers to nonspecific defense
mechanisms that react immediately or within hours of
an antigen’s appearance in the body. The innate
immune system includes physical and anatomical bar-
riers as well as effector cells (highly phagocytic motile
neutrophils, monocytes and tissue macrophages,
eosinophils, and NK cells.), antimicrobial peptides, sol-
uble mediators (cytokines/complement mediators),
and cell receptors (PRR).

11 Adaptive immunity is characterized by
specificity, immunological memory, and self/nonself
ier Inc. All rights reserved. 687
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recognition. The response involves clonal
selection of lymphocytes that respond to a specific
antigen. Adaptive immune responses are mediated
by cellular (lymphocytes) effectors, soluble (cyto-
kines) effectors, and humoral (plasma cell-derived
antibodies) effectors.

12 Degeneracy (also referred to as cross reactivity
or alloreactivity) is a feature of the immune
response mechanism that permits effective T cell
responses to a large number of potential peptide
sequences complexed to MHC molecules with spec-
ificity sufficient to distinguish between self and for-
eign peptides and thus to avoid autoimmune
disease.

13 Specificity is provided by CD8+ cytotoxic T lympho-
cytes (CTLs) recognizing 8−10-oligomer amino acid
peptides and MHC class I molecular complexes on
cells ubiquitously distributed in the body. CD4+ T
helper cells (Th) recognize longer peptide fragments
bound to MHC class II molecules present only on
APC.

14 Memory T cells: Following exposure to an antigen, a
small subset of effector T cells differentiate into
memory cells and remain in peripheral lymphoid and
non-lymphoid tissues for years. Memory T cells
maintain their antigen specificity and help amplify
the immune response during antigen re-exposure.
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