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The double-sided effects of Mycobacterium Bovis bacillus

Calmette—Guérin vaccine
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Bacillus Calmette-Guérin (BCG), the only vaccine proven to be effective against tuberculosis (TB), is the most commonly used
vaccine globally. In addition to its effects on mycobacterial diseases, an increasing amount of epidemiological and experimental
evidence accumulated since its introduction in 1921 has shown that BCG also exerts non-specific effects against a number of
diseases, such as non-mycobacterial infections, allergies and certain malignancies. Recent Corona Virus Disease 2019 (COVID-19)
outbreak has put BCG, a classic vaccine with significant non-specific protection, into the spotlight again. This literature review
briefly covers the diverse facets of BCG vaccine, providing new perspectives in terms of specific and non-specific protection

mechanisms of this old, multifaceted, and controversial vaccine.
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INTRODUCTION

Bacillus Calmette-Guérin (BCG), a live-attenuated bacterial
vaccine derived from Mycobacterium bovis was originally
isolated in 1902 from a cow with tuberculosis (TB)'. The isolate
was cultured continuously for >230 generations for 13 years
(1908-1921) to generate a mutant strain with weakened
virulence but with high immunogenicity®. First used in humans
in 1921, BCG vaccine has been included in the infant
immunization programs by the World Health Organization
(WHO) since 1974. As of 2018, BCG has been used within the
national vaccination program of 180 countries or territories in
Asia, Africa, Europe, and America, with a coverage range of over
90%>°. Since the 1920s, the original BCG strain has been
shipped to 20 different international sites, where the vaccine
was repeatedly sub-cultured under different conditions. This has
given rise to diverse licensed BCG formulations that are distinct
in live mycobacteria content and in genetic composition®™.
Currently, the most widely used strains for BCG vaccine
production globally include French Pasteur strain (Pasteur
1173P2), Denmark 1331 strain (Danish 1331), Brazil strain (BCG
Mearou RJ), Russian strain (Moscow-368), Bulgarian substrain
(Sofia SL222), and the Japan 172 strain (Tokyo 172-1)°'°.

As one of the oldest and most widely used vaccines in the
world, BCG has been administered for nearly a century, with
more than four billion of BCG-vaccinated individuals globally'".
In most countries, BCG is administered to newborns a few hours
or days after birth, and it has been shown to exhibit a protective
efficacy of 73% and 77%, respectively, against TB meningitis and
miliary TB'*7'®, Although BCG was specifically developed as a
vaccine for TB, numerous studies have shown that BCG has the
ability to induce the so-called Non-Specific Effects (NSEs) that
provide effective protection against other infectious diseases.
Several epidemiological studies conducted in TB endemic
countries have demonstrated that immunization of neonates
with BCG can lower neonatal mortality by 50%'’, which may be
attributed to the decreased likelihood of sepsis and respiratory

infections observed in children after receiving BCG vaccina-
tion'’™2°. Clinical evidence also suggests that BCG may be
effective against infections caused by viral pathogens, such as
respiratory syncytial virus®'?2, human papilloma virus**~%°, and
herpes simplex virus?®. Moreover, an increasing number of
animal studies using mouse models have demonstrated the
effects of BCG on secondary viral infections. In two separate
studies, mice immunized with BCG have been shown to exhibit a
significantly lower titer of influenza A virus (H1N1), resulting in a
decreased level of inflammation and lung injury, compared with
those without BCG immunization®’?®. Furthermore, other
studies have reported that BCG-vaccinated animal models or
humans appeared to be more resistant to various viruses,
including herpes simplex virus types 1 and 22°73", sendai virus®?,
Japanese encephalitis virus®3, encephalomyocarditis virus**>>,
and ectromelia virus*®*’, or to non-communicable diseases,
such as leukemia®?, allergy®®, and childhood diabetes*°.

Remarkably, BCG can be used as an expression vector for
recombinant antigens to develop novel vaccines for pathogenic
bacteria and viruses*' ™, as well as for cancer immunother-
apy>84547_ Clearly, BCG cannot be regarded as a vaccine with
only “Specific Effects” for unilateral prevention of TB. Hence,
further understanding on the possible “NSEs” of BCG is
required.

CLINICAL CHARACTERIZATION OF BCG VACCINATION

The safety of BCG has remained as the primary concern regardless
of whether it is used for immune prevention or immunotherapy*®.
Adverse reactions in children owing to BCG vaccination have been
well reported in countries that routinely administer BCG*.
Complications arising from BCG vaccination can be either mild
or severe®®. Immune-compromised individuals with conditions
such as severe comprehensive immune deficiency, cellular
immune deficiency, chronic granulomatous disease, IL-12 and
IFN-y-mediated immune impairment®' often show more-severe
reactions to BCG vaccine, and should therefore avoid BCG
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vaccination. Other factors that may contribute to the development
of adverse reactions include evaluation criteria employed, potency
and dosage of the vaccine strain used, number of immunization
applied, route of delivery, age and immune status of the
vaccinated individual and the skills of the operator administering
the vaccine.

Normal reactions to BCG vaccination

BCG, as a live bacterial vaccine, can inevitably disseminate beyond
the vaccination site and regional lymph nodes to various parts of
the body under certain conditions. About 2 weeks after BCG
vaccination, an indurated area with an average diameter of
~10 mm typically occurs at the injection site, followed by redness,
swelling, suppuration, and spontaneous ulceration, which turns
into a crust that falls off on its own after healing in ~6-12 weeks,
forming a small permanent scar, commonly known as the “BCG
Scar”. It takes about 2 or 3 months after BCG vaccination to
develop a “BCG Scar” without any systemic adverse reactions. It is
worth noting that a small number of individuals receiving BCG
vaccination have been reported to result in slight swelling of the
axillary lymph nodes on the same side of the vaccination site®2.
Generally speaking, the reactions described above are normal
after BCG vaccination, which are self-limiting without requiring
any special medical treatment.

Adverse reactions to BCG vaccination

BCG is the most widely used vaccine globally with an excellent
overall safety record. Adverse reactions and complications after
BCG vaccination mainly include mild and transient fever (that
alleviates spontaneously after 1-2 days), injection site abscesses™>
(with a diameter of >10 mm that heal in >12 weeks), lymphade-
nitis, TB skin rash®>® (such as scleroderma erythema, scrotal lichen,
and TB papules necrosis that occur between 10 days and 2 months
after BCG vaccination), osteomyelitis>>>%, and systemic dissemi-
nated BCG infection®’. It has been reported that ~1 in 2500
recipients of BCG vaccine shows localized BCG-associated mild
complications; while one in 100,000 individuals exhibits dissemi-
nated severe complications®'%°°, As the formation of abscess
after vaccination is usually self-limiting and can be resolved
without the need for treatment, only a small number of patients
require hospitalization and special procedures. BCG lymphadeni-
tis, the most common side effect®°°™®* that manifests as local
lymph node enlargement can form pustules, ulceration, suppura-
tion, and other clinical abnormalities such as caseous, abscess, and
sinus. Statistical analyses have shown that 30%-80% of BCG
lymphadenitis can have purulent changes®, and that ~15%-30%
of non-suppurative lymphadenitis can progress into purulent
lymphadenitis®®. In addition, unexplained change in urine color
has been reported as another abnormal reaction after BCG
vaccination. Generally, the urine color turns orange on the second
day after vaccination and subsequently recovers on its own in
~1 week®®, hence no intervention is required. It is worth noting
that a very small number of BCG recipients may develop allergic
purpura, anaphylactic shock, immune thrombocytopenia, and
lichenoid skin lesions after vaccination. Although the incidence
rate of the complications outlined above has been reported to be
low, prompt symptomatic treatment is required, which may
include systemic anti-TB treatment if required.

SPECIFIC EFFECTS OF BCG AGAINST TB
Innate immune protection

As a complex vaccine consisting live-attenuated mycobacterium,
BCG causes local infection and immune activation at the site of
administration, where resident monocytes, macrophages, and
dendritic cells (DCs) interact with the bacillus®®®” (Fig. 1A). BCG
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internalized by DCs can live up to 2 weeks inside these cells®,
triggering the upregulation of costimulatory molecules and the
production of immune-polarizing cytokines, which are charac-
terized by an increased expression level of CD40, CD80, CD83,
and CD86°%7°. On the other hand, BCG can be phagocytosed
and degraded by macrophages, giving rise to immunogenic
components of BCG cell wall skeleton, including covalently
linked mycolic acid, arabinogalactan, and peptidoglycan®® that
can strongly stimulate an inflammatory response through the
activation of different pattern recognition receptors (PRRs)®>”"~"3,
During the recognition of BCG, whilst the signaling of Toll-like
receptor (TLR) 2 is triggered via mycobacterial cell wall lipoglycans
and lipids, such as lipomannan (LM); the signaling of TLR4
triggered via other mycobacterial proteins, such as multiple heat-
shock proteins and glycoproteins®®”*~77_ It has been shown that
BCG CpG-DNA can activate intracellular TLR9 in DCs and
macrophages, resulting in cell activation and the production of
IL-12, TNF-a, and MCP-1, a crucial mediator of Th1 immune
response’®®2, Likewise, complement receptors CR3 and CR4,
nucleotide-binding oligomerization domain (NOD)-like receptors
and C-type lectins have been shown to interact with bacterial cell
wall components and participate in the recognition and
internalization of BCG’'®*%*  Furthermore, studies on BCG-
immunized adults have demonstrated reprogramming of mono-
cyte precursors with higher expression of PRRs and greater
reactivity to stimuli, such as TLR agonists.

Adaptive immune protection

Antigen-presenting cells such as DCs, macrophages, and B cells
present BCG-derived antigen peptides to major histocompat-
ibility complex (MHC) molecules and primary T cells located in
the nearest secondary lymphoid tissue or spleen to initiate an
adaptive immune response®® (Fig. 1B). Activated DCs at the BCG
inoculation site migrate to the draining lymph nodes, and
subsequently secrete TNF-a, IL-6, and IL-12 to activate both
CD4" and CD8™ T cells®®~®8, Activated CD4™ and CD8™ T cells
produce high levels of IFN-y, which ultimately increases the anti-
mycobacterial activity of macrophages®®9°°. This explains the
increased sensitivity to TB in humans with /FN-y mutations®’ and
in mice with IFN-y gene disrupted®’. At the same time, the
enhancement of antigen-specific T-cell response is co-stimulated
by neutrophils and activated DCs”2. Studies have shown that in
newborns, a large number of BCG-specific CD4" and CD8*
T cells can be detected in peripheral blood 10 weeks after BCG
vaccination. In addition, higher levels of IFN-y, Granzyme, TNF-q,
and IL-2 can be detected in the serum?*™. In the development
of BCG or TB-related vaccines, the dominant concept of
infectious disease immunology lies within the Th1/Th2 para-
digm, in which helper T (Th) cells are assigned an exclusive
division of labor®®. According to this paradigm, whilst Th1 cells
protect the host from intracellular pathogens (including Myco-
bacterium tuberculosis, MTB), Th2 cells protect the host against
extracellular pathogens®®. Therefore, in the case of TB, IFN-y
secreted by Th1 cells has been used as a criterion for evaluating
the protective immunity against BCG. However, there is a lack of
knowledge in understanding the BCG-induced immune protec-
tion and TB immunology. Therefore, further studies are required
to show that IFN-y is indeed the correct marker of immune
protection induced by BCG.

The role of humoral immunity in TB is often neglected®®.
Therefore, the response of B cells to BCG vaccination has also
been ignored. However, since recent studies have indicated that
antibodies have a role in the protection against TB, there has
been a growing research interest in determining their relevance
to vaccine development. In fact, potential mechanisms of
antibody-mediated immunity against MTB include enhanced
phagocytosis, increased phagolysosome formation, bacterial

Published in partnership with the Sealy Institute for Vaccine Sciences



J. Lietal

Inf Ki
Cell Wall Skeleton nfaromatory:Eytekines

N 3

TLR4S

(A)

=

- BCG Vaccines

Dead BCG

/ Dendritic Cell

i

Macrophage

Activated Macrophage

- °.”* Granzymes
) CO°

= CD8-T Cell
7 ’ TNF-alpha TCR

Injection Site

-
= MTB
f~ -

IFN-gamma

(B) CD4-T Cell

Fig. 1 Immune response elicited after BCG vaccination-specific effects for MTB. After BCG vaccine is injected intracutaneously, monocytes,
macrophages, and DCs recognize the BCG at the vaccination site and form a strong immune response. A BCG is recognized and internalized
by DCs or macrophages. The cell wall or other components of BCG act as PRRs that bind to different ligands, upregulate costimulatory
molecules of stimulated cells, and activate anti-TB innate immune response. B Activated DC cells migrate to lymph nodes to activate
mycobacterial specific CD4" and CD8" T cells with a Th1 profile, and subsequently induce the secretion of high levels of cytokines, such as
IFN-gamma and granzyme. At the same time, B cells that respond to BCG antigens lead to the production of memory cells, plasma cells, and

antigen-specific antibodies. Figure was created using BioRender.

neutralization, enhanced inflammasome activation, and
enhanced cytotoxic natural killer (NK) cell activity. For example,
the formation of bacterial-antibody complexes has been shown
to cause increased processing and presentation of MTB antigens
by phagocytes, which in turn increases T-cell activation and
enhances cytotoxic responses”’. It has been shown that B cells
can also regulate neutrophilia during BCG vaccination by
modulating IL-17 response, and that a vigorously increased level
of early neutrophil can impair the initiation of CD4" T cells by
affecting the migration of DCs to draining lymph nodes, and
eventually trigger Th1 immune response that is not conducive to
antibody production®®. A clinical study on BCG has found that,
compared with that of unvaccinated volunteers, the number of
PPD-specific memory B cells in PBMCs of BCG-vaccinated is
significantly higher, but they lacked B-cell reactivity to ESAT-6 or
CFP-10%°. It has been shown that B-cell response induced within
4-8 weeks after BCG vaccination can increase the production of
IgG and induce long-lived memory B cells?*'%. An antibody
response to Ag85 complex has been found to be associated with
superior outcome in a cohort of MTB-infected Mexican
Indians'®'. Similarly, low-titer antibodies targeting the surface
glycolipid lipid arabinomannan of MTB have been shown to be
associated with the distribution of TB in children'®?, indicating
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that antibody effector functions may play a role in infection
control'®, Moreover, IgA produced due to vaccination from a
different route (intranasal vaccination) has been shown to form
mucosal immunity that can also prevent TB infection'®®. These
antibodies can neutralize and eliminate pathogens, and activate
immune responses by regulating the secretion of cytokines, such
as TNF-a and IL-1B'%.

NSES MECHANISM OF BCG

Several mechanisms by which BCG provides NSEs protection
against respiratory infections have been a subject of active
investigation. It has been hypothesized that these non-specific
benefits may protect against unrelated infections. The first
mechanism, “heterologous T-cell immunity” is mediated by
heterologous T-cell memory responses to provide cross-
protection'. The second mechanism, “trained immunity” relies
on reprogramming of innate immune cells that confer non-
specific immune memory to innate immune responses'®’. In
addition, other mechanisms include bystander cells and anti-
bodies/cross-reactive TCR.
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Fig. 2 BCG vaccination induces trained immunity. BCG vaccination induces trained immunity of monocytes/macrophages, leading to
increased epigenetic reprogramming and host defense capabilities. Chromatin rearrangement induces a “trained” state in monocytes, hence
enhancing the effectiveness of innate immune response upon exposure to non-specific pathogens (respiratory syncytial virus or yellow fever
virus), and inducing the secretion of proinflammatory cytokines, such as IL-6, IL-1f, and TNF-alpha. However, whether this “training process”
can prevent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) needs further validation. H3K4me3: trimethylation of lysine at
position 4 on histone 3; H3K9me3: trimethylation of lysine at position 9 on histone 3. Figure was created using BioRender.

Heterologous T-cell immunity of BCG vaccination

Heterologous T-cell immunity is based on the effects exerted by the
adaptive immune system, where primarily T cells mediate the cross-
reactivity between vaccine-related and vaccine-unrelated antigens,
giving rise to NSEs in vaccines. As such, T-cell vaccine responses may
be impacted or modified through exposures to previously infected
pathogens'%'%1% Although antigen cross-reactivity may provide
some beneficial protective immunity in some cases, the reaction
may cause severe immunopathological damage in other cases.
Therefore, T-cell-mediated heterologous immunity provides a
possible biological mechanism that can affect the immune response
in subsequent unrelated infections. This also explains how a vaccine
can adversely affect the outcome of secondary infections. The
molecular similarity between BCG antigens and viral antigens, such
as epitopes, can induce the production of a population of memory B
and T cells that recognize both BCG and other pathogens. For
example, BCG vaccination can protect mice from vaccinia virus
infection by increasing the IFN-y produced by CD4*" cells''®. In
human healthy volunteers, the enhancement of non-specific Th1
and Th17 responses can still be observed within 1 year after BCG
vaccination''". Similarly, in animal experiments, non-targeted
antigens have the effect of activating specific CD4" and CD8"
memory cells, thereby regulating the response of Th1 and Th17 to
non-mycobacterial secondary infections. In addition, BCG has been
shown to cause antigen-independent activation of bystander CD4
and CD8 memory cells''®""? "' However, this mechanism is
unlikely to explain the diversified protection against different
pathogens through BCG vaccination. More importantly, although
heterologous Th1/Th17 immunity may mediate the long-term
effects of heterologous immunity, it takes at least a couple of
weeks to be developed, hence highly unlikely to be responsible for
the immediate effects observed in perinatal immunity'®'%,

Trained immunity of BCG vaccination

Many organisms lacking adaptive immunity, such as plants
and insects''®'"” manifest robust immune memory after being
exposed to infections. Similar adaptive features of innate
immunity have also been demonstrated in mice devoid of

115
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functional adaptive immune responses''®''?, Trained immunity
is non-specific innate immune protection, formed by monocytes/
macrophages and NK cells of the innate immune system, which
responds more rapidly and strongly against secondary infections
of different microorganisms, depending on the nature and
concentration of the ligand'%, without involving T and B
cells?6107:120121 (Qyriginally identified in NK cells, trained immu-
nity has been shown to be BCG-inducible in monocytes.

Epigenetic reprogramming of monocytes in infection or
immune sites has been shown as one of the molecular
mechanisms that induces trained immunity (Fig. 2). These
monocytes undergo histone modifications (such as methylation,
acetylation, deamination, and proline isomerization) at the
promoter sites of genes encoding inflammatory cytokines,
resulting in their ability to respond to new stimuli continuously,
leading to an increasingly active immune response upon
reactivation. As histone modification is highly dynamic and can
be changed within minutes, reprogrammed monocytes can act
very rapidly to confer resistance against other pathogens.
Epigenetic modification in the immune system involves cell
differentiation, inflammation and autoimmune responses' %%122712,
In supporting the occurrence of trained immunity in the context of
BCG immunization, it has been observed that monocytes from
adults with BCG vaccination, compared with those without BCG
vaccination exhibit increased expression of various surface
markers related to immune activation, and produce higher
quantities of cytokines, such as IL-1pB, IL-6. IFN-y, and TNF-a upon
exposure to infection of various pathogens. In addition, peripheral
blood mononuclear cells (PBMCs) have been shown to exhibit an
increased histone modification of H3K4me3 and a decreased
histone modification of H3K9me3, both associated with the
promoters of proinflammatory cytokines TNF-q, IL-6, and TLR4
for transcription activation'2%'%’,

Metabolite reprogramming is another molecular mechanism
that induces trained immunity (Fig. 2). Some studies have found
that, after BCG inoculation, the level of glycolysis metabolism is
increased in human monocytes, shifting the cellular metabolic
process from oxidative phosphorylation to aerobic glycolysis.
Through dectin-1 receptor, B-glucan detected by monocytes/
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macrophages can activate the PI3K (phosphoinositide 3 kinase)-
AKT-mTOR (mammalian target of rapamycin)-HIF-1a (hypoxia-
inducible factor-1a) pathway, which subsequently induces a
metabolic shift toward aerobic glycolysis; increases glutamino-
lysis that replenishes the tricarboxylic acid cycle; activates the
cholesterol synthesis pathway; and blocks the itaconate path-
way''91287132 - Consequently, metabolites such as fumarate,
succinate, and mevalonate accumulate and then become the
cofactors of epigenetic modifiers and act as amplifiers of trained
immunity'3®'33. BCG vaccine has been shown to induce
genome-wide epigenetic changes, including the monomethyla-
tion and trimethylation of histone (H) 3 lysine (K) 4/9, and the
acetylation of H3K27 at promoters and enhancers of genes
associated with metabolic, immune and host defense path-
ways''9127134 Hence, trained monocytes/macrophages produce
increased levels of cytokines, such as TNF-q, IL-1B, and IL-6, when
challenged with microbial constituents''?127:130/135,

NSES OF BCG AGAINST INFECTIOUS DISEASES OTHER THAN TB

BCG may also reduce the acquisition of non-mycobacterial
infections and decrease the risk of heterologous infections
arising from various pathogens, including bacteria, viruses, and
malarial parasites. Different clinical studies have been carried
out based on the NSEs of BCG (Table 1). However, it is worth
noting that besides the causative pathogens, there are many
factors can potentially contribute to the heterologous effects of
BCG vaccination. Some studies have suggested that diphtheria-
tetanus-pertussis vaccine may affect the impact of BCG on
childhood mortality, implicating that other vaccines may
modulate the NSEs of BCG immunization. In addition, patient
age, gender and time post-BCG vaccination may also be the
contributing factors of NSEs. The manisfestation of hetero-
logous effects of BCG may be the most apparent for neonates
vaccinated at birth. Similarly, studies have shown that in young
calves, the effect of BCG-induced innate training in circulating
immune populations can last three months'3*®. The gradual
waning of BCG heterologous protective effect can be explained
by the fact that as infants grow older, they become exposed to
pathogens more frequently, with the resulting development of
the classical immunity against infectious diseases eventually
overcoming the heterologous beneficial effects of BCG.

CAN BCG CONFER PROTECTION AGAINST COVID-19?

The Corona Virus Disease 2019 (COVID-19) pandemic has
prompted an urgent need for novel vaccination or interventions
to lower the disease morbidity and mortality globally. Promising
new trials aiming to ascertain whether this commonly used “old
vaccine” is effective against “new disease” COVID-19 have been
conducted. BCG has been well documented in the infectious
disease literature for its ability to induce NSEs against unrelated
conditions. Randomized controlled trials are required to provide
direct evidence in order to demonstrate whether BCG vaccination,
through trained immunity, is capable of providing protection
against COVID-19 (Fig. 2). In vivo studies have shown that BCG can
successfully alleviate yellow fever viremia through epigenetic
reprogramming of monocytes/macrophages in the human innate
immune system'?’. Although BCG has been shown to induce a
trained immune response against H7N9 in mouse models,
subsequent evaluations show that the immune response is not
significantly associated with clinical survival, clinical scores or
pulmonary inflammation'*’. The effectiveness of the NSEs of BCG
is based on the knowledge that in BCG-vaccinated healthy
individuals, innate antibacterial mechanism can be enhanced by
the well-trained immune system, which may contribute to the
suppression of virus replication and the decrement of viral load,
and subsequently result in the alleviation of inflammation and

Published in partnership with the Sealy Institute for Vaccine Sciences

J. Lietal

npj

symptoms. However, it is unclear whether older individuals are
able to maintain a pool of trained monocytes many years after
receiving BCG vaccination. Similarly, in some high-risk individuals,
initial defective antiviral response may lead to an increased viral
load that stimulates ineffective systemic inflammation and causes
serious illness.

There is currently a large amount of literature that review the
possibility of utilizing BCG to prevent COVID-19 based on the
epidemiological analysis of BCG vaccination policy and the
incidence of COVID-19 in different countries. Epidemiological
evidence indicates that countries with national universal BCG
vaccination programs for TB prevention, compared with those
without such programs, have a much lower incidence rate of
severe COVID-19 and mortality. However, it is undeniable that
different countries have differences in COVID-19 detection
capabilities, treatment efficacies and isolation policies, as well
as in economy status, demographics, and population genetic
structures. It is precisely because of the above-mentioned
various constraints that the results of this epidemiological
investigation can only be used to explain the possibility of this
hypothesis. BCG vaccine has been in short supply owing to high
demand and manufacturing restrictions. The global BCG short-
age in 2016 and 2019 has led to changes in the management of
BCG for the treatment of bladder cancer. Hence, many countries
have decreased the dosage and limited the usage of BCG. In
order to prevent the over-consumption of BCG vaccine, and to
avoid the false impression that BCG vaccine can provide
protection against COVID-19, the WHO has recently warned that
BCG should not be used indiscriminately in COVID-19 patients
until appropriate evidence is available'®2. It is commendable that
more than a dozen of new clinical trials of BCG vaccine for
COVID-19 have been conducted on healthcare workers and the
elderly in countries such as Australia, USA, and Netherlands.
These clinical trials may unveil the efficacy of BCG against
COVID-19 (Table 2).

NON-SPECIFIC IMMUNOTHERAPY USING BCG

Besides offering specific prevention against TB or non-specific
prevention against other infectious diseases, BCG has also been
recognized to exert a non-specific therapeutic effect in patients
with non-muscle invasive bladder cancer (NMIBC)'*°. First
introduced in 1976 for clinical application in urology, the use
of BCG in therapy was subsequently approved by the Food and
Drug Administration (FDA) for the treatment of superficial
bladder cancer in 1990'*°. Several guidelines, including those
outlined by the American Urological Association (AUA)'*', the
International Bladder Cancer Group (IBCG)'** and the Interna-
tional Consultation on Urological Diseases (ICUD)'*® have
recommended BCG for NMIBC immunotherapy. BCG is still
being considered as one of the standard interventions in
alleviating NMIBC progression and recurrence'**'**, Although
BCG has been used for the treatment of NMIBC for nearly 40
years, its therapeutic effect requires further investigation.
Intravesical instillation of BCG can induce multiple immune
reactions that result in inflammation and subsequent elimination
of tumors'*® (Fig. 3). On one hand, although the vast majority of
the original instillation dose of BCG containing several hundred
million mycobacteria is washed out from the bladder, the
remaining mycobacteria adhere to urothelial and cancer cells
through fibronectin, an extracellular glycoprotein distributed in
normal and malignant urothelium'*’. To initiate an early
immune response, antigen processing of APCs regulated by
internalized BCG'*® enhances the surface expression of MHC-II
and intercellular cell adhesion molecule-1 (ICAM-1) of bladder
cancer cells*”. On the other hand, BCG can initiate a cascade of
complex inflammatory events within hours of instillation. A
marked increase in the number of leukocytes comprising mainly
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Table 2. Ongoing clinical trials of BCG as a mitigation factor against COVID-19.
ID Phase  Country Time Enrollment Subjects Sponsor BCG strain
NCT04328441 1] Netherlands Mar. 2020 1500 Healthy Adult (HCW) UMC Utrecht Danish strain 1331
NCT04327206 1] Australia/Spain Mar. 2020 10078 Healthy Adult (HCW) Murdoch Childrens Research Institute Danish strain 1331
NCT04348370 Vv USA Apr. 2020 1800 Healthy Adult (HCW) Texas A&M University Tice strain
NCT04417335 Vv Netherlands Apr. 2020 2014 Healthy Adult (=60 years) Radboud University Danish strain 1331
NCT04362124 1] Colombia Apr. 2020 1000 Healthy Adult (HCW) Universidad de Antioquia BCG Liofilizada
NCT04350931 1] Egypt Apr. 2020 900 Healthy Adult (HCW) Ain Shams University Danish Strain 1331
NCT04373291 1] Denmark May 2020 1500 Healthy Adult (HCW) |l)Jniversity of Southern Denmark Bandim Health  Danish strain 1331
roject
NCT04414267 Vv Greece May 2020 900 Healthy Adult (=50 years) Hellenic Institute for the Study of Sepsis Moscow strain 361-1
NCT04379336 1] South Africa May 2020 500 Healthy Adult (HCW) TASK Applied Science Danish strain 1331
NCT04384549 11 France May 2020 1120 Healthy Adult (HCW) Assistance Publique - Hopitaux de Paris NA
NCT04475302 1] India Jul. 2020 2175 Healthy Adult (=60 years)  Tuberculosis Research Center, India SIl strain
NCT04461379 11 Mexico Jul. 2020 908 Healthy Adult (HCW) Hospital Universitario Tokyo 172 strain
NCT04537663 Vv Netherlands Aug. 2020 5200 Healthy Adult (=60 years) UMC Utrecht Danish strain 1331
NCT04369794 \ Brazil Aug. 2020 1000 Healthy Adult (218 years)  University of Campinas NA
NCT04534803 n USA Sep. 2020 2100 Healthy Adult (=60 years) Harvard Medical School Tokyo 172 strain
NCT04542330 1] Denmark Sep. 2020 1900 Healthy Adult (265 years) Bandim Health Project Danish strain 1331

ID ClinicalTrials.gov Identifier, HCW Health Care Workers, NA not available, SIl Serum Institute of India.

Fig. 3 Possible mechanism of BCG non-specific immunotherapy in non-muscle invasive bladder cancer. BCG attached to the urothelium is
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internalized by bladder cancer cells, causing direct cytotoxicity of immune system effectors to kill bladder cancer cells. A BCG attaches to the
urothelium via fibronectin and integrin a5p1, and is internalized by bladder cancer cells, owing to oncogenic aberrations that activate

macropinocytosis. Following internalization, bladder cancer cells upregulate the expression of MHC-Il and ICAM-1. B Various immune cells
infiltrate bladder tumor tissues, release large amounts of inflammatory cytokines and chemokines, and change the tumor microenvironment.
C Activated immune cells, such as CD4 and CD8 T cells, are cytotoxic to bladder cancer cells. Figure was created using BioRender.

granulocytes, and to a lesser degree, macrophages, and
lymphocytes, are detectable in urine’*. In addition, it has been
found that a wide variety of cytokines and chemokines,
including Th1 (INF-y, IL-2, TNF, and IL-12), Th2 (IL-6 and IL-10),
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IL-8, and IL-17 are released into the urine following BCG therapy,
and that the release of cytokines and chemokines is significantly
enhanced after BCG re-administration'*'**7'%3 More impor-
tantly, a large number of neutrophils'®7'%> and monocytes/
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macrophages have been found to infiltrate the bladder wall,
adding additional characteristic cytokines and chemokines to
the tumor microenvironment'*¢'%¢'%7 Histopathologically, post-
treatment bladder biopsies in patients treated with BCG reveal
erosion in superficial epithelium, and inflammation in submu-
cosal granulomatous, coupled with edema and noncaseating
granulomas surrounded by lymphoplasmacytic and eosinophilic
infiltrates'>’. Furthermore, the non-specific anti-tumor effect
induced by BCG is considered to be a key intervention for NMIBC
immunotherapy. In particular, the anti-tumor effects mediated
by CD4" T cells and CD8" cytotoxic T lymphocytes have been
well documented. An increased tumor-infiltrating CD4" T-cell
count and an increased CD47:CD8% T-cell ratio have been
demonstrated to be significantly associated with improved
patient response to BCG'®® in athymic nude mice'®®. Recent
studies have also shown that the main cell subsets of leukocytes
or neutrophils after repeated BCG instillation produce higher
levels of TNF-related apoptosis-inducing ligand (TRAIL) to
provide an additional cytotoxic mechanism, which induces

apoptotic cell death in TRAIL receptor-expressing tumor
Ce”S79_82'169.

SUMMARY AND OUTLOOK

An increasing number of studies have suggested that BCG
vaccination can exert non-specific protective effects to prevent
diseases other than TB, and that BCG may be used as a
therapeutic agent to modulate the cellular immune response in
treating bladder cancer. These findings have important implica-
tions for BCG and other vaccines that may exert similar
beneficial heterologous effects. Further studies are required to
address how BCG regulates T- and B-cell subpopulations with
different antigen specificities, as well as how BCG maintains and
promotes the proliferation of memory or effector cells. At the
same time the role of innate immune response in mediating the
NSEs of BCG requires validation. In addition, it will be
meaningful to explore whether other immune cell types may
participate in non-specific immune protection. In summary,
future research findings may improve our understanding on the
mechanism of BCG in anti-TB, as well as its NSEs in other
infectious diseases.

Received: 20 September 2020; Accepted: 14 December 2020;
Published online: 25 January 2021
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