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Abstract—Despite the efforts of the global medical and scientific community, tuberculosis remains the lead-
ing cause of death from infectious diseases. The expectation of success associated with the development of
new anti-TB drugs was not justified, and the attention of researchers was largely drawn to the creation of new
mycobacterial strains for vaccination against tuberculosis. The proposed review contains current information
on the existing vaccine strains and the development of new, genetically engineered strains for the prevention
of tuberculosis and the prevention and treatment of other diseases. The review includes relevant information
on the correlation between BCG vaccination and the frequency and severity of COVID-19 infection.
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INTRODUCTION
Tuberculosis is an infectious disease caused by

Mycobacterium tuberculosis (MTB). It remains the
leading cause of death from infectious diseases in
many countries [1]. Today, tuberculosis is treated with
a combination antibiotic therapy for 6–9 months,
which causes significant side effects. The tuberculosis
control strategy of the World Health Organization is
currently aimed at strengthening disease prevention [2],
and active work is underway around the world to
develop improved tuberculosis vaccines, some of which
have entered the clinical research phase.

Today, Bacillus Calmett–Guerin (BCG) is still the
only vaccine against tuberculosis. It successfully pro-
tects against tuberculosis (TB) in children, but it pro-
vides only partial protection against respiratory forms
of TB in adolescents and adults. Albert Kalmet and
Camille Guerin obtained BCG from the cattle TB
pathogen Mycobacterium bovis via continuous passag-
ing for several years, which led to a weakening of the
strain. BCG has been used for vaccination since 1921.
It also leads to a decrease in total infant mortality due
to the nonspecific immunomodulating effect of myco-
bacterial vaccination. Although BCG has made a sig-
nificant contribution to TB prevention [3], the loss of
several dominant antigens and key molecular signs of
pathogenic mycobacteria may explain its limitations
in the prevention of adult TB. The proposed review
contains current data on the existing BCG strains, on
the development of genetically modified vaccine
strains that may be capable of replacing BCG, and the
optimal route for vaccine delivery to the body, and it

discusses the prospects for the use of BCG to fight
other diseases.

BCG strains and their genealogy. The main differ-
ence between BCG and the original M. bovis strain is
the absence of several segments of the genome, in par-
ticular, the so-called region of difference (region of
difference 1, RD1) [4]. It encodes immunodominant
antigens, such as ESAT6, CFP10, and the unique
mycobacterial secretion system ESX-1 type II (T7SS)
[5, 6]. The loss of ESX-1 led to the loss of the BCG
ability to penetrate the cytosol from the phagosome,
which was a powerful factor in strain attenuation.

Quite a large number of BCG strains have been iso-
lated due to the peculiarities of the conditions for the
maintenance of lines in different countries [7]. It is
interesting to note that the first daughter BCG strain
obtained from the original culture was registered in
Russia in 1940 [8].

Behr et al. [9] studied the genealogy of BCG distri-
bution and grouped the strains into groups based on
information on the number of copies of the IS6110
gene (an insertion element characteristic only for the
group of mycobacteria that cause TB) and the pres-
ence or absence of the mpt64 gene (conserved MTB
antigen used for diagnosis). The study found synony-
mous strains under different names and were com-
bined to simplify typing [10].

Speaking of the genetic characteristics of BCG
strains, it is interesting to consider one of them in
more detail. In research on the BCG-Prague strain, a
phoP gene mutation was detected in the form of a sin-
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gle nucleotide insert, which led to the destruction of
the C-terminal DNA-binding domain [11, 12]. This
mutation is specific for BCG-Prague and is not found
in other BCG strains [13]. PhoP is the regulator of the
response of the two-component PhoP-PhoR system.
It positively regulates more than 40 genes in MTB,
including two important protective antigens (Ag85A,
PPE18), which are used to construct subunit vaccines
[14, 15]. Thus, it was suggested that the low immuno-
genicity of BCG-Prague may result from a phoP muta-
tion. It was shown that the complementation of muta-
tions with an allele M. bovis phoP actually restores the
immunogenicity of BCG-Prague. Overexpression of
the M. bovis allele phoP-phoR in BCG-Japan with a
full copy of phoP-phoR further enhances the immu-
nogenicity and protective efficacy of this vaccine
strain. The vaccination of C57BL/6 mice with the
recombinant rBCG-Japan/PhoPR strain induced
higher levels of the production of interferon-γ (IFN-γ)
CD4+ T cells than that with BCG-Japan. RBCG-
Japan/PhoPR vaccinated guinea pigs were better pro-
tected against MTB infection than those immunized
with BCG-Japan, showing significantly longer sur-
vival times, reduced bacterial loads, and less severe
pathology. These studies identified a genetic modifi-
cation that can be used to create new recombinant
BCG vaccines.

Methods to protect mycobacteria from the immune
system of an infected host. After bodily penetration,
MTB cells face the first echelon of defense in the form
of phagocytic cells. A phagocytized bacterium is
exposed to acid stress, the effects of reactive oxygen
and nitrogen (ROS and RNS), hydrolytic enzymes,
and cationic antimicrobial peptides. The low pH
inside the maturing phagosome activates enzymes that
break down bacterial lipids and proteins [16, 17].
However, mycobacteria have developed various means
to adapt to the bactericidal environment of maturing
phagosomes. In particular, they evade the action of bac-
tericidal mechanisms by blocking the proton “pump”
that acidifies the contents of phagosomes and inhibit
the fusion of phagosomes and lysosomes [18, 19]. With
a decrease in pH, MTB can change its metabolism and
use the glyoxylate pathway instead of the Krebs cycle,
which reduces NADH synthesis and the release of
CO2. Thus, additional carbon can then be used to syn-
thesize lipids or other metabolites to further reduce
stress management [20]. Thus, according to studies,
the synthesis of hyperphosphorylated guanine nucle-
otides (p) ppGpp is necessary for the survival of
mycobacteria in adverse conditions, including redox
stress [21]. Another mechanism for the response to
acidification is the production of ammonia to increase
the pH. MTBs use the ompATb operon (which is nec-
essary for functioning at a low pH); asparagine serves
as a source of ammonia [22]. The urease operon also
contributes to the alkalization of the medium [23]. It
should be added that mycobacterial urease is involved
in the prevention of the normal expression of MHC
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class-II molecules, which are involved in the binding
of antigens and their presentation to T cells, on the cell
surface [24]. In addition, MTB also uses ergothioneine,
thiol, and thioredoxin systems, and the PhoP-PhoR
system described above [25] in response to oxidative
stress.

By blocking the formation of phagolysosomes,
mycobacteria destroys the phagosome membrane with
the ESX-1 secretion system, which allows TB antigens
and bacteria themselves to enter the cytosol [19, 26].
Conversely, BCG does not have ESX-1 and remains
inside the host phagosome; therefore, antigens and
bacterial DNA do not enter the cytosol [5, 6, 27].
Studies have shown that the immunoresponse of
mycobacterium-infected macrophages is character-
ized by a reduced expression of MHC class-II genes
and other genes induced by IFN-βγ. One of the mech-
anisms for the suppression of MHC II expression is
specific inhibition via histone deacetylation, which
leads to a decrease in response of CD4+ T cells [28, 29].
CD4+ T cells differentiate into central memory T cells
(TCM), which, in turn, differentiate into cells of the
effector memory TEM, effector cells Th1 or Th17; then
they migrate and carry out their effector functions in
infected tissues. When CD4+ T cells arrive at the
infection site, they collide with aggregates of MTB-
containing macrophages and other immune cells and
together form a dense cell structure called granuloma.
CD4+ T cells secrete cytokines that activate infected
macrophages to control bacterial growth and attract
more immune cells to granuloma [30]. The presence
of mycobacterial DNA in the cytosol leads to the acti-
vation of NLPR3 and AIM-2 inflammosomes, the
release of interferons, and an increase in autophagy
and apoptosis [20, 31, 32], which may ultimately lead
to improved induction of T-cell responses [33].

During disease development, the amount of MBT-
specific CD8+  T-cells increases, but their role in pro-
tective immunity is not clear. It was shown that deple-
tion of CD8+ cells reduces the efficacy of BCG vacci-
nation [34]. At the same time, even high levels of vac-
cination-induced CD8+-cells does not affect MTB
proliferation and does not lead to the recognition of
MTB-infected macrophages [35].

The role of humoral immunity in MTB infection
remains controversial, but it was shown that individu-
als with latent TB infection and active disease have dif-
ferent MTB-specific humoral responses and have dif-
ferent antibody glycosylation patterns [36].

Methods to increase BCG protectiveness. BCG ::
ESX-1. Several candidates for BCG recombinant vac-
cines were designed to ensure the destruction of the
phagosome membrane by cells of the vaccine strain
(Fig. 1) [37]. As discussed above, the BCG strain,
which was designed for the secretion of proteins that
play a key role in host interactions with the pathogen,
STRY AND MICROBIOLOGY  Vol. 56  No. 5  2020
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Fig. 1. Candidate vaccine strains with a permeable phagosome [37].
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Fig. 2. Schematic mechanism of enhanced protection of BCG::ESX-1Mmar [46].

Phagosome

BCG::ESX-1

ESAT6 CFP10

AIM2 NLRP3 ASC Casp2

cGAS STINGTBK1 IRF3

CD4+ CD8+

CD4+ CD8+

CD4+ CD8+

CD4+ CD8+
has lost the genes necessary for type-VII secretion (T7s)
ESX-1 [38, 39].

The main ESX-1 system consists of EccB-D
ATPases, which form a transmembrane structure in
the form of a channel. The cytosolic components of
the ESX-1 system are ATPase EccA, EspD-H chaper-
ones, and the secreted substrate proteins EsxAB,
PE35-PPE68, EspA-C, and EspE. Other important
effectors that are secreted by this system include the
early secreted antigenic target of 6 kDa ESAT-6) and
10-kDa culture-filtrate protein (culture-filtrate pro-
tein of 10 kDa, CFP-10). Proteins are secreted as a
heterodimer and bind to the nuclear components of
the ESX-1 system [40], which causes a cascade of
nonspecific immunoresponses [41–43]: the activation
of AIM-2 and NLRP3, increased secretion of inter-
leukin-1b (IL-1b) and/or IL-18 [30, 31, 44], and the
activation of cyclic synthase GMP-AMP (cGas), an
interferon gene stimulator (STING) and TANK bind-
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
ing kinase 1 (TBK1) The last signaling cascade leads to
the formation of type-I interferons (IFN) [17]. In
addition to nonspecific immune activation, the
secreted effectors of ESX-1 also induce specific Th1-
cell responses with strong protective potential [45].

Via the heterologous expression of the esx-1 region
of Mycobacterium marinum, recombinant BCG with
ESX-1 activity (BCG :: ESX-1Mmar) was created. It
induces the cGas/STING/TBK1/IRF-3/interferon I
chain and enhances the inflammatory activity of
AIM2 and NLRP3, which stimulates the formation of
the effector CD8+ and CD4+ Th1 cells (Fig. 2) [46]. It
is important to note that the BCG :: ESX-1Mmar strain
is characterized by low virulence and provided more
effective protection than the original BCG strain when
infected with highly virulent MTB.

BCG ΔureC :: hly (VPM1002) and derivatives.
VPM1002 is a recombinant rBCG strain ΔureC :: hly,
in which the urease C gene was replaced by the hly
l. 56  No. 5  2020
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gene, which encodes listeriolysin O (LLO) from Liste-
ria monocytogenes [47]. Urease C prevents the acidifi-
cation of phagosomes containing mycobacteria via the
formation of ammonia, and it thereby inhibits
phagolysosome maturation and promotes mycobacte-
rial survival inside macrophages [48, 49]. A decrease in
urease C production leads to phagosome acidification,
which contributes to phagolysosome formation [50].
LLO is a cholesterol-dependent cytolysin that forms
transmembrane pores in the phagolysosome, allowing
L. monocytogenes to enter the cytosol [50, 51]. Its
expression in VPM1002 led to the release of antigens
and bacterial DNA into the cytosol, which resulted in
autophagy, the activation of inflammation, and apop-
tosis. VPM1002 demonstrated a significant increase in
immunogenicity, efficacy, and safety as compared
with BCG in preclinical studies and successfully
passed Phases I and II of clinical trials. Phase II/III
clinical trials are ongoing in India. The vaccine passed
the first phase of clinical trials in Germany and South
Africa, demonstrating its safety and immunogenicity
in young people. It was also successfully tested in
phase IIa of a randomized clinical trial in healthy new-
borns in South Africa and is currently undergoing
phase IIb of a study in HIV-infected newborns [52].

Second-generation rBCG ΔureC :: hly derivatives
secrete cytokines to enhance immunogenicity [53] are
auxotrophic for vitamin B6 [54]. In addition, the
rBCG strain ΔureC :: hly ΔnuoG was obtained. It was
deleted by the antiapoptotic virulence gene nuoG,
which prevents the apoptosis of infected cells [55]. For
mice vaccination with rBCG ΔureC :: hly ΔnuoG was
safer than vaccination with unmodified BCG and
more protective than rBCG ΔureC :: hly; it signifi-
cantly reduced the MTB load in the lungs of mice,
reduced pathological manifestations in the lungs, and
enhanced immunoresponses. Transcriptome analysis
of draining lymph nodes after vaccination with either
rBCG ΔureC :: hly or rBCG ΔureC :: hly ΔnuoG
demonstrated an earlier and stronger induction of
immunoresponses than that with unmodified BCG.
Thus, rBCG ΔureC :: hly ΔnuoG is a promising candi-
date for a vaccine with improved efficacy and safety [55].

BCG expressing perfringolysin O. The disadvatage of
rBCG ΔureC :: hly is the narrow pH range of LLO activ-
ity. A BCG strain expressing perfringolysin O (Pfo),
cytolysin Clostridium perfringens, was created [56]. A
mutant form of this protein containing the substitution
G137Q (PfoAG137Q) was created to reduce its cytotoxic
effect. The mutation significantly reduced the half-life
of the protein, which led to the elimination of its cyto-
toxicity. For the resulting rBCG strain, designated
AERAS-401 (BCG1331 ΔureC ::ΩpfoAG137Q), the absence
of urease activity was confirmed. The secretion of bio-
logically active hemolysin was shown via lysis of sheep
erythrocytes in the presence of a supernatant of a
recombinant strain. In addition, AERAS-401 was
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shown to be less virulent in immunodeficient mice as
compared to the parent BCG strain.

BCG Δzmp1. It was found that the removal of the
zinc metalloprotease gene zmp1 weakens MTB and
enhances nonspecific immunity, inflammatory, and
IL-1-dependent immune mechanisms upon infection
with a mutant strain. A similar deletion was obtained
from BCG. In vitro and in vivo immunization experi-
ments in mice and guinea pigs showed that the dele-
tion of mutant BCG Δzmp1 is more immunogenic and
also enhances the presentation of antigens as part of
MHCII [57]. In addition, one of the Zmp1 inhibitors
was able to reduce the survival of MTB in primary
human macrophages [58]. Thus, BCG Δzmp1 is await-
ing further evaluation and clinical trials.

rBCG-SOCS1DN. Among the various mecha-
nisms of MTB release from the host immune system is
the induction of the expression of the cytokine sup-
pressor SOCS1 by the host cells. This suppresses cyto-
kine signaling and disrupts JAK/STAT signaling,
which is involved in innate immunity and subsequent
adaptive immunity. The implementation of this mech-
anism by the BCG vaccine strain may be the reason for
the lack of vaccine protection. A BCG strain (rBCG-
SOCS1DN) that secreted a dominantly negative
mutant variant of SOCS1 was obtained. It was shown
that immunization with rBCG-SOCS1DN enhanced
the activation of bone-marrow dendritic cells and
T-cells as compared to cells of the BCG control strain,
and it increased the production of IFN-γ, TNF-α,
and IL-6 cytokines. In addition, rBCG-SOCS1DN-
immunized mice showed a significant decrease in the
number of MTB colony-forming units (CFUs) in the
lungs and spleen as compared to those in control mice
immunized with BCG after infection with a highly
pathogenic MTB strain. The obtained data lead to a
new concept of the recombinant BCG vaccine as a
tool for the immunomodulation of cytokines in host
cells [59].

MTB vaccines. Attempts are being made to obtain
a vaccine strain from MTB via its attenuation with the
removal of the RD1 locus as a result of impaired
cofactor synthesis (panCD) and amino-acid biosyn-
thesis (leuD, lysA) [60]. The studied strains with vari-
ous combinations of these mutations showed protec-
tion and immunogenicity in models with mice, guinea
pigs and primates.

The most successful MTBVAC vaccine strain, MTB
ΔphoP ΔfadD26, was a derivative of the MTB strain
MT103. It was designed via the creation of two inde-
pendent, stable genetic deletions in the phoP and
fadD26 genes, which encode two main virulence factors
[61]. The aforementioned phoP gene, which encode the
transcription factor of the two-component virulence
system PhoPR, and the gene fadD26, which is involved
in the biosynthesis and export of phthiocerol dimicoc-
erosates (PDIM), are the main genes associated with
virulence of lipids of the MTB cell wall [62, 63]. In pre-
STRY AND MICROBIOLOGY  Vol. 56  No. 5  2020
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clinical MTB evaluations, ΔphoP ΔfadD26 was compa-
rable in safety to BCG but demonstrated better immu-
nogenicity and protective efficacy [61, 64].

MTBVAC is currently the only live, attenuated,
human pathogen–based vaccine that, after nearly
20 years of research, has successfully passed clinical
trials as a prophylactic vaccine in newborns (instead of
BCG) and as a prophylactic vaccine in adolescents
and adults (vaccinated with BCG at birth). MTBVAC
retains most of the T-cell epitopes described for TB,
including the major immunodominant antigens,
ESAT-6 and CFP-10 RD1. Studies have shown that
MTBVAC-induced immunity to ESAT-6 and CFP-10
correlates with better protection than BCG [65].

Comparison of BCG and MTBVAC showed that the
immunity associated with MTBVAC lasts longer than
that with BCG with single-dose administration [66].

BCG delivery routes to the body. BCG vaccination
is currently given subcutaneously, but there are other
methods [67]: through mucous membranes (oral,
intranasal, aerosol) or intravenously. Below, we will
consider the possible impact of the vaccination route
on its effectiveness.

Recent studies show a resurgence of interest in the
oral administration of BCG; at one time, it was aban-
doned in favor of the subcutaneous due to the contam-
ination of the vaccine with TB in Lübeck. However,
some data demonstrate an increase in protective effi-
cacy if oral administration is used together with tradi-
tional subcutaneous vaccination [68, 69].

Intranasal administration is another method of
BCG delivery. This option of BCG administration to
the body demonstrated sufficient efficacy in a study on
mice [70, 71]. However, as compared to other path-
ways that also use the mucous membrane, intranasal
administration has certain disadvantages. Thus,
according to some reports, it is associated with a risk of
the development of facial paralysis (Bell palsy) [72].

There is also aerosol administration of BCG. Thus,
in macaques and guinea pigs, this pathway was shown
to have greater protective properties than the subcuta-
neous pathway [73, 74]. A study demonstrated an
increase in the immunoresponse with aerosol admin-
istration of the vaccine [75, 76]. BCG was also aero-
solized in humans; this option may be promising [77].

Darra et al. studied the effect of the intravenous
route of BCG administration on primates [78]. In this
study, they showed the ability of BCG to provide a
very high degree of protection with this delivery
option: in six of ten macaques, the infection was not
detected; nine of ten showed high security. Intrave-
nous immunization induced significantly stronger
T-cell responses in the blood, spleen, and the bron-
choalveolar lavage and lymph nodes of the lungs than
other vaccination methods.

In summary of the data on various methods of BCG
delivery into the body, it can be noted that an increase
in protection against mycobacteria is observed with
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
delivery through the mucous membranes in compari-
son with the currently accepted subcutaneous vaccina-
tion method; at the same time, intravenous vaccination
appears to have an even stronger effect, but it is poten-
tially more dangerous.

Use of BCG to fight other diseases. BCG vaccina-
tion is known to reduce mortality by about half in the
first 6–12 months of life [79], most likely due to the
stimulation of nonspecific immunity, which leads to
increased resistance to respiratory diseases and sepsis
in newborns [80, 81]. BCG vaccination was shown to
give positive, nonspecific immune effects, leading to
improved responses to other nonmycobacterial patho-
gens. In particular, BCG vaccination significantly
increases the secretion of IL-1B, which plays an
important role in antiviral immunity [82]. BCG-vac-
cinated mice were more resistant to smallpox virus,
and they had an increased level of the production of
gamma-interferon CD4+ cells [83]. The phenomenon
of the immune effect after heterologous vaccination,
called “trained immunity”, is supposedly caused by
metabolic and epigenetic changes. It leads to the stim-
ulation of the activity of the genetic regions encoding
pro-inflammatory cytokines [84].

Due to its immunostimulating properties, BCG is a
standard therapy for the prevention of relapse after
surgery in the case of non-muscle-invasive bladder
cancer [85]. BCG adminstration in the bladder pro-
motes antitumor activity, probably due to stimulated
recruitment of CD4+ T cells, neutrophils, and lym-
phocytes, as well as the activation of immune cells to
eliminate cancer cells of urothelium infected with
BCG [85–87]. Kanno et al. [88] obtained rBCG
strains expressing Bordetella pertussis toxin (S1pt) for
further use as an alternative immunotherapy for a
model of bladder cancer in mice and have shown their
great effectiveness in immunotherapy [88].

Current studies are aimed at the identification of
clinical parameters and biomarkers that can predict an
individual response to BCG therapy [89, 90]. Since
side effects lead to the discontinuation of BCG ther-
apy in some patients, BCG ΔureC :: hly is currently
being tested as a replacement in phase II clinical trials.

Attempts are being made to treat melanoma with
recombinant BCG strains [91]. The most successful
were BCG variants expressing interleukin-2 (rBCG-
IL-2) and granulocyte-macrophage colony stimulat-
ing factor (rBCG-GM-CSF).

Another possible application of BCG may be the
creation of new HIV tools. Based on the vaccine strain
MTBVAC described above, the recombinant strain
MTBVAC.HIVA2auxo was created as a double vac-
cine against TB and HIV [92]. This vaccine against TB
and HIV has similar protection to the parent strain
MTBVAC for infection with MTB in mice and was safer
than BCG and MTBVAC for mice with severe com-
bined immunodeficiency. The MTBVAC.HIVA2auxo
vaccine enhanced with the modified Ankara vaccinia
l. 56  No. 5  2020
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virus (MVA). HIVA induced HIV-1 specific and MTB
T-cell responses and HIV-1–specific CD8+ T cells.

Analysis of the current epidemiological data of
COVID-19 infection revealed a correlation between
BCG vaccination and a decrease in morbidity and
mortality from COVID-19 worldwide [93]. It was
found that countries that do not practice BCG vacci-
nation (Italy, the Netherlands, United States) suffered
more from the pandemic than countries with a univer-
sal and long-standing BCG vaccination policy. Coun-
tries with the late start of universal BCG vaccination
(Iran, 1984) have higher mortality rates, which is con-
sistent with the idea that BCG protects the vaccinated
elderly population. Since BCG vaccination has been
shown to provide broad protection against viral infec-
tions and sepsis [94], it is likely that the protective
effect of BCG may not be directly related to protection
against COVID-19. However, BCG vaccination was
found to correlate with a decrease in the number of
reported COVID-19 cases. This suggests that BCG may
provide some protection directly from COVID-19. The
widespread use of BCG vaccine in the population can
reduce the number of carriers and, in combination
with other measures, can slow or stop the spread of
COVID-19.

A large-scale, phase III clinical study will show
whether the recombinant BCG variant VPM1002 is
effective against COVID-19. The study will be con-
ducted on groups of older people and health workers,
who are most at risk of the disease [95].

Thus, numerous studies show that BCG remains a
promising basis for genetic modifications that can
increase the effectiveness of the vaccine. In addition,
the prospects for the use of BCG as an attenuated vec-
tor for various, including viral, antigens are based on
the adjuvant properties of BCG, the sufficient capac-
ity of its genome, and the intracellular localization of
the pathogen. Due to its nonspecific immunothera-
peutic effects, vaccination with BCG is a potentially
new tool in the fight against COVID-19 and probably
other infectious diseases.
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