Pre prints.org

Review Not peer-reviewed version

Bacillus Calmette-Guerin (BCG) - A
Landscape of Utility

Victor V. Pleshkan * , Liva G. Kondratyeva , Marina V. Zinovyeva, Irina V. Alekseenko

Posted Date: 1 November 2024
doi: 10.20944/preprints202411.0025.v1

Keywords: Bacillus Calmette-Guérin; BCG; vaccine; adjuvant; cancer; pandemic; trained immunity; clinical
trials

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/1149337
https://sciprofiles.com/profile/625809
https://sciprofiles.com/profile/1539116

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 November 2024 d0i:10.20944/preprints202411.0025.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Bacillus Calmette-Guérin (BCG) — A Landscape
of Utility

Victor V. Pleshkan *, Liya G. Kondratyeva, Marina V. Zinovyeva and Irina V. Alekseenko

Gene Immunooncotherapy Group, Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry of the Russian
Academy of Sciences, 117997 Moscow, Russia;
* Correspondence: vpleshkan@gmail.com

Abstract: As one of the first live vaccines, Bacillus Calmette-Guérin (BCG) is experiencing a
experiencing its second rise. The recent COVID-19 pandemic has spurred interest in BCG due to its
ability to provide protection not only against mycobacteria, but also against unrelated pathogens.
This ability is based on BCG’s ability to non-specifically activate cells of the innate immune system,
bringing them into a prepared state where they can be activated more quickly. The process known
as trained immunity. This ability of BCG to elicit an immune response gives it the opportunity to
become not only a basis for universal or pan-pandemic vaccines, but also a cancer vaccine. We have
reviewed the main mechanisms underlying the immunoactivating effect of BCG and proposed ways
to enhance this effect. Since the pandemic has greatly altered the research landscape in vaccinology
and, to some extent, cancer immunotherapy, we have focused more on studies published during
and after the pandemic, minimizing information from the pre-pandemic period where possible. We
discuss the recent trend in the use of BCG-based therapies, with particular emphasis on ongoing
clinical trials. Based on the data presented, we suggested the most optimal options for further
research to develop effective BCG-based vaccines.

Keywords: Bacillus Calmette-Guérin; BCG; vaccine; adjuvant; cancer; pandemic; trained immunity;
clinical trials

1. Introduction

The immune system (IS) is a barrier that protects the organism not only from external factors,
but also from internal foes. External influences are mainly pathogens, while internal ones are the
result of errors in cell proliferation and differentiation. IS cells undergo a complex selection process
learning to distinguish self from non-self and to respond appropriately to danger. The most ancient
innate immune system is activated first, and is able to identify invaders non-specifically, destroy
them, and pass the baton to the cells of the adaptive immune system, which can recognize invaders
specifically and remember how to act against them. Such a synchronous duet allows the organism to
be better prepared for the impact in the future. To be trained.

This property of the immune system has been the basis for the development of vaccines - drugs
that mimic the pathogen and can train the immune system to fight a real pathogen. Similar properties
are used in the antitumor immunotherapy approach, where IS cells are trained to recognize tumor
neoantigens. To recognize, to be activated, to respond, to remember - this is the common basis of IS
action. These pathways are similar, which allows us to try finding some basic universal activators for
IS. One such activator can be Bacillus Calmette-Guérin (BCG) - a conditional pathogen that can teach
IS how to act in the face of real danger. Here we will discuss the properties of BCG and the signaling
pathways it triggers, which may allow it to become the basis for creating a pool of vaccines. We will
consider the concept of pan-pandemic or universal vaccines that could be used in future pandemics
of a pathogen of unknown etiology, and we will look at BCG-based cancer vaccines - highlighting
the common features of BCG action and the possibilities for improving such drugs. In addition, we
will consider how BCG is being used in current clinical trials - in which combinations and for which
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conditions. Based on the analysis of the data presented, we will outline what we expect to be the most
promising research directions for the development of effective BCG-based drugs.

2. Towards Concept of Pan-Pandemic Vaccines
2.1. The Beginning

Tuberculosis is the ninth leading cause of death worldwide, according to experts. Tuberculosis
(TB) remained the second leading cause of death from a single infectious agent worldwide in 2022,
causing an estimated 1.30 million deaths and 7.5 million new cases of TB [1]. The spread of
tuberculosis is widespread despite preventive measures. TB is an airborne infection caused by
Moycobacterium tuberculosis (M. tuberculosis, Mtb), a member of the Mycobacterium group. These
bacteria most commonly affect the respiratory tract and lungs due to their high tropism for the
epithelium of the respiratory tract and alveoli [2]. Once in the human body, Mtb are phagocytosed
mainly by macrophages (M®) and dendritic cells (DC), which then aggregate into structures called
granulomas. The ability of bacteria to disrupt autophagy ensures their long-term intracellular
persistence. The immunocompetence of patients is crucial for the development of TB, as groups with
weakened immunity experience more severe manifestations of the disease [3]. Infants, persons with
diabetes mellitus, HIV-infected patients, and patients with immunosuppression are considered the
most susceptible groups of the population at risk of developing active tuberculosis [4]. Without
treatment, the probability of experiencing TB during a lifetime is 5-10% [4].

The situation is complicated by the emergence of drug-resistant M. tuberculosis and HIV-TB co-
infection, which has significantly worsened the prognosis and treatment of TB. In 2016, 490,000 cases
of multidrug-resistant tuberculosis and 110,000 cases of rifampicin-resistant and isoniazid-sensitive
TB were registered [5].

2.2. The Role of BCG in Modern Vaccination Against Tuberculosis and the Need of an Improved Vaccine

The first bacterial vaccine against human tuberculosis was developed more than 100 years ago.
Bacille Calmette-Guérin (BCG), a live attenuated vaccine derived from Mycobacterium bovis, was first
used in medical practice in 1921. Despite years of intensive research, BCG remains the only licensed,
highly effective anti-tuberculosis vaccine [6]. It is still used clinically to protect against tuberculosis,
especially in children. Universal recommendations for the BCG vaccination are widespread in most
countries [7]. The World Health Organization (WHO) recommends that newborns in areas with a
high incidence of tuberculosis and/or leprosy be vaccinated with a single dose of BCG vaccine. Some
studies have shown that vaccination at birth is characterized by greater induction of CD4+ and CD8+
T cells expressing interferon v (IFNy) and proliferating cells capable of producing IFN-vy, tumor
necrosis factor a (TNFa) and interleukin 2 together, compared to delayed vaccination [8]. Thus,
different patterns of T-cell induction may occur depending on when the BCG vaccine was
administered. However, results may depend on geographic and population heterogeneity.

This is consistent with other findings suggesting that BCG vaccination at birth is effective in
preventing tuberculosis in infants but ineffective in adolescents and adults. Immunoprotection
therefore needs to be boosted in older populations [9]. The effectiveness of the vaccine varies from 0
to 80% [10]. The main adverse reactions with conventional intradermal administration of the vaccine
include itching, redness, swelling and other signs of inflammatory reaction [11]. To avoid
complications, efforts have been made to convert the existing intradermal vaccine into an oral
formulation [12]. Oral administration is cheaper, does not require specific medical skills,
pharmacokinetics are easier to predict and provides greater patient compliance [13]. However, the
direct effect of the vaccine on the mucosa is considered to be highly immunogenic, therefore the
development of an oral vaccine capable of interfering with the production of gastric juice, pH-
dependent degradation of antigens in the stomach and intestines, the low permeability of the mucus
barrier, limits its development [14,15]. Nevertheless, the development of various methods of
administration of BCG vaccine continues in many research groups [16].
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As a result of numerous studies in the field of tuberculosis vaccinology, many new vaccine
candidates have emerged and are in clinical and preclinical trials, with the aim of either replacing the
old vaccine or increasing the effectiveness of BCG. However, there are no clear data on the efficacy
of any of the new TB vaccines, and the possibility of their use is currently under investigation [17].

2.3. Lessons from COVID-19 and Heterologous Protection Against Other Pathogens

The COVID-19 pandemic struck the modern world by sudden - the development of vaccines
against a new, previously unknown pathogen required time that the healthcare system did not have,
as it may not cope with the number of cases. The period from the emergence of a new pathogen
capable of causing a pandemic to the appearance of specific vaccines was a time of searching and
observing for drugs that could somehow help in the control of the disease.

2.3.1. Heterologous Protection Against Pathogens Induced by BCG

Previously, a number of researchers have demonstrated the great potential provided by the use
of BCG against heterologous infections. It was found that vaccinating infants against tuberculosis
with BCG led to a decrease in the overall level of infant mortality not caused by tuberculosis [9]. In
other words, the BCG vaccine had some protective effect that created a non-specific defense barrier
against other non-tuberculous infections [18]. One of the reasons for the development of such an
effect, which is not directly related to the vaccination pathogen, is the activation of the first line of
defense of the innate immune mechanisms. This phenomenon, known as “training” of innate
immunity, can lead to an increased readiness of immune cells to respond to various pathogens, not
necessarily associated with a specific vaccine antigen. Thus, trained innate immunity (TRIM) is
characterized by its ability to confer cross-protection against various infectious diseases following
stimulation by bacteria, fungi, viruses, and other pathogens. This protective effect safeguards against
a number of unrelated pathogens [19,20].

The use of BCG has demonstrated the important role of innate immune cells in protection against
acute respiratory tract infections in people of all ages, including infants and the elderly. For example,
in Guinea-Bissau, measles-naive infants with acute lower respiratory tract infections were more likely
to be BCG-negative and have no BCG scar [21]. In elderly people (60-75 years), a significant reduction
in the incidence of acute upper respiratory tract infections and an increase in IFN-y and IL-10 levels
were shown in the BCG group relative to placebo [22]. Subcutaneous BCG vaccination enhances
innate protection against pneumococcal (Streptococcus pneumoniae) infection by increasing pulmonary
neutrophils, independent of circulating monocytes. These results may help in the development of
new effective vaccination strategies against unrelated bacterial respiratory pathogens [23].

In addition to its effect on protection against respiratory infections, the protection provided by
trained innate immunity against other viruses and bacteria is being studied extensively. Some strains
of BCG not only protect against TB disseminated disease, but also reduce overall mortality by
providing protection against infections caused by a variety of pathogens. Experimental studies in
mice have confirmed the protective effects of BCG against several viruses, including herpes and
influenza [24].

Several studies have shown that BCG immunotherapy has protective efficacy in the
immunotherapy of warts [25]. In a study of patients with viral warts, patients with negative
tuberculin test results received intradermal BCG vaccination, while those with positive results
received standard treatment with salicylic acid. A complete response to treatment was observed in
9.8% and 5.3%, respectively. The use of BCG demonstrated higher cure rates for genital (22.2% vs.
7.7%) and common warts (8.5% vs. 0%) [26].

The immune response and protective efficacy of BCG vaccine against controlled malaria
infection were evaluated. After malaria infection, BCG-vaccinated individuals showed earlier and
more severe clinical manifestations, as well as significantly earlier appearance of NK cell activation
markers and a tendency for earlier monocyte activation. BCG vaccination was shown to alter the
clinical and immune response to malaria, which opens possibilities for the development of malaria
vaccines [27].
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BCG protects against experimental infection with an attenuated strain of yellow fever virus. The
reduction in viremia correlated with an increase in IL-1{3, which is associated with trained immunity.
Thus, BCG induces epigenetic reprocessing of monocytes that provides protection against unrelated
viral infections, with IL-1f playing a key role in this process [28].

These data were crucial for the design of vaccination programs and future vaccination strategies.
In this regard, it is worth noting the potential significance of the spread of BCG vaccination, since the
basis of the non-specific protective effect of BCG is the phenomenon of trained immunity, which
transfers the immune system to a more prepared phase due to the reprogramming of some cells of
the immune system. Such an effect of BCG vaccination can allow it to perform the function of
temporary control of infection until the emergence of specific vaccines. This approach was tested
during the COVID-19 pandemic.

2.3.2. Ambiguity of COVID-19 protection data

Early evidence suggested that BCG vaccination induced a trained immunity that provided
significant protection against a variety of viral infections. It was also hypothesized that BCG might
reduce the incidence and severity of COVID-19, but randomized clinical trials were needed to
confirm this hypothesis. Data analysis showed that countries with mandatory BCG vaccination had
lower COVID-19 mortality, but causality was not established and needed to be confirmed [29].

At the beginning of the pandemic in the 2020s, quite a number of publications appeared giving
some hope for the positive effect of BCG vaccination in preventing severe COVID-19 infection. More
than a dozen clinical trials in different populations were conducted to study the effect of BCG
vaccination on COVID-19 cases [19]. An early study in 2020 observed a correlation between the
degree of country-wide BCG vaccination and COVID-19 mortality in several socially similar
European countries. The authors concluded that a 10% increase in BCG vaccination was associated
with a 10.4% decrease in COVID-19 mortality [30]. Recent BCG vaccination has been shown to be safe
and does not lead to an increase in respiratory symptoms during the COVID-19 outbreak [31].

In a statistical analysis of the first 30 days of COVID-19 outbreaks by country, the incidence of
countries that had mandatory BCG vaccination until at least 2000 was compared with countries that
did not [32]. The models used in the study showed a significant effect of mandatory BCG policy on
the growth rate of COVID-19 incidence. The authors believe that BCG vaccination can only be
effective in the presence of herd immunity, which does not allow the virus to spread easily among
the population. Thus, the work suggests a positive role for mandatory BCG vaccination, although it
should be taken into account that the BCG vaccination studied in the work was performed long before
the pandemic [32].

The incidence of SARS-CoV-2 infection was studied in a large cohort of healthcare workers in
Los Angeles. Nearly one-third of the study volunteers had been previously vaccinated with BCG.
These workers had a significantly lower number (30-40%) of confirmed COVID-19 diagnoses, defined
by positive PCR tests and seropositive tests for anti-SARS-CoV-2. BCG vaccination was associated
with a lower incidence of COVID-19, despite the age of the patients and the presence of a large
number of comorbidities. COVID-19-related symptoms were also significantly less severe in the BCG-
vaccinated group than in the unvaccinated group. Such beneficial effects have not been observed
after administration of other vaccines, such as influenza, meningococcal or pneumococcal vaccines;
the effect described above appears to be unique to BCG immunization [33].

Although epidemiologic studies have shown that countries with mandatory BCG vaccination
have lower COVID-19 mortality, there is still insufficient evidence to confirm or refute this hypothesis
due to some systemic biases [19,34]. Thus, some recent studies indicate that there is insufficient
evidence to confirm the efficacy of BCG vaccination in preventing COVID-19 infection and severe
forms of COVID-19, to avoid overestimating the role of BCG vaccination, leading to its misuse [35].
To evaluate the impact of BCG on COVID-19 morbidity and mortality among healthcare workers in
the Western Cape, South Africa, a study was conducted with 1000 participants, median age 39 years.
Hospitalization for COVID-19 occurred in 15 participants, the majority in the BCG group. However,
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no statistically significant protection was observed. Thus, BCG vaccination did not protect healthcare
workers from SARS-CoV-2 infection and severe forms of COVID-19 [36].

Clinical trials (NCT04327206, NCT04328441) were conducted to evaluate the efficacy of BCG in
reducing the incidence and severity of COVID-19 in healthcare workers in the Netherlands and
Australia. These studies NCT04328441 [37] found no significant differences between participants
receiving BCG and placebo in rates of COVID-19 incidence, hospitalization, or disease severity [38].

At the same time, other authors suggest that trained immunity obtained as a result of BCG
vaccination has probably reduced the incidence of COVID-19 in some populations [20,39]. The
ACTIVATE-2 study was initiated to evaluate the efficacy of BCG vaccination against coronavirus
infection COVID-19. In a multicenter, double-blind trial, 301 volunteers over 50 years of age were
evenly distributed to receive BCG vaccine or placebo. The primary endpoints of the study included
the incidence of COVID-19 and the presence of antibodies to SARS-CoV-2, which were monitored for
6 months after the intervention. The results showed a relative reduction in the risk of developing
COVID-19 in the BCG-vaccinated group compared to placebo. Of the 8 patients hospitalized with
COVID-19, 6 were in the placebo group and 2 were in the BCG group. Antibodies to SARS-CoV-2
were detected in 1.3% of subjects in the placebo group and 4.7% in the BCG group at 3 months post-
intervention. Although the primary endpoint of reducing the risk of COVID-19 at 3 months was not
met, the secondary endpoint of reducing the risk at 6 months was met. The data suggest that BCG
vaccination may be a promising approach in the control of the COVID-19 pandemic [40].

A Phase III clinical trial conducted late in the pandemic evaluated whether a multidose BCG
vaccination provided protection against COVID-19 and other infectious diseases in American adults
with type 1 diabetes. From April 2021 to November 2022, the Tokyo strain BCG vaccine provided
significant protection against COVID-19 and strong protection against all infectious diseases. The
efficacy of BCG vaccination was not affected by concomitant COVID-19 vaccination [41].

2.3.3. Possible Reasons for Ambiguous Data

There may be several reasons why the data on BCG vaccination may differ in inducing a non-
specific immune response: BCG is not a perfect vaccine and has two major limitations: its efficacy
against tuberculosis varies considerably between pediatric and adult populations, and it can cause
disseminated BCG disease in immunocompromised individuals. There are several substrains of BCG
that are genetically distinct from each other, but the impact of these differences on vaccine efficacy
remains largely unclear.

A comparative analysis of the virulence and efficacy of 13 BCG strains representing different
genetic lines was performed in SCID and BALB/c mice. The results showed that the DU2 IV group
strains (BCG-Phipps, BCG-Frappier, BCG-Pasteur, BCG-Tice) have the highest virulence, while the
DU2II group strains (BCG-Sweden, BCG-Birkhaug) have the lowest virulence. These differences may
be due to specific duplications and deletions of genomic DNA. More virulent BCG strains usually
show greater protection against Mtb infection [42]. In addition, a recent study showed that the season
of vaccination also matters. BCG vaccination in winter resulted in a greater increase in
proinflammatory cytokine production by peripheral blood mononuclear cells (PBMC) upon
stimulation with various bacterial and fungal antigens compared to spring. In contrast, winter BCG
vaccination was associated with lower levels of IFNy release in PBMC. NK cells from winter-
vaccinated individuals showed a greater capacity to produce proinflammatory cytokines and IFNy
upon heterologous stimulation. Vaccination had little effect on the monocyte transcriptome at 3
months. In contrast, seasonal epigenetic changes were detected in monocytes and NK cells, which
partly explain the increased reactivity of immune cells in the winter-vaccinated group. These results
suggest that BCG vaccination in winter promotes a more robust trained immune response through
activation and reprogramming of immune cells, especially NK cells (Dutch clinical trial registry no.
NL58219.091.16) [43].

Thus, the analysis of clinical trials conducted in a number of countries brings additional clarity
to the question of how BCG can be used in a pandemic and what role it may play in future pandemics,
especially in low- and middle-income countries where infrastructure and access to vaccines are
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underdeveloped. Economically and technically, the potential use of BCG is an excellent solution in
terms of epidemiological safety [44]. In this vein, we would like to point out the potential significance
of the spread of BCG vaccination, since the non-specific protective effect of BCG is based on the effect
of trained immunity, which moves the immune system into a more prepared phase by
reprogramming some cells of the immune system. This effect of the BCG vaccination can perform the
function of temporary containment of the infection until the advent of specific vaccines.

2.4. Trained Immunity and Unspecific Activation of the Immune System after BCG Administration

Until recently, it was considered that only the adaptive arm of the immune system was capable
of developing an immunologic memory that would allow for more effective protection against
secondary infections. It turns out that this is not entirely true. After primary stimulation, innate
immune cells are able to change their state by introducing epigenetic marks into the promoters of
genes necessary to initiate a non-specific immune response. When a new immune-activating stimulus
arises, the cells are able to respond much more rapidly and with greater amplitude (Figure 1B). This
phenomenon has been termed trained immunity. Recently, a large number of studies, including ours,
have been written to investigate its mechanism in detail (see reviews in [19,20,45]).

In brief, the main pathway of BCG activation is based on the interaction of pattern recognition
receptors (PRRs) of immune cells with their ligands, which primarily include surface TLR2, TLR4,
the non-TLR receptor Dectin-1, endosomal TLR9 and the cytosolic sensor NOD2 (Figure 1A).
Through their cascades, they trigger signaling pathways associated with 1) Translocation of
transcription factors (TFs) into the nucleus to activate synthesis of inflammatory cytokines
IL6/IL1b/TNFa/IL12 (NF-kB cascade); and synthesis of interferons (IFNs); 2) Metabolic rewiring -
metabolic cascades primarily associated with NOD2 and Dectin-1 [46—48], acting through the
AKT/mTOR pathway, activate glycolysis (recently reviewed in [49]). Initiation of the TCA cycle
(Krebs/tricarboxylic acid cycle) and increasing levels of acetyl-coenzyme A (Ac-CoA) promote the
acetylation of H3K27ac, resulting in epigenetic rewriting [19]. Metabolic intermediates such as acetyl-
CoA, fumarate, succinate, nicotinamide adenine dinucleotide (NAD+), and mevalonate, which are
formed as a result of this activation-induced metabolic reprogramming, regulate the epigenetic
landscape [50]. The result of the above processes is 3) Epigenetic reprogramming of immune cells
as a result of activation of histone modification processes, in particular acquisition of activating marks
H3K27ac and H3K4me3, reduction of histone methylation levels (namely repressive mark H3K9me3
at promoters of genes of proinflammatory cytokines such as IL6, TNFa and IL-1f3). Histone
acetylation transfers chromatin regions necessary for triggering the immune response to a more open
state [20]. The main effects induced by the interaction of the immune system with BCG are
summarized in Table 1.

If the process of transcription factor translocation and consequent inflammatory activation is a
response to infection (which BCG generally is), then the processes leading to epigenetic
reprogramming are associated with the emergence of trained immunity (TRIM). The degree and
strength of such processes affect how much faster and stronger the immune response can develop
during a secondary infection. Thus, factors that inhibit the development of a response to pathogens
may result in a failure to control microbial infection, thereby initiating systemic responses and
aberrant inflammation [51], and most likely lead to impairment of TRIM development. Another
significant factor influencing the optimal functioning of the immune system is the maintenance of an
equilibrium between pro- and anti-inflammatory cells and signals, as well as the activation and
resolution of the immune response [52]. This also has a critical impact on the development of TRIM
[53].

It should be noted that the factors contributing to the development of TRIM are usually
associated with the development of an inflammatory state of the immune system. In general, the
emergence of trained immunity can be characterized as an inflammatory process that occurs in
response to a primary pathogen stimulus, associated with inflammation and epigenetic remodeling
of innate immune cells. Once the pathogen is eliminated, the inflammatory response must be rapidly
resolved to allow tissue repair and regeneration. Ineffective resolution of the inflammation can lead
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to the development of chronic disease and tissue destruction [54,55]. Signaling through NF-kB plays
an important role in this process [54]. At the same time, the promoters of inflammatory genes
involved in this process enter a more activated state due to epigenetic remodeling and
euchromatinization [50]. As a result, the IS is in a more prepared state and responds more quickly

and robustly to secondary infection.
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Figure 1. Simplified scheme of BCG action. A) Signaling pathways mediating interactions with BCG.
B) TRIM increase response diagram.

Table 1. The main mechanisms triggered by BCG/TRIM effectors and their impact on immune cells.

Effector In immunity In Cancer

Dual role in cancer progression [59,60]
Myeloid DCs differentiation, enhancing
Th1 responses [61]

Th9 cell differentiation, antitumor
cytotoxic T lymphocyte responses 1
[62]

Excessive - exhaust immune cells,

APC differentiation and expansion,
Monocytes activation ({HLA-DR;
1CD86; 1TNEa; 1IL-1pB) [56],
differentiation to DC, M® [57,58]

GM-CSF

cancer growth 1; insufficient - immune
surveillance | [60]

Resolution of acute inflammation
leading to the induction of adaptive
anti-tumor responses; chronic
Main inflammation and fever activator ~ inflammatory - risk of developing

[63] cancer 1 [68]
Autoinflammatory syndromes [64]  Chronic inflammation - tumor growth
IL-1p signaling activates NF-kB and 1, metastasis 1 [66]
1-1p MAPK pathways, inducing expression In TME: angiogenesis 1, tumor growth,
of various inflammatory genes [65] metastasis 1 [69,70]
T cell polarization towards Th1 and Suppresses anti-tumor immune
Th17 subtypes [66] responses, metastasis 1 [71]
IFNs signaling 1, immunity against Immunosuppressive monocytes
some viral infections 1 [67] polarization to IL-10 M®, CD8+ T
inhibition [72]
Angiogenesis 1, antiapoptotic 1, MDSC
1 [66]
Persistent IFN expression can lead to
immunosuppression in later stages of
Induce antiviral, antiproliferative, and tumor progression [81].
immunomodulatory effects; enhance Cancer-immunity cycle: antigen
antigen presentation, [73]. release, T cell activation, tumor cell
Inflammatory cytokines productiont, killing [82]. Chronic stimulation -
anti-inflammatory | [74,75] tumor resistance 1 [83]
IFNs NK cytotoxic activity 1, M® IFNYy tumor angiogenesis|; Treg
phagocytosist and pro-inflammatory apoptosist, proinflammatory M1 M®
cytokines productiont; DCs maturation antitumor activity 1
and activation, antigen presentationtf, T immunosuppressiont, T cell
cells activation 1 [76,77] apoptosist, immune tolerance? [84]
CD4+T >> Th1; CD8+T activationT, Cancer cell stemness 1, metastasis
proliferationt [78-80] [85,86].
EMT? [87].
>PD-L1&IDO?T immune evasion? [88]
Major pro-inflammatory cytokine Pro-inflammatory cancer permissive
[89,90] TME [91,94]
TNFa Activates various immune cells, Immunosuppressive TME [95]
including M®s and NFs, pathogen =~ NF-«B activation - cancer survival 1,
phagocytosis 1; inflammatory apoptosis resistance 1, invasion 1,

mediators 1 [89],[91] metastasis 1 [96,97].
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9
Apoptosis 1 [90,92] VEGF1, angiogenesis? [98]
ILs 1 (e.g., IL-1, IL-6); IFNs 1 [89,93]
Excessive activation — chronic
inflammation — autoimmune diseases
[89]
Dual action in TME - drives
Pro-inflammatory [99] malignancy/promotes anti-tumor
B cells activation and differentiation; Ig adaptive immunity [105]
production; humoral immune response Proliferation and survival of cancer
[100] cellst, JAK/STAT31, cell growtht,
Naive CD4+ T — Th17 cells; Treg apoptosis] [106]
L6 activity modulation; prevent Lymphangiogenesis 1, VEGF?, tumor
autoimmunity [101] growth?, invasion 1 [107]
C-reactive protein production [102] Immune escapef,
Hematopoiesis regulation, HSCs immunosuppressive TME?, Tregs?,
differentiation [103] MDSCs1 [108]
Metabolic regulation, insulin sensitivity =~ N-cadherin{ E-cadherin| EMTT,
and lipid metabolism [104] metastasisf, migrationt, invasion?
[109]
Th1 - immune response against . . . .
. o Th1 - anti-tumor immunity: production
intracellular pathogens, primarily . .
) . IFNvy? > cytotoxic activity of CD8+
through the production of cytokines
Th1l . T/NK cellst.
. like IFNy and TNFa o
polarizat .. . MO activationt, > M1 M® phenotype
ion M@ activationt, phagocytosist, ro-inflammatory, phagocytosist
CD8+T&NK functionalityt, Th2 P Y, PRagocytosist,
ROS?, tumor growth|, angiogenesis|,
response/ [110-112] tumor immune evasion| [114,115]
IFNg secretion [113] ’
Acetate increase the expressions of
SNAII and ACSS2 under glucose
limitation. ACSS2 knockdown >
SNAI1|, cell migration|; ACSS2
ion > SNAI11, hist
Acetyl-CoA - H3K27ac acetylation [116] Y cre bression > SNAILT, histone
. HB3K27 acetylation (H3K27ac)1,
Metabolic supply for Tcells & M, ) .
Acetate/ . o . . metastasisf, migrationt [116]
Tregs differentiation, Th2 functionality, .
acetyl- .. Ly ACSS2 catalyzes the conversion of
Anti-inflammatory, inhibiting pro-
CoA . . . acetate to acetyl-CoA [120]
inflammatory cytokine production, ACSS2 inhibition - impair tumor cell
anti-inflammatory M2 M1 [117-119] ) P )
metabolism and potentiate antitumor
immunity [120]
Regulation of acetyl-CoA metabolic
enzymes may support tumor growth
and TME survival [121]
Designations: 1- activation; | - inhibition; >> - differentiation; > - stimulation/activation; ACSS2 acetyl-CoA
synthetase 2. EMT epithelial-mesenchymal transition; HSCs  hematopoietic =~ stem  cells.  IFNy
interferon-gamma. MDSC Myeloid-derived suppressor cells; M® macrophages; TME
tumor microenvironment; TNFa tumor necrosis factor-alpha; ROS reactive oxygen
species.

2.4.1. Impairing the Innate Immunity Training

As mentioned above, many factors can influence the development of TRIM, which subsequently
leads to the development of a non-specific primary response during secondary stimulation by
pathogens. Obviously, the simplest factor in the dysfunction of the immune system is the absence or
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improper functioning of the PRRs. Thus, factors that inhibit the development of a response to
infection, such as NOD2 deficiency [51], can lead to impairment of TRIM emergence. Thus, NOD2-
deficient patients showed impaired induction of trained immunity [122].

Table 2. Various factors hindering the development of TRIM.

Factor In immunity In Cancer
NOD2- Fail in infection resistance Pro-tumorigenic M®, promote lung
deficiency Fail in TRIM formation [123] adenocarcinoma progression [123]

Histone deacetylase 3 (HDAC3)
inhibition, HDACS3 deacetylates
H3K27ac and H3K9ac — active
promoter/open chromatin marks [124]

Butyrate Therapeutic target in cancer [125]

Fumarate hydratase loss is possibly
pro-tumorigenic [126]
Fumarate accumulation and cause
hereditary leiomyomatosis and renal
cell cancer, supporting its
oncometabolite role [127,128]
One of the most controversial drugs,
despite many articles about antitumor
action, it is suggested that there is not
sufficient evidence base. Thus, at the
time (Apr 5, 2024), the FDA has not
approved the use of IV vitamin C as a

treatment for cancer [131]

tates tumour cell death through

the generation of ROS and ferroptosis
[132]

Potential anti-tumor capabilities [133]
Boosts DNA damage and cell death in
melanoma cells [134]

High concentrations triggering cell
death and low amounts promoting
tumor growth [135]
Rapamycin anti-cancer role discussion

Inhibitory effect to the
Fumarate activity of KDM5, induce enrichment
of H3K4me3 on promoters [126]

Antioxidative and Anti-Inflammatory Facili
Ascorbate [129]
Abrogate TRIM inhibiting HIF1a [130]

Rapamyci
}; ) y [137,138].
’ formin and 2DG exhibit multipl
deoxygluc Inhibition of the mTOR pathway or Metfo na d . G exhibit multiple
) metabolic and immunomodulatory
ose (2-DG) glycolysis [136] .
anti-cancer effects, suppressed
or . . .
. proliferation or PD-L1 expression
metformin

[139]

Certain cellular chemicals and metabolites may also have an inhibitory effect on TRIM formation
(summarized in Table 2). Inhibition of the mTOR or glycolysis pathway with rapamycin, 2-
deoxyglucose (2-DG), or metformin [136] during TRIM formation disrupts the production of pro-
inflammatory cytokines and leads to a loss of protection against infection.

It is worth noting that factors associated with the formation of TRIM are in many cases factors
that contribute to the development of tumors (Table 1, column “In cancer”), which, if we recall one
of the old characteristics of a tumor as a “non-healing wound”, clearly links the pro-inflammatory
phenotype with the pro-tumor phenotype. In the case of TRIM inhibitors, they possibly may act as
anti-tumor agents. Thus, research in the field of TRIM can be used in the search for new anti-tumor
targets.
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2.4.2. Persistence of the Innate Immunity

It has long been unclear how some innate immune cells, which have a relatively short persistence
in the blood, can provide TRIM. Recent studies have shown that trained innate immunity can arise
in hematopoietic stem and progenitor cells (HSPCs) in addition to mature myeloid cells in the
bloodstream. For example, administration of TRIM inducers to mice induced reprogramming of
myeloid precursors in the bone marrow [140].

Functional reprogramming induced by BCG vaccination occurs at the level of myeloid
progenitors in the bone marrow of mice, where BCG vaccination biases HSCs toward myelopoiesis
using IFNYy signaling, resulting in the formation of trained differentiated cells [141]. An increase in
the representation of open chromatin after BCG stimulation in mice is shown at the level of HSCs in
the bone marrow [141].

Human studies have shown that the functional reprogramming induced by BCG vaccination
also occurs at the level of myeloid progenitors in the bone marrow. Changes in the transcriptional
programs of HSPCs in BCG-vaccinated individuals were observed 3 months after vaccination,
associated with a bias toward myelopoiesis and granulopoiesis [142].

Therefore, some studies on the mechanisms of long-term induction of innate immune memory
have focused on the memory response in bone marrow-derived immune progenitor cells, where the
trained phenotype is transferred to circulating innate immune cells, the so-called central trained
immunity [140-142].

Other research has shown that tissue-resident macrophages can also develop immune memory,
referred to as peripheral trained immunity [143]. Peripheral trained immunity occurs after exposure
of bone marrow progenitors to a specific stimulus for trained immunity, resulting in their
reprogramming and differentiation into mature peripheral innate immune cells with an enhanced
inflammatory response upon repeated stimulation. For example, increased secretion of IL-13 by
peripheral mononuclear immune cells 3 months after BCG vaccination following secondary exposure
to C. albicans [142].

2.4.3. Cells of the Immune System in the Formation of TRIM

Immunological memory in vertebrates is often entirely associated with the function of T and B
lymphocytes. Recently, it has been hypothesized that enhanced and prolonged non-specific immune
responses after an initial infection may also provide protection against reinfection. Several research
groups have focused on identifying the cells that mediate the effects of trained immunity. Researchers
have chosen experimental mouse models with a deficiency in adaptive immunity to test the
protective effect of innate immunity.

NK cells isolated from naive volunteers after BCG vaccination have been shown to increase IFNy
production 4-7-fold and two-fold increase the release of monocytic cytokines such as TNFa and IL-
1B in response to unrelated bacterial and fungal pathogens. The enhanced functionality of circulating
monocytes persisted for at least 3 months after vaccination and was accompanied by an increase in
activation markers (CD11b, TLR4). These effects are mediated by the NOD2 receptor through an
increase in H3K4 histone trimethylation. BCG vaccination results in increased survival of SCID mice,
which is partially dependent on natural killer (NK) cells. The results suggest that NK cells may
contribute to the non-specific (heterologous) beneficial effects of BCG vaccination [144].

Similar data have been obtained with other TRIM activators. For example, in a proof-of-concept
study, mice lacking functional T and B lymphocytes were shown to be protected from reinfection
with Candida albicans by monocytes. C. albicans and fungal wall p-glucans induced functional
reprogramming of monocytes, resulting in enhanced cytokine production both in vivo and in vitro.
Training required the -glucan receptor Dectin-1 and the non-classical Raf-1 signaling pathway.
Training of monocytes by [-glucans was associated with robust changes in histone trimethylation at
H3K4, suggesting that epigenetic mechanisms are involved in this phenomenon. Functional
reprogramming of monocytes, reminiscent of similar properties of NK cells, supports the TRIM
concept and may be used to develop improved vaccination strategies [145].
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Overall, it should be noted that one of the critical cellular components of TRIM are natural killer
(NK) cells, which play a key effector function in innate immunity. However, some recent studies have
revealed the involvement of a rather rare and unusual fraction of immune system cells in the
formation of TRIM, namely vd T cells. These cells are considered to be part of the innate immunity in
which the specific T cell receptor (TCR) can function as a pattern recognition receptor [146]. The MIC
molecule also serves as a ligand for an activating receptor belonging to the NKG2 family of C-type
lectin-like receptors (NKG2D), which is also expressed on yd T cells [147]. It has been shown
previously that human yd T cells expand in response to tuberculosis infection [146]. vd T cells have
been called the “bridge between innate and adaptive responses” [148] because most of them
recognize ligands that are significantly different from the short peptides recognized by a/B T cells in
the context of MHC class I or class II molecules. Thus, human Vd2+ T cells (the predominant subset
of vd T cells) recognize small bacterial phosphoantigens, alkylimines, and synthetic amino-
bisphosphonates, whereas Vo1 T cells recognize stress-inducible MHC-related molecules such as
MICA/B, as well as several other ligands. Functionally, yd T cells rapidly produce a variety of
cytokines and typically exhibit potent cytotoxic activity, including against many tumor cells. The
proposed role of ¥0 T cells as a bridge between the innate and adaptive immune systems is based on
the assumption that yd T cells use their TCR as a pattern recognition receptor.

The in vivo induction of innate memory in Y0 T cells following BCG vaccination in healthy
volunteers was investigated using a combination of single-cell RNA sequencing technologies and
functional immune assays. BCG did not alter total v T cell numbers and membrane activation
markers. However, vaccination altered yd T cell transcriptional programs and enhanced their
responsiveness to heterologous bacterial and fungal stimuli, including lipopolysaccharide and
Candida albicans, as evidenced by increased production of tumor necrosis factor and IFNy weeks after
vaccination. Adult human yd T cells demonstrate the potential to develop a TRIM phenotype
following BCG vaccination [149].

2.4.4. Interaction of Adaptive and Innate Immune Systems in the Formation of TRIM

Thus, BCG vaccination promotes the transition of IS to a prepared state. Recent research in the
field of TRIM indicates that for maximum effectiveness, the interaction of both arms of immunity -
innate and adaptive - is necessary, as seen in the example of yd T cells. The interaction of the adaptive
and innate immune systems with non-hematopoietic cells in tissues is key to the formation of strong
TRIM, or antigen-agnostic protective immunity, as some researchers call it.

Key points in the interaction of innate and adaptive immunity include the following
mechanisms:

e  Primary immune recognition by innate IS cells via PRRs and other “danger signal” receptors
triggers activation of antigen-presenting cells (APCs), which interact with naive CD4+ and CD8+
T cells to bridge the innate and adaptive immune systems [150].

e  APCs initiate four critical signals for the induction of the adaptive immune response: 1)
engagement of the T/B cell receptor (TCR/BCR) by antigenic peptides on the major
histocompatibility complex (MHC), 2) ligation of immune checkpoint molecular pairs (co-
stimulation and co-inhibition, e.g., CD80, CD86 and CD40), 3) cytokine stimulation, 4)
recognition of “danger signals” by metabolic sensors [150-152].

e Activated immune cells undergo metabolic reprogramming characterized by increased
glycolysis and decreased oxidative phosphorylation, leading to increased ATP production and
pro-inflammatory functions. This metabolic shift is associated with epigenetic changes such as
increased acetylation and decreased methylation, which contribute to the pro-inflammatory
state [153].

e  Metabolic reprogramming results in increased production of reactive oxygen species (ROS) [150]
and activation of the NF-kB pathway, which enhances the innate immune response and
promotes the differentiation of DCs into APCs. In this context, ROS are required for T and B cell
activation, differentiation and survival, modulation of T cell subset differentiation, Treg
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functionality and maintenance of T cell homeostasis. ROS affect the expression of MHC and

immune checkpoint molecules on APCs, thereby enhancing T cell activation [150].

e The interplay between APC activation and immune checkpoint responses influences the
differentiation of different immune cell subsets [150]: monocytes can differentiate into anti-
inflammatory (CD14+CD16- monocytes in humans, CD11b+Ly6C- monocytes in mice,
CD14+CD40- monocytes and M2/Mhem macrophages), secreting anti-inflammatory cytokines
(e.g., IL-10), leading to tissue repair, and pro-inflammatory (CD14+CD16+ monocytes in
humans, CD1b+Ly6C+ monocytes in mice, CD14+CD40+ monocytes, M1 and M4 macrophages),
which promote tissue inflammation by producing TNFa, IL-1f3, ROS and other inflammatory
mediators [154]

e Naive CD8+ T cells can be activated into cytotoxic T lymphocytes to kill infected and tumor cells.
In contrast, naive CD4+ T cells can differentiate into a variety of effector T cells, including
proinflammatory Th1/2/9/17/22 subsets, anti-inflammatory regulatory T cells [155].

Prof. Pulendran’s research group has proposed that interactions between the adaptive and
innate immune systems and non-hematopoietic cells in tissues are key to so-called antigen-agnostic
protective immunity [156,157].

The researchers assumed that adjuvants had great potential to increase the effectiveness of
vaccines. Adjuvants are components of subunit vaccines that enhance the magnitude, breadth and
duration of the immune response. They have great potential to increase the effectiveness of vaccines,
their addition allows to reduce the antigen amount without compromising immunogenicity, while
reducing the adverse events associated with the antigen [158,159]. Thus, it was shown that TLR7/8
agonist - 3M-052, induces long-term humoral immunity in non-human primates, currently the
obtained effect is being evaluated in clinical trials and in humans. It was found that a compound
agonist formulated in alum to produce 3M-052-Alum for ovalbumin immunization (OVA) induced
a potent program of antiviral and interferon responses. Activation of myeloid cells in draining lymph
nodes persists until day 28, and single-cell level analysis reveals putative gene regulatory programs
based on transcription factors in different myeloid cells and monocyte heterogeneity[160].

Subsequent work showed that mice vaccinated with intravenous BCG experienced less weight
loss and/or better viral clearance when challenged with coronavirus (SARS-CoV-2 B.1.351) or
influenza virus PRS8. Protection began between 14 and 21 days after vaccination and lasted for
approximately 3 months. Notably, BCG induced a biphasic innate response and potent antigen-
specific Thl responses in the lung. MyD88 signaling was required for innate and Thl cellular
responses and protection against SARS-CoV-2. Deletion of CD4(+) T cells or IFNY activity prior to
infection completely abolished innate activation and protection. Single-cell and spatial
transcriptomics revealed CD4-dependent expression of IFN-stimulated genes in myeloid and lung
epithelial cells. Notably, BCG also provided protection against weight loss following infection with
mouse-adapted coronaviruses such as SARS-CoV-2 BA.5, SARS-CoV, and SHC014. Thus, BCG
induces an integrated organ immune response in which CD4(+) T cells target myeloid and epithelial
tissue cells to generate long-lasting and broad innate antiviral resistance [157].

Based on previous findings that the BCG vaccine induces heterologous immunity via CD4 T cell-
derived IFNYy, which imprints an antiviral state on the innate immune system and epithelial cells, a
vaccine containing ovalbumin antigen and GLA (TLR-4 agonist)/3M-052 (TLR7/8 agonist) adjuvants,
which induce IFNy responses, was developed. In vaccinated mice, antigen-stimulated T cells
imprinted long-lasting and broad innate antiviral resistance in myeloid and epithelial cells, protecting
the mice against SARS-CoV-2 and influenza viruses unrelated to the challenged antigen.

Thus, the authors introduce the concept of “integrated organ immunity,” which describes the
interaction between the innate and adaptive immune systems, as well as non-hematopoietic cells in
tissues, that allows the formation of robust and long-lasting protective immunity against a variety of
pathogens, regardless of their specific antigens. By viewing immune responses through this
integrated lens, the researchers propose the development of a new class of vaccines, known as
“universal vaccines”, that would not be restricted to specific pathogens [156]

2.5. The Pan-Pandemic Vaccine Concept
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Climate change is believed to be contributing to an increase in the number of potential
pandemics, along with continued population growth, with potentially catastrophic economic and
social consequences. At the same time, the nature of the pathogens causing pandemics may vary,
making it impossible to rapidly develop specific vaccines. For this reason, it is necessary to create a
buffer period for the development of specific vaccination of the population. During this period, the
simplest methods of immunity activation can be used - for example, the use of so-called PAMP
adjuvants, such as outer membrane vesicles of gram-negative bacteria, lipopolysaccharide (LPS) and
other PRR agonists that activate the innate immune response [39].

PAMPs (pathogen-associated molecular patterns) are sets of molecules associated with
exogenous pathogens, such as bacterial LPS, endotoxins, peptidoglycans, RNA species, DNA, and
flagellin [161,162]. The interaction of these molecules with PRRs triggers a response to “danger
signals” within the cells and in their microenvironment. According to the danger theory, the main
driving force of the immune system is the need to detect and defend against danger [163]. Recent
results on the activation of the innate immune system by PRRs support the idea that tissue injury,
various forms of cell death, as well as metabolic and nutritional sensors can modulate the innate
immune system to activate adaptive immunity [164]. Adjuvants have been used previously for
similar purposes. It is expected that the use of new adjuvants (PRR activators) in light of new concepts
and expanding knowledge of innate immunity and systemic vaccinology will advance the research
and development of new adjuvants for use in vaccines against COVID-19 and future pandemics,
which is especially relevant in conditions where rapid and effective immune solutions are needed to
protect the population [164]. However, the disadvantage of the above mentioned PAMPs adjuvants
may be less effective TRIM activation, which could result in a transient response.

Another approach could be the development of so-called “universal vaccines”, which are able
to achieve a stronger activation of TRIM and thus put the cells of the immune system on high alert
for unknown pathogens. However, instead of the term “universal” vaccines, we would prefer to use
the term “pan-pandemic” vaccines when talking about vaccines used during pandemics of pathogens
of unknown etiology and aimed at enhancing non-specific immunity in the population based on
TRIM. This term is more accurate because it does not mislead regarding the use of such vaccines as
anticancer. Thus, pan-pandemic vaccines are vaccines for emergency use against an unknown
pathogen, based on the activation of TRIM, designed to protect the population until a specific vaccine
is developed.

The BCG vaccine is a very good candidate for the role of such a pan-pandemic vaccine since it
is one of the most potent inducers of TRIM. Above, we considered examples of the use of BCG and
its potential, noting that, for example, in the case of the spread of COVID-19, its usefulness caused
serious debate and controversial opinions. We believe that the insufficiency of BCG vaccination for
non-specific activity could be compensated by the synthesis of special factors in the composition of
recombinant BCG (rBCG). The reliable safety and immunogenicity profile of BCG is the rationale for
using it as a vector for the development of vaccines against other infectious diseases. By introducing
genes into BCG whose products contribute to better activation and/or proliferation of innate immune
cells, it will be possible to obtain rBCG that are more effective as a means of emergency prophylaxis
against viral diseases. Such rBCG can be used to reduce the incidence of new infections and/or
alleviate their consequences in situations where no other specific prophylactic means are available.

2.6. Reinforcement of Non-Specific BCG Protection

In general, BCG, as a typical mycobacterium, affects PRRs. In some cases, this effect is mimicked
by PAMP adjuvants. However, BCG is more effective because it triggers a stronger response, which
is reflected in the formation of TRIM. However, this may not be enough, and enhancing the action of
BCG in various ways may have a greater chance of creating a truly pan-pandemic vaccine. Below, we
consider several strategies for such enhancement of BCG action.

2.6.1. Booster Strategy as an Example
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As noted above, the easiest way to enhance the immune response without immunotoxicity is to
use adjuvants. Several studies have shown the effectiveness of combining adjuvants with attenuated
vaccines, including BCG (see, for example, [39]). The use of adjuvants to increase the amplitude of
non-specific immune response and more stable formation of TRIM (including in a larger number of
cells initially). The simplest possibility is the use of alum. Thus, the combination of alum and BCG is
partially used in the development of vaccines against leishmaniasis, mainly in African countries. This
approach aims to create relatively inexpensive drugs in low-income countries that suffer most from
this disease.

Thus, pilot studies conducted in Sudan showed that first-generation vaccines for the treatment
of visceral leishmaniasis (VL) based on a combination of autoclaved Leishmania major (ALM) and
BCG are safe, but do not exceed BCG alone in protective properties. Attempts were made to create
an enhanced version of the vaccine by adding the adjuvant alum. 24 healthy volunteers received
different doses of leishmanial protein in the ALM + BCG vaccine with aluminum. Side effects were
minimal, and a reaction to the skin test for leishmania was observed in all group participants. The
vaccine mixture was safe, induced a strong delayed type hypersensitivity (DTH) reaction in the study
volunteers [165]. Similar trials were conducted in leishmanin-unresponsive children in the field
conditions. The study included 544 healthy children who received a single injection of Alum/ALM +
BCG or placebo. The observation period was 2 years with an interval of 6 months. Leishmanin skin
test conversion (>or=5 mm) was shown in a significant proportion of participants after vaccination at
different stages of observation. In the placebo group, these indicators were significantly lower. No
significant increase in antibodies was found. Parasitological VL was confirmed in four patients in the
placebo group. Presumably, multiple vaccinations may be required to achieve results [166].

In a study to identify a suitable adjuvant for a leishmaniasis vaccine, low Th2 cytokine and high
IgG2 antibody responses were used. Groups of vervet monkeys were immunized with Leishmania
donovani antigen (Ag) either alone or in combination with alum-BCG (AIBCG), monophosphoryl lipid
A (MPL), or montanide ISA 720 (MISA) as adjuvants. Immunization was performed subcutaneously
three times at 4- and 6-week intervals. The results showed relatively higher levels of IL-4 and IL-10
after immunization with MPL + Ag compared to AIBCG + Ag or MISA + Ag. Significantly higher
IgG2 antibody responses were associated with AIBCG + Ag or MISA + Ag compared to MPL + Ag. It
was shown that the use of AIBCG and MISA may be effective in the development of leishmaniasis
vaccines [167].

However, there is no licensed vaccine for leishmaniasis available for human use yet [168,169]. It
can be noted that the addition of alum slightly increased the protective effect of vaccination. Thus,
some further studies in animals led to the assumption that an additional boost is required for an
effective immune response [170].

2.6.2. Recombinant BCG

Initially, it was thought that BCG would be used as a carrier for the secretion of various immune-
activating factors. Historically, recombinant BCGs were primarily aimed at increasing the efficacy
against TB. Thus, the 2018 article provides an overview of such studies and examines in detail the
approaches used to create anti-tuberculosis rBCGs [171].

In terms of the possibility for developing pan-pandemic vaccines, rBCG may have the advantage
of utilizing cytokines to enhance certain aspects of the immune response necessary for providing
protection. This can be achieved by several approaches, the simplest of which is the use of cytokines
that can activate a specific set of immune cells. We will discuss such approaches below, primarily
using examples from the development of a more effective TB vaccine. The principles from these
studies can be translated to improve the response of the immune system in general. The rational
development of new vaccines that target key components of the host immune response is critical to
the control of infectious diseases.

The development and analysis of modified BCG strains using the pMV261 vector and the
M.bovis Ag85B secretory peptide has been intensively investigated in the group of Professor Triccas.
The chemokine MCP-3, which binds to the CCR1, CCR2 and CCR3 receptors, was used [172]. These
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receptors are expressed on mononuclear phagocytes, T cells, B cells, NK cells and especially on
immature dendritic cells. Mice lacking CCR2 are highly susceptible to Mtb infection and show a
significant reduction in early macrophage recruitment and a later defect in DC and T cell migration
[173]. Thus, chemokines may play a key role in the response to infection by being required for the
migration of cells involved in generating a protective immune response. Mice vaccinated with
BCG/MCP-3 showed increased lymphocyte migration and enhanced antigen-specific T cell responses
compared to mice vaccinated with BCG alone [172].

In a similar study, the use of a modified BCG/mGM-CSF strain was shown to confer increased
protection against Mtb. Vaccination with BCG/mGM-CSF resulted in a 10-fold increase in protection
(protective effect) against disseminated Mtb infection compared to the BCG control. [174]. GM-CSF
produced by subcutaneous administration of BCG/mGM-CSF increases the number of APCs in the
draining lymph nodes, with the most significant increase occurring on day 7 after infection. After
vaccination, a change in the number of cells with a M® phenotype (CD11c-CD11b-F480+) was
observed, while no change in the number of other cells of the innate immune response was observed;
there was no significant difference in the number of NK1.1+. It was shown that differentiated APCs
under the influence of BCG’s GM-CSF became potent producers of IL-12p40, which contributed to
the activation of naive CD4+ T cells, confirming the above mentioned necessity of interaction between
innate and adoptive immune cells. GM-CSF secreted by BCG increases the number of APCs in the
areas draining the immunization site, but not in distant lymph nodes, i.e., the activation of APCs
occurs only locally. It has also been shown that BCG/mGM-CSF has a long-term effect on the
activation and maintenance of Ag-specific T cells generated as a result of vaccination.

BCG is able to stimulate functional CD8 T cells, suggesting that efficient delivery of Ag to sites
of T cell activation by vaccines may be a key requirement for an optimal CD8 T cell response to control
mycobacterial infection [175].

A study of targeted delivery of the rBCG-expressed cytokine mGM-CSF to the lungs showed an
increase in the number of pulmonary DCs and secretion of the immunoregulatory cytokine IL-12
compared to BCG immunization. This effect of BCG/mGM-CSF on the number of APCs led to
accelerated priming of antigen-specific CD4+ T cells in mediastinal lymph nodes and increased
migration of activated CD4+ T cells to the lungs. Intranasal administration of BCG/mGM-CSF
significantly increased the protection of mice against Mtb infection compared to mice vaccinated with
BCG alone. BCG/mGM-CSF vaccination demonstrated an improved safety profile and significantly
increased the lifespan of the mice. Data show that manipulation of immune cells in the lung by
administration of BCG-based mGM-CSF can promote protective mucosal immunity against
pulmonary bacterial infection [176].

Thus, in animal studies, recombinant BCG vaccines expressing various viral proteins are likely
to induce TRIM and enhance protection [177]. A vaccine expressing the S1 subunit of pertussis toxin
provided 100% protection against intracerebral challenge with Bordetella pertussis in newborn mice
[178]. rBCG-S1PT was also shown to protect mice against challenge with B. pertussis and C. albicans,
and rBCG-S1PT reduced the allergic response to ovalbumin in asthmatic mice. rBCG-S1PT induces
an enhanced inflammatory response in human mononuclear cells [179]. rBCG with HIV antigens
induced a T-cell response, although it did not induce HIV-specific antibodies [180]. Combination of
rBCG with viral vector boosters enhanced T cell responses against HIV [181]. A vaccine expressing
the hMPV phosphoprotein reduced viral load and tissue damage [182-184]. rBCG containing the
hRSV nucleoprotein provided protection against viral infection by inducing TH1/TH17 memory and
neutralizing antibodies [185].

A recent study showed that mucosal vaccination with the recombinant rBCGPPE27 strain, which
produces the mycobacterial survival-promoting antigen PPE27 [186], significantly enhanced the
TRIM in mice, which contributed to a more effective protective response against Mtb and
heterologous bacterial reinfection in mice compared to BCG. Mucosal immunization with
rBCGPPE27 increased the production of innate cytokines by alveolar macrophages, which is
associated with activated glycolytic metabolism typical of trained immunity. Interestingly,
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rBCGPPE27, rBCGESAT6 and rBCGRv3763 significantly increased the secretion of TNFa, IL-6 and
IL-1p in alveolar macrophages, BMDMs or human monocytes compared to BCG [187].

It is described that mTORC2 and hexokinase 1 deficiency rescued immunometabolic and
epigenetic rearrangements in mouse alveolar M® following mucosal vaccination with rBCGPPE27.
Importantly, exploiting the pronounced TRIM effects of - BCGPPE27, a single mucosal immunization
with rBCGPPE27-adjuvanted coronavirus disease (CoV-2) vaccine induced the rapid development of
virus-specific IgG antibodies, increased the level of neutralizing antibodies against pseudoviruses,
and enhanced the release of Thl-biased cytokines by vaccine-specific T cells compared to the
BCG/CoV-2 vaccine. Mucosally administered rBCG was shown to induce pulmonary memory M®s
and enhance TRIM through retraining of mMTORC2/HK1-mediated aerobic glycolysis, providing new
vaccination strategies to improve vaccination against TB or coronavirus variants and to target innate
immunity through mucosal surfaces [187].

A combination of two strategies, rBCG and an adjuvant, can also be observed. In a study
conducted on K18-hACE2 transgenic mice expressing the human ACE2 receptor used by severe acute
respiratory syndrome coronavirus (SARS-CoV) to gain cellular entry, rBCG carrying spike-derived
immunogenic epitopes from SARS-CoV-2 rBCG-ChD6 was used in combination with recombinant
nucleocapsid and spike chimera (rChimera) [188]. They represent epitopes of the Nucleocapsid
(serine-glycine-arginine-rich domain (SGRD) and serine-arginine-rich domain (SRD)) and Spike
(receptor binding domain (RBD)) structural proteins of SARS-CoV-2. Primary immunization of
animals with rBCG-ChD6 followed by boosting with rChimera-Alum demonstrated the highest titers
of IgG and IgG2c antibodies to rChimera with neutralizing activity against SARS-CoV-2 Wuhan
strain compared to control groups [189]. IFNy and IL-6 production in spleen cells and a decrease in
lung viral load were also demonstrated. No viable virus was detected in these mice, which was
associated with a decrease in lung pathology compared to the BCG WT-rChimera/alum or
rChimera/alum control groups. Thus, we see the potential for combination vaccination strategies to
be effective.

3. Cancer Vaccines

Tumor diseases can be characterized as the result of immune malfunction, occurring when the
IS fails to recognize a newly formed neoplastic cell, allowing it to survive and, through a complex
path of clonal selection that promotes immune evasion, develop into a tumor. The innate immune
system is the first line of defense against malignant cells, with its cells designed to recognize and
destroy any aberrant cells that differ from those that should be “here and now”. Cytotoxic NK cells,
which are capable of eliminating tumor cells, and M®s, which can perform phagocytosis, play the
main role in the destruction of such cells. Destruction of cancer cells by cells of the innate immune
system triggers adaptive immunity [190]. The inability of the immune system to ensure the
elimination of neoplastic cells leads to tumor diseases and is associated with the inability of the IS to
recognize a tumor.

3.1. Highjacking the Innate Immunity

One of the goals of anti-tumor therapy is to make the tumor visible to the immune system. Thus,
the success of anti-tumor immunotherapy is based on the initiation or stimulation of a self-sustaining
anti-tumor immune response. A number of sequential events leading to this have been summarized
in the concept of the cancer-immunity cycle [191]. Initially, this cycle was considered in the context
of the adaptive system, where tumor neoantigens are presented by antigen-presenting cells, leading
to the priming and activation of a pool of cytotoxic CD8 T cells. However, further works discussed
that the interaction of adaptive and innate immune cells may enhance antitumor efficacy. In our
previous work, we considered such a possible enhancement in the context of the augmented cancer-
immunity cycle [192]. This possibility was based on the properties of the innate immune system,
which is activated when pathogens are encountered. As discussed above, from the immune system’s
point of view, pathogens are PRR ligands that trigger a signaling cascade leading to the activation of
innate immune cells. Since BCG acts as a pathogen (danger signal) that activates several types of
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PRRs, but is not harmful to an immunocompetent person, it appears to be an optimal candidate for
the development of anti-tumor immunotherapies.

Notably, that in 1990, BCG became the first immunotherapy of any type to be approved by the
FDA and is still used for the treatment of early-stage bladder cancer. It was in 1959 when Lloyd J. Old
and colleagues reported the use of the BCG vaccine as an immunotherapeutic agent that could inhibit
tumor growth in mice [193]. Studies have shown that although BCG therapy for bladder cancer has
a negative impact on the quality of sleep of patients with non-invasive bladder cancer, this therapy
still demonstrates positive efficacy in the treatment of this disease [194]. Today, the BCG vaccine is
an FDA-approved treatment for bladder cancer, latest Guideline updates for Non-Muscle Invasive
Bladder Cancer were amended at 2024 [195].

Other malignancies such as lymphoma and melanoma also respond to the BCG vaccine [196].
BCG has been shown to reduce the risk of melanoma [197] and can also be used to treat patients with
stage Il melanoma [198,199]. Another study showed that BCG is effective against kidney cancer and
prostate cancer [200]. In addition, studies have shown that early BCG vaccination of infantes can help
reduce the risk of cancer and mortality from tumor diseases such as leukemia and lung cancer
[201,202]. The latter fact suggests that BCG vaccination may have a protective antitumor effect,
potentially related to processes similar to those involved in vaccination.

3.2. TRIM in Cancer

Many studies have linked the antitumor effect of BCG to the induction of TRIM. It has been
shown that immunoinducing TRIM agents, such as BCG and fungal 3-glucan, are able to prevent the
immunosuppressive tumor microenvironment (ITME), enhance T-cell responses, and eventually lead
to tumor regression [203]. Molecules produced in TME cells that act as PAMPs and DAMPs to train
myeloid cells mediate the antitumor effect of BCG. DAMPs (damage-associated molecular patterns)
are a type of “danger signals” more associated with cellular damage, representing extracellular
proteins such as decorin and tenascin C, as well as intracellular proteins such as high-mobility group
box 1 (HMGB1), histones, 5100 proteins, heat shock proteins (HSPs) [204]. Transcriptional
reprogramming of cells is a key feature of TRIM, which enhances the pro-inflammatory phenotype.
Repeated pathogen administration induces the infiltration of M®s, DCs and NK cells, as well as the
production of cytokines, including NF-kB cascade cytokines and interferons. This disrupts tumor
homeostasis and enhances antitumor immunity, leading to the activation of tumor-infiltrating T
cells[19].

Thus, it has recently been shown that intravesical administration of BCG induces TRIM, which
is reflected in increased production of TNF and IL-1f3 after heterologous stimulation of blood PBMC
ex vivo after 6-12 weeks [205]. Only BCG-naive patients were included in this study. It is believed
that TRIM is formed and is responsible for antitumor effects in a model of colon cancer [206], gastric
cancer [207], squamous cell carcinoma of the head and neck [208], as well as in hematologic
malignancies (cited by [19]).

3.3. Autophagy Perplexity

Many studies conducted in model cell lines have shown the induction of autophagy and
apoptosis after exposure to BCG. For example, a study conducted on the gastric cancer cell line MGC-
803 showed that BCG induced apoptosis and autophagy in a dose-dependent manner [207].
Autophagy plays an essential role in monocyte-macrophage differentiation [209]. M1 macrophages
are known for their antitumor effect based on producing high levels of ROS in the activated state
[210], they can also distinguish between tumor cells and normal cells [211]. Autophagy is thought to
play a dual role in tumor suppression and promotion across various types of cancer. It is assumed
that in the early stages of tumor formation, autophagy may be one of the ways to counteract tumor
progression. However, in the advanced tumor process, autophagy helps to protect tumor cells by
adapting them to stress conditions, lack of oxygen and nutritional factors [212].

Some researchers suggest that the use of autophagy regulators may play a therapeutic role, for
which rapamycin and chloroquine can be used [213]. The anti-cancer role of rapamycin is well
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discussed [137,138]. Thus, the main target of rapamycin is mTORCI, it blocks the early stages of
autophagy by phosphorylation-dependent inhibition of Atgl3 and ULK1 [214,215]. When mTORC1
is inhibited, autophagy is enhanced. Inhibition of mMTORC1 has been shown to increase autophagic
degradation, reducing the demand for energy and nutrients. Therefore, rapamycin turns off
mTORC1, which leads to the activation of autophagy. Remember that rapamycin is also a TRIM
inhibitor (see section 2.4.1). It is clear that the complex interplay between autophagy, TRIM and
antitumor activity is far from being understood.

There is also a point to be made here - there is evidence that BCG blocks autophagy in M®s and
may promote intracellular survival of mycobacteria. At the same time, autophagy is a critically
important protective mechanism to clear M®s of mycobacterial infection [216]. Simultaneously,
preliminary induction of autophagy by various means might overcome the imposed block [216].
Thus, it has been shown that infection with alive or thermally inactivated BCG results in a strong
inhibition of autophagy. However, when autophagy is induced in M. smegmatis in advance, this effect
is not observed [217]. In co-infection with BCG and heat-killed M. smegmatis, an enhanced antigen-
specific response of CD4+ T cells is observed, along with reduced mycobacterial survival. BCG can
block phagosome maturation and reduce the level of MHCII expression of APCs, which affects T-cell
activation. This effect can be circumvented by using a rBCG strain expressing the TLR2 activator, the
C5 Mtb peptide, in combination with Ag85B. Such additional stimulation of PRRs results in the
induction of autophagy in M®s, which enhances MHCII-dependent antigen presentation [218].
Typically, such effects were not observed in TLR2 knockout mice. Thus, we see that enhancing the
effect on one of the BCG activation pathways through various PRRs can enhance the effect of
targeting the IS by enhancing the immune response and TRIM. Another approach to bypass the
blockade of autophagy may be the development of recombinant strains in which fragments of the
genome that can block the activation of autophagy are deleted [219]. In this case, genetic modification
of BCG allows bypassing the factors limiting its use.

3.4. Merging the Antitumor Features of BCG

The potential mechanisms of action of BCG-based cancer vaccines could therefore be outlined
as follows:
e  Breaking cancer tolerance by inducing an innate immune response leading to theexpansion of
the augmented cancer-immunity cycle, which may be at least partially based on:
¢  TRIM-inducing effect of BCG
e  Enhancement of autophagy by specially designed rBCG
Thus, using BCG as a basis for cancer vaccines, we can potentially improve the immune response
and extend its efficacy (e.g., antimetastatic). To achieve this, several strategies can be explored
ranging from additional targeting of the pathways involved in the activation of innate IS to bypassing
the inherent limitations of BCG.

4. A Brief Overview of the Current Clinical Trials That Use BCG

Scientific discoveries do not always reflect the contribution of a particular technology to clinical
trials (CT). To determine which BCG technologies are currently most in demand in the clinic, we
conducted a brief analysis of clinical trials using BCG. For this purpose, the parameters “Other terms”
were entered into the CT database https://clinicaltrials.gov/: Bacillus Calmette-Guerin OR
BCG/Vaccine OR Vaccination, yielding a total of 287 studies. Of these, 15 observational studies were
removed. We excluded all trials that were Terminated (17) and Withdrawn (10). A total of 245 trials
remained. Of these, 154 were “Completed studies” and were excluded from the analysis. Eight
studies not directly related to BCG were also excluded, including those on other types of vaccines
(such as oral polio vaccine, Prevenar, etc.) and social studies related to different types of patient
reminders.

The remaining 83 studies were analyzed in detail to ensure that they specifically used certain
types of BCG or utilized BCG as an adjuvant. From these studies, we excluded trials that included
BCG non-responders (resistant or relapsing) or non-tolerant patients. We also excluded studies of the
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MTBVAC vaccine, a live attenuated strain of M. tuberculosis, and other subunit vaccines using BCG
fragments. For the COVID-19 condition, we also excluded trials as irrelevant if more than 2 years had
elapsed from the specified primary completion date (estimated). Thus, from the previously obtained
list of 287 studies, we left only 62 CTs that interested us as a representative cross-section of modern
ongoing CT on BCG. These studies were classified according to eight key conditions: Cancer, COVID-
19, Diabetes, HIV, Immunity, Mortality, Neurodegenerative and Tuberculosis (See Figure 2).

Tuberculosis
n=13, 20%

Neurodegenerative, Chemotherapy

PD1/PD-L1 binati
n=5, 8% f n=E',:;I;2 ination
wiAdV
: Cancer 1. 2% wibeta-blockator
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wiCell Vaccine
n=3, 5%

n=4, 6% BCG
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Antigen Enhancer
n=3, 5%
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Figure 2. Distribution of actual clinical trials with BCG. The distribution by conditions of current
clinical trials using BCG is shown. The number of such studies (n=) and percentage of the total are
given. A total of 62 CTs were analyzed. The diagram on the right shows the distribution by BCG use
options for the cancer group.

Interestingly, the number of studies on cancer was dominant, with more than twice as many as
studies on tuberculosis (28 versus 13). All other studies made up about 1/3 of the two most
represented studies and were relatively evenly distributed. Below are brief comments on the CTs
included in the analysis and their composition.

4.1. Cancer

The largest group combining the use of BCG in cancer research is predominantly Non-Muscle
Invasive Bladder Cancer (NMIBC) and other forms of bladder cancer (about two dozen), which is not
surprising given that BCG is the first immunotherapeutic drug for this type of cancer (see Chapter 2).
There are about an order of magnitude less studies for various types of melanoma, prostate, colon,
and breast cancer.

Thus we observe a fairly predictable distribution by nosology. Of greater interest in this group
are the various ways of using BCG, ranging from its use as an adjuvant for other vaccines to its
combination with different agents. It is worth noting that in this group exhibits the greatest variety
of BCG use all the clinical trials included in the analysis. The most abundant combination of BCG is
with PD1/PD-L1 immune checkpoint inhibitors (ICH). Thus, ICH therapy is one of the most
promising and advanced immunotherapies, but it has the limitation only a subset of patients respond
to this therapy [59,220,221]. The ICH/BCG combination can increase the proportion of such
responders. Thus, BCG immunotherapy can be combined with other treatments, such as checkpoint
inhibitors, to enhance the immune response against various cancers [222]. The efficacy of BCG can be
enhanced by attaching tumor-specific peptides to its outer membrane, thereby inducing stronger T-
cell-specific immune responses [223]. This novel approach, when combined with immune checkpoint
inhibitors such as anti-PD-1, increases the proportion of successful responses to cancer therapy [223].

The next most common CTs are the use of BCG alone or in combination with any type of
chemotherapy. The efficacy of using a combination of BCG with gemcitabine alone or gemcitabine +
docetaxel (GEMDOCE), as well as in combination with mitomycin, an antibiotic with antitumor
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activity, has been shown [224,225]. BCG is also used as an adjuvant, in combination with cellular
derivatives, and for antigen enhancement - in general, all these actions can be combined as designed
to enhance the immune response against tumor neoantigens. Probably by TRIM induction as
discussed above. Some studies include combinations with an oncolytic adenovirus, the beta-blocker
propranolol, and even studies with recombinant BCG - VPM1002BC (See Table 3). VPM1002BC is
based on the rBCG strain BC1002 originally developed for the treatment of tuberculosis and
formulated for intravesical immunotherapy of non-muscle invasive bladder cancer. BC1002 is a
recombinant live BCG strain in which the urease C gene is deleted by insertion of the gene encoding
the hemolysin listeriolysin (LLO). The rBCGAureC::hly construct was designed to facilitate the
targeting of phagosomal antigens to the major histocompatibility complex I pathway, thereby
enhancing the induction of CD4+ and CD8+ T cell-mediated immune responses. To achieve this, the
listeriolysin (hly) gene from Listeria monocytogenes was integrated into the urease C gene (ureC). This
insertion disrupts urease C activity, preventing the enzyme from maintaining pH stability within the
host cell phagosome. As a result, the pH decreases, activating listeriolysin (LLO), which has peak
activity at pH 5.5. LLO is a hemolysin that can perforate membranes, and its function within the
phagosome enables the translocation of proteins into the cytosol of infected host or cancer cells [226].

Table 3. Clinical trials with rBCG strains.

Name Modification Studies Refs
Recombinant, urease C-deficient, listeriolysin NCT04387409,
expressing BCG vaccine strain generated in P3
VPMI1002 0r<.:1er to induce a l?roade'r immune response  NCT04351685, [227]
against mycobacterial antigens. Consequently, P3
VPM1002 was formulated as VPM1002BC for NCT03152903,
intravesical immunotherapy. P2
Recombinant live BCG strain in which the NCT02371447,P1
VPM1002 urease C gene is deleted by insertion of the /2 [228]
BC gene encoding the haemolysin listeriolysin =~ NCT04630730; [226]
(LLO). P2

4.2. Tuberculosis

This category covers studies conducted mainly in countries most affected by Mtb. Various types
of studies on safety, revaccination and other ways to activate immunity against Mtb, mainly in
patients previously vaccinated with BCG or compared to patients without such vaccination. The vast
majority used different native BCG strains and two studies using recombinant VPM1002 (rBCG)
(refer to Table 3).

4.3. COVID-19

An interesting situation has occurred with COVID-19: initially there were about 20 studies
related to BCG in the search, but after analysis, only 3 studies remained relevant - one with rBCG and
two others that have not yet changed their status to from “Unknown” to “Complete”, despite a
considerable amount of time has passed. In Chapter 2.3 we discussed the situation with COVID-19
and BCG, and it is unlikely that these studies will be able to add anything new. In addition, the
pandemic is over and the relevance of such data is no longer as critical.

4.4. Diabetes

The search included several diabetes-related clinical trials. For example, a 2018 survey showed
that the BCG vaccine can reduce blood glucose levels in patients with type 1 diabetes mellitus (T1IDM)
to near-normal values, and this effect persists for a long time [229]. BCG restores gene expression in
Tregs in type 1 diabetics to a pattern consistent with non-type 1 control subjects. In addition, the
authors demonstrated in diabetic mouse models that BCG vaccination improves glucose metabolism
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by systemically switching from oxidative phosphorylation to aerobic glycolysis (a state with high
glucose consumption).

A strategy of multiple BCG administration to patients with type 1 diabetes showed specific
killing of some disease-causing white blood cells, as well as a short-term effect of restoring pancreatic
insulin secretion. BCG also had a positive metabolic effect, increasing glucose uptake and steadily
reducing the level of glycated hemoglobin in the subjects. For type 2 diabetes, a strategy of BCG
administration to patients with pre-diabetes may be possible, with the aim of reducing chronic
inflammation in hyperinsulinemia [230].

However, these studies are beyond the scope of this review (You may refer to Faustman Lab’s
publications [231]). In addition, Chapter 2.4 outlines the mechanisms of glycolysis activation upon
BCG administration.

4.5. HIV (Human Immunodeficiency Virus)

The studies are primarily concerned with the use of BCG vaccination in HIV-infected patients in
terms of safety and efficacy. Exposure to various infectious diseases may influence early progression
to AIDS. BCG vaccine is usually given at birth to most children, including those born to HIV-positive
mothers. However, HIV-infected infants are at risk of developing disseminated Mycobacterium bovis
infection, which may be caused by the vaccine. In addition, the BCG vaccine may activate immune
responses that promote the spread of the HIV virus and accelerate the progression of the disease to
AIDS. These clinical trials are aimed at investigating the possibility of such a phenomenon and its
impact on the outcome of clinical conditions in this group of patients.

4.6. Immunity

Presented by diverse studies on the contribution of BCG to TRIM and heterologous protection.
From the possibility of inheriting methylation profiles of activated immunity to protection against
various infections, including when used as an adjuvant in the development of other vaccines.

4.7. Mortality

Studies of infant vaccination outcomes in relation to mortality, morbidity and mortality in
hospitalization and other factors are presented. There is an association between BCG vaccination and
areduction in infant morbidity and early mortality during the first year of life for both normal weight
and low birth weight infants. Vaccination of women of reproductive age with BCG vaccine before
pregnancy aims to study the additional effects of early administration of the vaccine to their children
on the development of specific and non-specific immunity and on the general health of mother and
child.

Thus, recent studies have examined the non-specific effects of BCG vaccination on infant
morbidity and mortality. While studies in Greenland [232] and Denmark [233] found no significant
reduction in hospitalization rates due to infectious diseases among BCG-vaccinated children, other
research has suggested potential benefits. A study in Spain reported lower hospitalization rates for
respiratory infections and sepsis in BCG-vaccinated infants, with protective fractions ranging from
32.4% to 69.6% across different age groups [234]. Similarly, a study in Guinea-Bissau found that early
BCG vaccination reduced in-hospital mortality rates, particularly for sepsis cases, although it did not
affect overall hospitalization rates [235]. BCG vaccination was associated with lower mortality among
children aged 1-5 years in Uganda [236].

4.8. Neurodegenerative

This small group includes conditions associated with neurodegenerative processes and the
potential use of BCG to treat such conditions. These mainly include studies in Alzheimer’s disease
(AD) and radiologically isolated syndrome, a subtype of early stage of multiple sclerosis (MS) in
which there are no symptoms or outward signs of the disease, but MRI results of the brain and spinal
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cord show foci of MS. The studies are based primarily on pilot data on the potential of BCG to affect
such conditions.

Thus, recent studies suggest that BCG immunotherapy for bladder cancer may reduce the risk
of AD. Multiple retrospective analyses of bladder cancer patients found that those treated with
intravesical BCG had a significantly lower incidence of subsequent AD diagnosis compared to
untreated patients [237-239]. The mechanism may involve BCG-induced modulation of the immune
system, particularly through elevated IL-2 levels and Treg cell expansion, which could inhibit AD-
associated inflammation [237]. While these findings are promising, they are based on retrospective
data, and prospective studies are needed to confirm the potential of BCG as a preventive measure
against AD in the general population [237,238].

As can be seen from the above, the most relevant studies for clinical trials are those for antitumor
therapy, closely followed by clinical trials for the treatment and prevention of tuberculosis. These are
the most obvious and accessible applications of BCG based on its properties as a conditional pathogen
and TRIM activator. However, researchers are trying to exploit all possible aspects of BCG. For
example, BCG'’s ability to activate glycolysis can be used to combat or prevent diabetes. Such clinical
trials using BCG to combat diabetes and neurodegenerative diseases highlight the potential broader
impact of BCG vaccination beyond tuberculosis prevention and cancer immunotherapy. At the same
time, studies related to the possibility of creating so-called pan-pandemic vaccines are very modestly
presented, focusing mainly on preventing heterologous infections or reducing mortality from non-
tuberculous infections in infants. In general, this is in line with the trend of pharmaceutical companies
to look for a solution to existing threats. Research into the possibility of developing pan-pandemic
vaccines is more in the realm of scientific research, but may be needed at any time in the event of a
pandemic. Separately, it should be noted that recombinant vaccines are still poorly represented (only
4 studies, see Table 3), which may be due to some bias in the translation of research into clinical work.

5. General Considerations

Overall, despite some confusion in evaluating the efficacy of BCG vaccination as a non-specific
vaccine against COVID-19, its role in activating various components of the immune system is beyond
doubt. It can serve as a good basis for both pan-pandemic and anti-tumor vaccines. It has been found
that the degree of TRIM and antitumor effect can be improved by modifying BCG to express higher
levels of key PAMP molecules [240]. At the same time, researchers expect that TRIM can help achieve
long-term therapeutic benefits against cancer [203]. Pharmacological compounds capable of
activating or inhibiting TRIM regulatory pathways offer new opportunities to modulate specific and
non-specific vaccine effects. For example, metformin inhibits TRIM induction by BCG, while
experimental cancer vaccination studies have demonstrated its ability to enhance immune responses.
We have noticed that factors that promote TRIM are often pro-tumorigenic (see Table 2, TRIM
inhibitors). From this point of view, TRIM inhibitors can be considered as potential anti-tumor agents.
At the same time, the opposite situation is possible if genes with tumor suppressor potential are
involved in TRIM inhibition. For example, the transcription factor RORa, which is associated with
circadian rhythms, inflammation and lipid metabolism, is suppressed in breast cancer [241]. It is
thought that under certain conditions it may act as a tumor suppressor. It has been shown that ROR«
is able to block the epithelial-mesenchymal transition that promotes tumor progression [242-244],
directly repressing Snail transcription [245]. Studies conducted this year have shown that ROR«
agonists are able to suppress TRIM that occurs during BCG induction, suggesting that RORa may be
a TRIM inhibitor [246]

In general, we may summarize the BCG features as a base for pan-pandemic and cancer vaccines
by action mechanisms as similar — impact primary on innate immunity, with certain bias towards
TRIM activation and somehow controversial features as factors enhancing TRIM are in general pro-
inflammatory and pro-tumorigenic. This principle can differentiate approaches to the development
of BCG-based drugs. Despite the basic molecular mechanism of action being centered on the effect
on PRRs, the subsequent effect of the drug on the signaling pathways that require enhancement for
optimal efficacy may vary. Hence, despite the co-directionality and similarity of the immune system
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pathways, one should be careful when creating vaccines, especially cancer vaccines. Thus, some non-

obvious things may occur, for example, from recent work that examine in detail the possibility of

vaccinating different cohorts of patients. In a study by Moorlag et al., it was shown that individuals
with condensed chromatin in genes involved in innate immunity prior to vaccination exhibited
strong trained immunity induced by BCG and acquired open chromatin in these genes. At the same
time, “non-responders” had initially open chromatin in similar regions prior to BCG vaccination,
resulting in a lack of further enhancement of immune responses after vaccination [53]. Thus, in
cancer, persistent inflammation may be detrimental to the formation of a long-term immune response
because cells cannot switch from one activation state to another. This may represent another and less
obvious problem of persistent inflammation during tumor progression as one of the types of immune
response evasion. We may speculate that in cancer therapy, the BCG-induced response should
preferably occur against the background of the introduction of secretory or additional anti-
inflammatory cytokines, or precede such introduction. Indeed, persistent activation of some
pathways in cancer leads to anergy and dysfunction of immune cells. TRIM is not formed, leading to
cancer relapse.

Based on the molecular mechanisms of BCG action on the host immune system, we can suggest
the following possible research strategies for the development of effective drugs:

1) Driven Improvement (Specific activation of different signaling pathways)

rBCG improved with various cytokines may be used to improve immune activation. A particular case
of such amplification could be the use of additional effectors in cells with the NOD2 pathway
turned off to compensate for it, or similar solutions. However, it is possible that the use of rBCG
alone may be insufficient - this conclusion is based on the observation that BCG/rBCG has been
shown to be more effective in studies using it in combination with other compounds. However,
as a base, such formulations may be more effective than native BCG.

2) Adjuvant Empowerment (Unspecific amplification of TRIM)

Use of adjuvants to increase the magnitude of non-specific immune response and more stable
formation of TRIM (including in a larger number of cells initially). The most straightforward
option is the use of alum, which has been successfully used not only in subunit vaccines but also
in combination with an inactivated pathogen (see 2.6.1). With particular emphasis on cancer
vaccines, a logical evolution of this approach is to replace alum with metallic nanoparticles that
can themselves specifically activate TRIM [247,248] and/or have more focused
immunomodulatory properties [192].

3) Combination:

The combined use of rBGC and adjuvants or nanoparticles with specific properties could make a
more significant contribution with relatively simple technological solutions. Thus, depending
on the development of technologies, in the easiest way adjuvants can be used not only for
adsorption of BCG molecules, as in the studies of chapter 2.6.1, but also for covalent binding
with biotechnologically synthesized proteins - immune activators, as in the works of the Proff.
Wittrup’s group [249,250]. An optional solution could be the use of constitutively modified
rBGC, which are limited by a low level of expression of the introduced genes [251], with
adjuvants or nanoparticles to enhance the effect.

6. Conclusion

Thus, having considered the various pathways activated by BCG that lead to an immune
response, we can assume that in vaccinology, studying the detailed mechanisms of action of different
vaccine components can enhance understanding of how to efficiently assemble a pan-pandemic
vaccine and then subsequently develop a specific vaccine. In cancer research, the situation is more
complicated - an increase in data often leads to new contradictions and doubts. As an example of the
ambiguity of mechanisms and possible actions, the example of rapamycin / mTORC1 / autophagy /
TRIM or the dual role of some cytokines in cancer shows that the abundance of contradictory details
can lead to a possible dead end. After all Nixon’s “war on cancer’ is still not won [252,253]. Perhaps
the clue to the solution comes from observations of equilibrium chemical reactions - the equilibrium
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can be shifted by a catalyst, and under certain conditions the reaction can be made unidirectional.
Thus, when acting on a tumor that contains many fluctuating factors such as “double-edged sword,”

“dual role,” “controversial,” etc., it is necessary to provide a catalytic impulse to shift the equilibrium

in a particular direction. Potentially, with the right choice of components, BCG can play an important
role here, due to its features and the possibility of modification.
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