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Abstract

Metabolic diseases have overtaken infectious diseases as the most serious public health issue and
economic burden in most countries. Moreover, metabolic diseases increase the risk of having
infectious diseases. The treatment of metabolic disease may require a long-term strategy of

taking multiple medications, which can be costly and have side effects. Attempts to expand the
therapeutic use of vaccination to prevent or treat metabolic diseases have attracted significant
interest. A growing body of evidence indicates that Bacillus Calmette-Guérin (BCG) offers
protection against non-infectious diseases. The non-specific effects of BCG occur likely due to the
induction of trained immunity. In this regard, understanding how BCG influences the development
of chronic metabolic health including liver diseases would be important. This review focuses on
research on BCG, the constellation of disorders associated with metabolic health issues including
liver diseases and diabetes as well as how BCG affects the gut microbiome, immunity, and
metabolism.
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1. Introduction

Metabolic syndrome is characterized by abdominal obesity, insulin and glucose resistance,
hyperglycemia, and dyslipidemia; these health issues include dysfunctional hepatic
metabolism, diabetes, and cardiovascular disorders.12 Metabolic syndrome affects people
over age 60; however, the incidence varies by gender, age, and ethnicity.3 Early prevention is
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crucial to reduce the financial burden on the health care system and the medical expenditures
associated with it.

Obesity and metabolic disorders are not only intertwined with each other but also

closely linked with immunological responses via pathogen sensing systems, nutrition, and
inflammation-related pathways. Therefore, metabolic control and immunological response
are firmly linked, and the proper operation relies on the appropriate function of the other.*
This interaction may be considered a central homeostatic mechanism.

Bacillus Calmette-Guérin (BCG) vaccine was produced over 100 years ago to provide
immunization against tuberculosis (TB); it was later found that it has off-target effects.
Because of its non-specific effects, BCG was first used for bladder cancer treatment over 40
years ago.® In recent years, it has been shown that BCG has the potential to manage and treat
autoimmune and even neurological disorders, including type 1 diabetes mellitus (T1DM),
Alzheimer’s disease, multiple sclerosis, and Parkinson’s disease.®

BCG works by inducing immunological responses that influence inflammatory indicators,
implying that immunization may affect inflammation-associated metabolic phenotypes and
disease processes.’~9 This review focuses on research on the effects of BCG on metabolism
and its possible underlying mechanisms.

2. BCG, trained immunity, and epigenetics

The innate immune system recognizes the external stimulation promptly and mounts a
defensive reaction against the foreign pathogen. The adaptive immune system creates

a long-term memory of the infectious agent to protect the host from re-infection.10.11
Additionally, the innate immune system possesses adaptive features, a trait now known
as trained immunity.12 The onset of heterologous vaccination effects, as well as infection-
prevention effects, all rely on innate immunity memory, or trained immunity regulated

by monocytes.12:13 However, trained immunity can also be maladaptive in the context of
chronic inflammatory disorders. Thus, trained immunity can explain the epidemiological
correlations between infections and the development of atherosclerotic cardiovascular
disease.1415

“Immunometabolism” is a fast-emerging subject that has biomedical applications because

it explains the interactions between the immune system and the metabolic processes.16:17
These two important research areas are connected in many ways. On the one hand, immune
cells in the liver and adipose tissue control metabolic processes, including insulin action and
lipolysis.18-21 On the other hand, the metabolism of protein, lipid, and carbohydrate can
influence immune response.20

2.1. Epigenetic effects of BCG

When trained immunity occurs, monocytes undergo epigenetic rewiring. Trimethylated
histone H3 lysine 4 (H3K4me3), an activating histone modification, is prevalent in the
proximal regulatory areas of pro-inflammatory cytokine genes including tumor necrosis
factor-alpha (TNF-a.) and interleukin (IL)-6 in trained monocytes.22 Another sign of BCG-
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induced trained immunity is reduced trimethylated histone H3 lysine 9 (H3K9me3) at

the promoters of TNF-a and IL-6.22 Moreover, trained immunity has been proposed to
have anti-cancer effect. These anti-tumor benefits derive from the epigenetic rewiring of
multipotent progenitors in the bone marrow, which overrides the immunosuppressive tumor
microenvironment.23 In this context, it has been demonstrated that systemic treatment of
BCG or beta-glucan rewires hematopoietic stem cells in the bone marrow through a type Il
interferon or 1L-1 response, which confers trained protective immunity against TB.24

Recent studies have demonstrated that a Western diet intake also establishes a trained
immune system. At molecular level, trained immunity affects metabolic pathways that
are dictated by epigenetic processes involving H3 K4me3 and acetylation of histone 3

at lysine 27 (H3K27ac) in monocytes and macrophages.2>26 A proof-of-concept study

in patients with familial hypercholesterolemia reported that monocytes exhibit promoter
enrichment of H3K4me3 and cytokine production capacity. In addition, those epigenetic
effects lasted months post-statin treatment.2” Animal studies showed that atherosclerosis-
prone low-density lipoprotein receptor-deficient (L a/”~)mice fed a Western diet for

four weeks had transcriptional and pro-inflammatory epigenetic modifications in their
circulatory monocytes and myeloid progenitor cells providing evidence for trained immunity
development. In addition, when the innate immune system is stimulated, a Western diet
furthers inflammation.28 Moreover, the trained immunological phenotype was sustained
despite the mice being fed a regular diet and having their cholesterol and systemic
inflammatory indicators restored to normal.28

2.2. Other immune cells

In addition to monocyte-mediated trained immunity, T cells and B cells have been
implicated in the protective roles of BCG against TB. T cell responses in particular the
induction of Th1 responses to BCG have been described comprehensively.2%. Furthermore,
B cell responses have recently been linked to BCG-mediated protection against TB which
has also been reviewed.30:31

Although trained immunity has been considered as the primary mechanism for combating
bladder cancer, direct robust evidence is lacking.22 Additionally, it has been shown that
BCG immunotherapy inhibits bladder tumors by inducing tumor-specific IFN-y* CD4* T
cell-dependent responses.32 Collectively, BCG can induce several different immune cells to
combat TB or bladder cancer.

3. Metabolic pathways and trained immunity

It has been shown that increased glycolysis, glutaminolysis, and cholesterol synthesis
are essential for trained immunity development in the monocytes based on integrated
transcriptomics and metabolomics data.33

3.1. Glycolysis

Glycolysis is a fundamental process in trained immunity and is often attributed to immune
cell activation. Increased glycolysis observed in activated Tcells leads to induced glucose
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metabolism in pro-inflammatory macrophages, lactate production, as well as adenosine
triphosphate (ATP) synthesis.34-36

In addition to BCG, beta-glucans also have trained immunity property. Beta-glucans are
soluble fibers from different sources such as fungi, bacteria, yeasts, and certain plants.
Saccharomyeces cerevisiae, a yeast has abundant beta-glucans, which has been shown

to reduce the risk of cardiovascular diseases.3” It is reported that beta-glucans can

induce trained immunity by shifting cellular metabolism from oxidative phosphorylation
toward glucose fermentation regulated by the protein kinase B(AKT)/mammalian target of
rapamycin (MTOR) pathway. This metabolic switch is vital in inducing trained immunity.
Moreover, a long-term increase in glycolysis, as well as pro-inflammatory phenotypes,
were reported in mice with beta-glucan-induced trained immunity. Together, beta-glucan-
induced trained immunity is accompanied by an increased high glycolytic rate and reduced
oxidative phosphorylation.37:38 In contrast to beta-glucans, BCG-induced trained immunity
enhances both glycolysis and oxygen consumption rate. Although different training stimuli
establishes distinct metabolic pathways, it is important to note that glycolysis and lactate
production remain more significant than oxidative phosphorylation in both beta-glucan- and
BCG-induced trained immunity.39

3.2. Glutaminolysis

Glutamine is the most prevalent free amino acid in the body. It is important in proliferation,
cell survival, and plays a key role in immune activation.*0 Trained immunity boosts
glutaminolysis, which converts glutamine to glutamate and further into alphaketoglutarate,
succinate, fumarate, and malate. Inhibition of glycolysis or glutaminolysis can prohibit beta-
glucan-induced trained immunity and reduce fumarate concentration in trained monocytes.0

Previous research has linked epigenetic remodeling of chromatin to trained immunity.28

It has been shown that fumarate by inhibiting lysine demethylase (5BKDMDb), a histone
demethylase, can increase H3 K4me3 in the promoters of pro-inflammatory cytokine
genes.33 Moreover, in a clinical study, BCG upregulates the expression of genes involved

in glutaminolysis (solute carrier family 1 member 5 (SLC1A5), glutaminase (GLS), and
glutamate dehydrogenase (GLUD)) and glycolysis (phosphofructokinase (PFK), hexokinase
2 (HK2), and lactate dehydrogenase A (LDHA)) up to 56 weeks, contributing to long-term
epigenetic reprogramming of trained monocytes.3?

3.3. The cholesterol biosynthesis pathway (mevalonate pathway)

The enzyme 3-hydroxy-3-methylglutaryl-coenzyme A (HMGCoA) reductase (HMGCR)
catalyzes the conversion of HMG-CoA to mevalonate, which is a rate-limiting step in the
biosynthesis of cholesterol. The mevalonate pathway involves a variety of cell activities
including establishing trained innate immunity. Incubating monocytes with mevalonate
promote a trained immunity phenotype. Moreover, monocytes obtained from patients

with mevalonate accumulation showed trained immunity phenotype featured by increased
cytokines as well as elevated expression of genes in the glycolysis pathway.4C Statins

are HMGCR inhibitors and are used to treat hypercholesterolemia. Statins impaired the
memory of monocytes as well as the effects of BCG in bladder cancer treatment.3341 These
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findings further strengthen the relevance of mevalonate metabolism in BCG-induced trained
immunity.

Together, there are substantial changes in metabolic pathways associated with trained
immunity. The relationship between BCG and metabolic syndrome remains to be explored.
Recent clinical studies revealed that BCG treatment improves T1DM and atherosclerosis.*2
In addition, metabolic diseases have been improved in bladder cancer patients who had
intravesical BCG therapy. Those findings suggested a strong relationship between BCG
and metabolism.*3 The effects of BCG-induced trained immunity on metabolic activity and
epigenetic rewiring are depicted in Fig. 1.

4. BCG and systemic inflammation

Increased metabolic rate is linked with inflammation, which can occur during tissue-
destructive processes via blood-derived compounds. The purpose of inflammation is to
kill or isolate the source of disturbance, remove injured tissue, and restore homeostasis.
Inflammation and its associated multi-organ abnormalities are strongly linked. Therefore,
inflammation influences the severity of non-alcoholic fatty liver disease (NAFLD), type 2
diabetes mellitus (T2DM), and cardiovascular disease.

Additional studies in rodents reported the effects of alcohol on the effectiveness of

BCG vaccination. When mice consumed ethanol prior to BCG vaccination, they were
not protected against Mycobacterium tuberculosis (M. tuberculosis). In contrast, mice
that consumed ethanol after BCG vaccination had protection against M. tuberculosis
challenge.#44° Therefore, ethanol interferes with trained immunity, but ethanol does not
interfere with already established trained immunity induced by BCG.4®

In 60-80 years old people, one dose of BCG could reduce proinflammatory cytokines
(TNF-a, IL-6, and IL-1p), chemokines (C-C motif chemokine ligand 2 (CCL2) and C-X-C
motif chemokine ligand 10 (CXCL10)), acute phase proteins such as C-reactive protein, and
matrix metalloproteinases. This implies that BCG reverses both immunological senescence
and inflammation, resulting in significant implications for the prevention of immune-related
illnesses associated with inflammation, such as infectious diseases associated with immune
senescence and cardiovascular disorders.*8 BCG can reduce systemic inflammation in a
gender-specific manner.#” BCG-Bulgaria vaccination was done in a cohort of 303 healthy
volunteers followed by monitoring systemic inflammation and assessing trained immunity.
Results showed that BCG reduced systemic inflammation and the effects were stronger

in men than women.#” However, estradiol or dihydrotestosterone was not able to induce
training or tolerance in monocytes.*8 Other mechanisms that account for the gender
difference remain to be uncovered.

Taken together, trained immunity contributes to the development of autoimmune diseases

as well as atherosclerosis by increasing the circulation of pro-inflammatory cytokines.?
However, BCG can reduce the risk of developing asthma, eczema, and atopic allergy.>0:51
How BCG vaccine lowers inflammation while enhancing trained immunity is still unknown.
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5. BCG and liver diseases

Trained immunity is linked with increased pro-inflammatory mediators like IL-1p, TNF-a,
and IL-6, as well as increased expression of markers on innate immune cells associated

with antigen presentation to T cells. An animal study demonstrated that BCG lowered
plasma non-high-density lipoprotein (HDL) cholesterol in mice by enhancing hepatic uptake
of cholesterol-enriched lipoprotein remnants and decreasing gastrointestinal cholesterol
absorption.>2

In NAFLD models, intravenous administration of BCG in 6 weeks old ob/0b mice prevented
NAFLD development by altering the physiological condition of both adipocytes and
hepatocytes. BCG reduced fatty acid-induced endoplasmic reticulum (ER) stress in the livers
of ob/ob mice.>3 BCG treatment also considerably elevated adiponectin serum levels as well
as reduced hepatic triglyceride storage, liver macrovesicular steatosis, and lipogenic-related
gene expression. Furthermore, BCG administration significantly decreased serum insulin
levels and epididymal white adipose tissue weight revealing extensive metabolic benefits.>3

M. tuberculosis can also influence hepatic lipid metabolism in humans. For example,
compared to healthy controls, Nigerian TB patients showed reduced cholesterol levels
compared to the control population.>* Additionally, individuals with pulmonary TB had
lower serum cholesterol, low-density lipoprotein (LDL), HDL, and total cholesterol
compared with those without TB.5® Moreover, TB patients had reduced serum medium-
chain fatty acids.>® Reduced lipids may be due to triglyceride uptake by M. tuberculosis.>"

However, in immunocompromised situations, BCG vaccination has been shown to increase
the liver size, fibrosis, cirrhosis, and development of hepatic granulomas, which are
localized collections of inflammatory cells®8. When this occurs, cytokines and other pro-
inflammatory chemicals, such as inducible nitric oxide synthase (iNOS)-derived nitric
oxide, are released into the circulation; they damage the liver and cause inflammation in
mice.>® Moreover, soluble TNF-a., a critical cytokine in liver damage, is required in hepatic
granuloma development.>®

BCG administration in immunocompromised individuals carries the potential of causing
BCGitis and liver cirrhosis.5% A case study reported a 62-year-old bladder cancer patient
treated with BCG developed hepatic cirrhosis and increased serum markers associated with
liver injury.81 Similarly, another case study showed a 47year-old bladder cancer patient
developed acute hepatitis after BCG intravesical therapy.52 Together, BCG may provide
preventive effects in liver disease development in the absence of pre-existing pathological
condition.

6. BCG and diabetes

T1DM affects the insulin-secreting islets of Langerhans, causing pancreatic dysfunction in
children. TIDM requires lifetime insulin therapy and carries a high mortality risk.6® Latent
autoimmune diabetes in adults (LADA) has an average onset age of 30 years. T2DM is the
most common type of diabetes connected to obesity and insulin resistance. High blood sugar
is a common feature for all three types of diabetes.54

Liver Res. Author manuscript; available in PMC 2024 January 12.
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Insulin administration and peripheral insulin resistance reduction are the two most common
methods used for blood sugar management.2 In TLIDM patients, aerobic glycolysis is
diminished, and oxidative phosphorylation becomes the dominant metabolic pathway,
characterized by low glucose consumption, high ketone generation, and the use of
tricarboxylic acid cycle.2% BCG induces TNF-a releasing, which reduces the levels of
suppressor T cells that are responsible for pancreatic islet cell destruction in TIDM.
Another mechanism by which BCG can combat T1DM is shifting glucose metabolism
from overactive oxidative phosphorylation to aerobic glycolysis.®> Aerobic glycolysis is a
metabolic state characterized by rapid ATP production and high glucose consumption by
cells.56 BCG induces a dramatic shift in immunometabolism by shifting the dependence
from oxidative phosphorylation to aerobic glycolysis, leading in a reduction in blood
glucose levels.2:66.67

Given that TIDM patients have a significantly elevated level of oxidative phosphorylation
prior to BCG therapy, BCG normalizes immunological metabolism by boosting aerobic
glycolysis, a scenario in which glucose use is swiftly regulated. M. tuberculosis also has the
capability to alter aerobic glycolysis for trained immunological actions.3”

Several studies have reported the beneficial metabolic changes caused by BCG using various
methodologies, including transcriptome profiling, epigenetics, metabolomics, and clinical
monitoring both /n vivoand in vitro settings. BCG increased early glycolytic enzymes
including hexokinase and phosphofructokinase, reduced the activity of late glycolytic
enzymes such as pyruvate kinase, increased lactate generation, and lowered overactive
oxidative phosphorylation in immune cells.? The second dose of BCG appears to cure these
immunological inadequacies by resetting the metabolism of immune system through shifting
the dependence from oxidative phosphorylation to aerobic glycolysis.%®

Clinical studies also support the benefits of BCG against TLDM. Patients with TLDM who
received two doses of BCG can achieve normal blood sugar levels about 3 years later. Once
the normal blood sugar level was restored, the therapeutic impact persisted longer than 5
years.2 Furthermore, immune cells may also be involved in the switch to aerobic glycolysis.
Together, BCG leads to a long-term and sustained reduction in blood sugar levels.

Regarding the impact of BCG on insulin, animal models showed that BCG vaccination
inhibits T cells from destroying insulin-secreting cells, allowing the pancreas to regenerate
and begin producing insulin.®® A birth cohort analysis reported that BCG vaccination or the
age at which it was administered did not link with the prevalence of TLDM in children aged
10-18 years. Although BCG vaccination has been demonstrated to have a promising effect
on T1DM, it did not prevent adolescents from developing the disease.”®

It has been shown that BCG vaccination promoted glycolysis and restored normoglycemia in
people with acute autoimmune diabetes.2:85 Moreover, BCG can prevent TLDM and LADA
via other immunological mechanisms. BCG may favor immunological tolerance through the
enhancement of regulatory mechanisms.”! Moreover, BCG leads to epigenetic modifications
in innate immune cells to induce pro-inflammatory pathways and counteract autoimmune
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processes.’2:’3 These mechanisms may also limit obesity-related chronic inflammation and
protect against insulin resistance in different forms of diabetes. Further, the long-lasting
effects of BCG by one dose neonatal injection have been reevaluated and extended up to 50
years.’1.74

T2DM is mainly linked to lifestyle.”® In a 60-year follow-up analysis of the BCG vaccine,
a statistically significant reduction in T2DM incidence was found in American Indians
and Alaska Natives.”®7” A BCG vaccination registry data from Canada showed that the
protective effects of BCG were seen in both TIDM and T2DM who received vaccination
between the ages of 22 and 44. Additionally, the beneficial effects against T2DM were
more profound in the cohort that received T2DM medications.”® The same benefits were
demonstrated in animal models. BCG was administered to T2DM mice infected with M.
tuberculosis, and serum cholesterol levels were decreased 4-6 months later.’®

7. BCG and cardiovascular diseases

Hypercholesterolemia is the common source of atherosclerosis since it increases the
production of foam cells in the arterial wall. Innate and adaptive immune cell recruitment,
as well as other inflammatory processes, contribute to plaque formation in the future, and
may lead to arterial constriction and plaque rupture.’8 Repeated injections of non-viable
BCG reduced atherosclerosis in apolipoprotein E-deficient (Apoe")and Ld/r-/-mice but
had no significant effects on plasma cholesterol levels. In addition, enhanced circulating
IL-10 levels and reduced serum levels of proinflammatory cytokines were found in these
mouse models.80

In hyperlipidemic APOE*3-Leiden cholesteryl ester transfer protein (E3L.CETP) mice,
BCG reduced plasma non-HDL cholesterol levels by improving hepatic cholesterol
clearance.>2 BCG also reduced foam cell formation by activating circulating T cells.
Additionally, BCG significantly slowed down atherosclerosis progression and lowered lesion
severity.>2 Another mouse study reported that the administration of BCG combined with
Toll-like receptor 4 (TLR4) agonist prevented cardiovascular hypertrophy and fibrosis

by regulating immune microenvironment and skewing the Th1 immune responses.81
Conversely, another study reported that intranasal administration of BCG increased the
extent of atherosclerosis formation in the aortas of Western diet-fed hyperlipidemic Lad/r/~
mice after 16 weeks.82

Lipids are required for both immune cells and M. tuberculosis. Cholesterols are required
for immune cells to grow and maintain cell membrane integrity.83 Additionally, M.
tuberculosis needs cholesterol to enter macrophages.®4 In consistency, it has been shown
that BCG administration can lower cholesterol and lipid content in hyperlipidemic mouse
models.>2 However, BCG injection with a dose similar to human use increased lymphocyte
and monocyte activation and facilitated atherosclerosis development in rabbits.85 The

effects of BCG on metabolic diseases are depicted in Fig. 2 and summarized in Table
1,44-47,52,53,58,77,79,80,85
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8. BCG and microbiota

8.1.

The gut microbiome can influence the effectiveness of vaccination via their metabolites,
microbial ligands, or both. Short-chain fatty acids (SCFASs) produced by bacteria directly
affect myeloid cells. For example, butyric acid, an SCFA, produced by bacterial
fermentation of fiber, can alter the function of intestinal macrophages and hepatic
inflammation.86:87 Moreover, microbiome may alter vaccination effectiveness.88:89

Human studies

A prospective observational study on infants reported that Bifidobacterium dominance

in the gut may increase thymic development and responses to both oral and parenteral
vaccines including BCG, tetanus, and polio.®% Moreover, the abundance of Clostridiales,
Pseudomonadales, and Enterobacteriales was associated with decreased responsiveness to
vaccine and systemic inflammation.® Another human study showed BCG immunization

in healthy individuals effectively increased the abundance of 43 immunomodulatory taxa.
Trained immunity was associated with 27 specific species. Specific immunity induced

after ex vivo restimulation with Staphylococcus aureus showed a correlation with three
species, i.e., Streptococcus thermophilus, Eggerthella lenta, and Ruminococcus.®t Further,
ex vivo blood restimulation with Staphylococcus aureus resulted in increased cytokine 1L-6,
IL-1B, and TNF-a production, this response was negatively linked with the abundance of
Roseburia. Conversely, specific immunity against M. tuberculosis stimulation, as indicated
by IFN-y production, was favorably linked with Eggerthella lentaand Ruminococcus.9
The immunomodulatory taxa also have significant influence on circulating metabolites, with
Roseburia having the most significant effects not only on trained immune responses but also
on phenylalanine metabolism. %1

8.2. Animal studies

Mice born and breastfed by mothers exposed to antibiotics had reduced responses to
influenza vaccine, pneumococcal conjugate vaccine, and BCG vaccination. Notably, in
those mice, antibiotics caused dysbiosis was marked by loss of Bacteroides and decreased
Akkermansia. These findings show that early life colonization with specific bacteria is
essential for efficient antigen-specific antibody release. Thus, gut dysbiosis is one of the
most significant factors affecting vaccine efficacy. Gut dysbiosis induced by antibiotics
significantly decreased the activation of CD* as well as CD8" T cells and reduced the
memory T cells in the lung of BCG-vaccinated mice.92 Additional evidence generated from
animal trials demonstrated the significance of the gut microbiota on BCG-associated trained
immunity. Parenteral BCG vaccination can alter the structure of the gut microbiome and
metabolites, leading to the induction of trained immunity in the lung.93 Another study

in mice reported that BCG immunization had a similar Firmicutesto Bacteroides ratio,
compared with mice infected with M. tuberculosis.®* BCG increased the abundances of
Cyanobacteria, Proteobacteria, Bacteroidetes, and Firmicutes, but reduced 7enericutes at the
phylum level. At the genus level, BCG increased the abundance of Romboutsia, Bacteroides,
Intestinimonas, Turicibacter, and Clostridium, but decreased Alistipes, Bacillus, and
Rhizobiurm®*. Further, high fat diets have been shown to limit microbiota diversity and
diminish the anti-TB effects of the BCG vaccine. High fat diet-associated dysbiosis, marked
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by an increase in the genera Alistipes, Parasuterella, Mucispirillum, and Akkermansia can
be contributing factors to the diminished effects of BCG.%° Together, gut microbiome has

a significant role in BCG-induced immunity. Due to controversial data, the role of specific
microbiota such as Akkermansia on BCG efficacy needs more investigation.

9. Future directions

Because of the off-target effects, the utilization of BCG to prevent TB has been expanded
to combat metabolic diseases. When considering the effects of BCG, the route of
administration and adequate dosage as well as frequency can be important. The pre-existing
health condition is also critically important. Moreover, utilization of BCG as an adjuvant
therapy with other drugs may balance or mediate the trained immunity effects of BCG

in metabolic diseases. The benefits of BCG in preventing or treatment of metabolic

disease warrants further investigation and validation. This is particularly important for
those diseases such as nonalcoholic steatohepatitis that currently still lack of treatment
option. Furthermore, whether the beneficial effects of BCG are exclusively due to trained
immunity remains to be investigated. Additional research is also needed to study the effects
of attenuated strain of BCG or combined effects of BCG and probiotics or prebiotics on
metabolism and immunity disorders to provide new therapeutic or preventive options.
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Fig._l_. BCG inducestrained immunity which has effects on metabolic activity and epigenetic
rewiring.

Increasgd glycolysis, glutaminolysis, and cholesterol synthesis are essential for BCG-
induced trained immunity development in the monocytes. In addition, when trained
immunity occurs, monocytes undergo epigenetic rewiring. H3K4me3, an activating
histone modification, is prevalent in the proximal regulatory areas of pro-inflammatory
cytokine genes including TNF-a and 1L-6 in trained monocytes. Another sign of BCG-
induced trained immunity is reduced H3K9me3 at the promoters of TNF-a and 1L-6.
Importantly, metabolites such as acetyl-CoA in trained monocytes serve as cofactors

for acetyltransferases. Collectively, the integration of metabolism and epigenetic rewiring
occurs during BCG-induced trained immunity. Abbreviations: a-KG, alpha-ketoglutarate;
ATP, adenosine triphosphate; BCG, Bacillus Calmette-Guérin; H3K4me3, trimethylated
histone H3 lysine 4; H3K9me3, trimethylated histone H3 lysine 9; 1L-6, interleukin-6; TCA,
tricarboxylic acid; TNF-a, tumor necrosis factor-alpha.
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(A) Intravenous administration of BCG n ob/0b mice prevents NAFLD development by
altering the physiological condition of both adipocytes and hepatocytes. BCG reduces fatty
acid-induced ER stress in the livers of ob/0b mouse model. (B) BCG vaccination inhibits T
cells from destroying insulin-secreting cells, allowing the pancreas to regenerate and begin
producing insulin in animal models. (C) In hypertipidemic E3L.CETP mice. BCG reduces
plasma non-HDL cholesterol levels by improving hepatic cholesterol clearance. BCG can
delay atherosclerosis progression by decr easing foam cells and plaque formations in mice.
(D) BCG reduces systemic inflammation in humans and the effects are stronger in men
than in women. How BCG vaccine lowers inflammation while enhancing trained immunity
is still unknown. (E) BCG induces trained immunity in monocytes via epigenetic rewiring.
Abbreviations; BCG. Bacillus Calmette-Guérin: E3L.CETP. APOE*3-Leiden cholesteryl
ester transfer protein: ER. endoplasmic reticulum: HDL, high-density lipoprotein: NAFLD.

non-alcoholic fatty liver disease: NOD. nonobese diabetic.
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