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Abstract: The characteristics of innate immunity have recently been investigated in depth in several
research articles, and original findings suggest that innate immunity also has a memory capacity,
which has been named “trained immunity”. This notion has revolutionized our knowledge of the
innate immune response. Thus, stimulation of trained immunity represents a therapeutic alternative
that is worth exploring. In this context, probiotics, live microorganisms which when administered in
adequate amounts confer a health benefit on the host, represent attractive candidates for the stimu-
lation of trained immunity; however, although numerous studies have documented the beneficial
proprieties of these microorganisms, their mechanisms of action are not yet fully understood. In
this review, we propose to explore the putative connection between probiotics and stimulation of
trained immunity.

Keywords: probiotics; trained immunity; immune response; human health

1. Introduction

Innate immune defenses include hematopoietic (myeloid and lymphoid) and non-
hematopoietic cells and involves cell-dependent and cell-independent mechanisms. The
first includes phagocytosis and cytotoxicity, whereas the second involves the action of
secreted factors such as antimicrobial peptides, cytokines, alarmins, chitinases, proteases,
etc. [1]. Earlier, it was believed that the innate immune response was deprived of memory;
however, in 2011, Netea et al. showed that innate immunity exhibits a primitive mode
of memory called “trained immunity” [2]. This new perception has modernized our
understanding of the immune response and encouraged researchers to further study how
this primitive memory works. The ability of a host to protect itself against potentially
harmful agents is the oldest natural act of preservation, present in all living organisms
from prokaryotes to eukaryotes. In this context, recent works have shown that archaea
and bacteria have a mechanism of protection similar to an adaptive immune system [3].
These defense systems are mediated by some genetic elements named CRISPR (clustered
regularly interspaced short palindromic repeats) in association with cas genes, to create
the CRISPR-Cas system [4,5]. In this system, three phases can be distinguished: (i) uptake
of foreign genetic elements to build a memory library, (ii) production of CRISPR RNA
(crRNA) from collection, and (iii) target blocking [4]. Thus, CRISPR could represent
an example of a primitive immune memory, based primarily on the rearrangement of
genetic elements. In the same line, Reimer-Michalski and Conrath [6] compared trained
immunity with immune-memory developed by plants. Plants, unlike mammals, do not
develop an adaptive immune response; however, they are able to remember infections.
The mechanisms used by plants to enhance the immune response involve epigenetic
reprogramming of genes in order to organize cells to respond to subsequent infections [6].
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Epigenetic reprogramming is understood to be the hereditary process that modifies the
gene expression activity without altering the sequence of the gene (e.g., DNA methylation
and Histone modifications) [7,8].

These data support the idea that trained immunity is a process used by primitive
organisms devoid of an adaptive immune response, and that it has been adapted and
maintained in vertebrates, as proposed by Netea et al. [2,9]. These authors also described
trained immunity as a functional reprogramming experience by innate immune cells after
contact with an insult, to remember the interaction and prepare the cells to respond to
other, non-specific challenges [10,11]. Some experiments carried out in mice showed that
interaction with certain microbial components could protect them from infection with
a different microorganism (i.e., a non-specific protection). Even if the mechanisms of
trained immunity are not yet fully understood, recent observations suggest that epigenetic
reprogramming associated with metabolic modifications play a major role [2,11,12]. In this
context, the best-characterized examples of trained immunity are those produced by the
BCG (Bacille Calmette-Guérin) vaccine [2] and the β-glucans of Candida albicans [12].

The purpose of this review is to explore the putative connection between probiotics
and the stimulation of this primitive immune response. Therefore, in this article, we will
review epigenetic mechanisms, ligands, and receptors, as well as immune cells linked
to the reprogramming of trained immunity. We will focus on the documented mech-
anisms of action of probiotic bacteria that could be associated with the stimulation of
trained immunity.

2. Epigenetic Mechanisms Potentially Involved in Trained Immunity
2.1. Epigenetic Regulation

An epigenetic change is a superficial modification made in the genome that does
not involve alterations in the DNA sequence. Currently, five main types of epigenetic
regulation can be distinguished: (i) the methylation of DNA, conducted by the action of
DNA methyltransferases (DNAMT) (ii) the post-translational modifications of histones,
performed by the Histone acetyltransferase (HAT), (iii) the nucleosome remodeling by the
action of macromolecular complexes ATP-dependent, (iv) the family of non-coding RNAs
(ncRNAs), and (v) the RNA modifications (e.g., methylation) in protein-coding and ncRNAs
(also known as epitranscriptome) [13–16]. Figure 1 compiles information regarding these
types of epigenetic regulations, their effectors molecules, and some identified properties.
The epigenetics mechanisms involved in trained immunity are not yet fully understood;
however, the best-described are those induced by β-glucan and BCG. An example of this
was described by Kleinnijenhuis et al. in 2012 [17]. Indeed, these authors showed that BCG
use NOD2 receptor and the action of histone 3 lysine 4 trimethylation (H3K4me3) to induce
epigenetic changes at the level of histone. In this context, DiNardo et al. (2021) elegantly
described the current evidence of beneficial and/or detrimental epigenetic modifications
performed by innate cells in the process of trained immunity [18]. The general process
has been perfectly summarized by Khader et al. [19]; trained immunity starts with the
recognition of signals through cellular receptors (e.g., NOD2 for BCG and Dectin 1 for
β-glucan); however, other intermediate signals intervene to induce the epigenetic changes.
These intermediate signals are not fully elucidated, but have been linked to metabolic
changes, especially in relation to glycolysis. Moreover, other studies showed that the
accumulation of some substrates of the Krebs cycle (e.g., succinate and fumarate) can
inhibit the activity of demethylases which directly impacts on the histone activity [19].
However, further studies are needed to better understand the mechanisms. In a recent
review by Koeken et al. 2021, the authors describe how the new omics-based technologies
(e.g., epigenomics, proteomics, metabolomics etc.) can be used to facilitate the study of
trained immunity by allowing its analyses at different levels of activity [20].
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Figure 1. Epigenetic mechanisms involved in trained immunity. Adapted from “Cancer Epigenetics, Icon Pack–Epigenetics,
Epigenetics and Gene Expression and Regulation of Transcription in Eukaryotic Cells” templates (Biorender). Retrieved from
https://app.biorender.com/biorender-templates, accessed on 23 September 2021). For more information see refs. [13,21–37].

https://app.biorender.com/biorender-templates
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2.2. Probiotics as Potential Epigenetic Regulators

In order to understand how indigenous microorganisms and/or their metabolic prod-
ucts interact with the epigenome, Shenderov pointed out the importance of creating an
international alliance around the Human Gut Microbiota and Epigenomic Project, com-
plementing existing epigenomics projects by including the study of the role of indigenous
microorganisms in these processes [38]. In 2017, Carbonero expressed his surprise at
discovering that a search on PubMed for “human epigenetics microbiome” returned only
a few records [39]. The same search, carried out four years later, in 2021, resulted in
more than 850 records. Nevertheless, it should be noted that a current PubMed search of
the two words “epigenetics and probiotics” together reveals only 125 results. Although
this represents an increase, the connection between the epigenetic impact of probiotics
and the repercussions on the host, for example, on trained immunity, is not fully under-
stood. All this makes it evident that further studies are needed to elucidate the possible
mechanisms involved.

Based on the association between microbes and microbial components and cancer,
Nackerdien hypothesized that if the active compounds are identified, probiotics could be
used in immunotherapy [40]. In an interesting article published in 2010, Licciardi et al.
evoked the putative implication of probiotics in the induction of epigenetic modifications
and highlight the importance of studying this. In their hypothesis, they state: “ . . . the
biological activity of probiotics are mediated through complex epigenetic changes that regulate the
activation status of key transcription factors involved in host immunity” [41]. This hypothesis
was later be expanded with the association of nutritional factors, proposed by Canani et al.,
who provided interesting data on some nutritional factors, their epigenetic roles, and their
potential impact, particularly in early life [42].

The first documented work involving the study of epigenetic consequences of probi-
otic in humans was performed by Worthley et al. in 2009 [43]. In their work (a randomized
double-blind, placebo-controlled study), they used the prebiotic HAMS (high-amylose
maize starch) and the probiotic Bifidobacterium lactis LAFTI B94 alone or as a combined
symbiotic preparation. The researchers analyzed: inflammatory markers in serum, the
bacterial profile and the concentration of short-chain fatty (SCFA) in feces, the histology
of intestinal crypts, and the DNA methylation of some promoter regions, including some
related to colorectal cancer. Their observations showed that administration of HAMS
combined with B. lactis did not have a major impact on most of the parameters measured,
but was linked with a modification of bacterial-profile and with a lowest methylation of
the loci MINT-2 (methylated in tumor-2). However, the authors considered these data
non-conclusive due to the absence of other related markers [43]. These observations are
consistent with other findings that support that diet (as well as other external factors) can
prompt beneficial changes in the microbiota profile, which could be potentially heritable,
a concept known as the hologenome theory [44]. In addition, the epigenetic potential of
diet, gut microbiota, and microbial components, on the immune response priming and
disease susceptibility has been widely discussed [38,45,46]. In this context, Bebek et al.
studied the relationship between three factors: (i) microbial profile, (ii) neck squamous cell
carcinoma (HNSCC), and (iii) the methylation status of four genes (MDR1, IL8, RARB, and
TGFBR2) linked to HNSCC and inflammation [47]. Their results showed an association of
HNSCC with the methylation status of MDR1 and IL-8 genes. More importantly, in the
context of HNSCC, MDR1 gene methylation was correlated with two specific bacterial
subpopulations (Enterobacteriaceae and Tenericutes), whereas IL-8 methylation could
not be associated with any particular profile [47]. The study of epigenetic modifications
addressed by microorganisms was initially focused on pathogenic bacteria, because they
were considered mechanisms used to control the host’s immunity. The cascade of ac-
tions induced by the lipopolysaccharide (LPS), an agonist of host inflammatory signaling
responses, which can come from an external source (infection), internal production (mi-
crobiote), or as food contamination, is a well-known example [48,49]. However, the study
of the epigenetic modifications performed by lactic acid bacteria (LAB) remains largely
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unexplored. Nevertheless, in 2012, Ghadimi et al. took into consideration the knowledge
about the activity induced by LPS (e.g., stimulation of histone acetylation and expression
of inflammatory cytokines) in inflammatory bowel disease (IBD) and decided to study the
epigenetic impact of LAB using an in vitro LPS-induced model (a 3D co-culture model com-
posed of human intestinal HT-29/B6 or T84 cells and PBMCs that mimics the interaction of
bacteria with immune cells via the intestinal cells) [50]. The study included two probiotic
bacteria (Bifidobacterium breve DSMZ 20,213 and Lactobacillus rhamnosus GG (LGG)) and
was centered on the impact of these strains on IL-23 and IL-17 expression (two cytokines
involved in IBD) and the underlying induction pathways. They found a reduction of
IL-23 and IL-17 cytokines (lymph nodes, confirming the anti-inflammatory activity of that
B. breve and LGG). These observations were linked to the reduction of histone acetylation
and NF-kB activity, concomitant with an increase level of DNA methylation [50]. Thus,
based on the ability of probiotic bacteria (and/or their metabolites) to favorably modulate
different immune and metabolic pathways, other researchers were interested in the study
of the probiotics as a dietary supplement with a focus on the therapeutic potential of
these microorganisms, especially regarding cancer [51], diabetes [52], and allergy-related
diseases [53]. However, in spite of this, the specifics elements used by probiotics to interact
with the host remains poorly understood. In this context, Bhat and Kapila, in 2017 [54],
conducted a review on the epigenetic impact of metabolites derived from gut microbiota
and some probiotic strains. Among the modifications described by the authors, there are
two metabolites (butyrate and acetate) that induce inhibition of histone deacetylases and
histones phosphorylation and acetylation, respectively. They also cite some probiotic bacte-
ria that affect DNA methylation (such as Lactobacillus acidophilus, Bifidobacterium breve, and
LGG) and regulate histone deacetylases, such as Akkermansia muciniphila [54]. Additionally,
recent evidence presented by Lenoir et al. demonstrated the impact of the commensal
bacterium Faecalibacterium prausnitzii in the regulation of Dact3, an epigenetic regulator of
Wnt/beta-catenin signaling [55].

In the past, immunologists were mainly focused on the protection against potentially
dangerous agents. This could explain why the study of the immune response induced
by beneficial agents remained in the background for several years. Although a change is
currently taking place to separate protective from pathogenic immune response, most of the
current scientific knowledge is related to the immunological response against pathogens.

3. Signal Detection and Immune Response

In mammals, the innate immune system comprises physical and chemical defenses
and involves hematopoietic (i.e., myeloid and lymphoid) and non-hematopoietic cells (that
are linked to other organs or systems), which means that practically all tissues could be
involved [1]. The sensing process performed by the immune response is centered on the
recognition of conserved molecular patterns, a concept reviewed previously [56]. Pattern
recognition receptors (PRR) represent a group of proteins that are able to detect conserved
microbial molecules present on the potentially dangerous agents [57]. In this context,
Koenderman et al. referred to two different recognition patterns: intra- and extra-cellular
sensing [58]. The first one represents a primitive form which triggers a more direct response
without the intervention of complex systems. Conversely, the second one is a more sophisti-
cated way of sensing (probably as a result of evolution) present in multicellular organisms,
and uses more complex systems involving cellular and non-cellular actors [58]. Figure 2
summarizes the principal pattern recognition receptors (PRRs) including the Toll-like recep-
tors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), C-type lectin receptors
(CLRs), Scavenger receptors (SR), and cyclic GMP-AMP synthase (cGAS) [13,59]. Among
the pathogen-associated molecular patterns (PAMPs, also known as microbial-associated
molecular patterns or MAMPs) are mannans (a yeast cell wall component) and bacterial
cell wall agents such as lipopolysaccharide (LPS), formylated peptides, peptidoglycans,
and teichoic acids [60]. It should be noted that self-molecules could also be recognized, as
has been long proposed by Matzinger’s danger theory [61], such as the damage-associated
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molecular patterns (DAMPs, such as heparan sulfate, cytochrome c, and galectins) pro-
duced by a tissue damaged by non-microbial causes, and the lifestyle-associated molecular
patterns (LAMPs, such as cholesterol crystals, uric acid, prions, and prion-like protein
danger signals) [62]. Thus, the recognition of PAMPs/DAMPs/LAMPs by PRRs induces a
signaling cascade that allows the activation of transcription factors that in turn regulate the
genes involved in the immune response; however, sensing can also have a direct effect at
the chromatin level to induce the gene expression.

Figure 2. Molecular patters and receptors impacting innate immune response, homeostasis, and inflammation. * Despite the
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research efforts, there remains Babylonian confusion concerning the nomenclature and classification of Scavenger receptors
(SR) and C-type lectin and lectin-like receptors (CLRs). Please note that the classification presented here is of a general
nature for the purposes of this review; however, different classifications have been proposed and can be found in the
literature. For example, C-type lectin-like receptors (CLRs), which have a scavenger activity, have been considered as
Scavenger receptor (SR) class E (SR-E), e.g., Lectin-like oxidized LDL receptor 1 (LOX1) and Dectin-1 (also classified as
CLRs) [63,64]. ** C-type lectin receptors bind to carbohydrates in a calcium-dependent manner, whereas C-lectin-like
receptors can bind proteins, lipids, and carbohydrates in a calcium-independent manner; the CLRs abbreviation includes the
two types [65]. *** Recent evidence suggests that it may also be located in the cell nucleus [66]. **** The expression profile
could be different according to cell type and tissue (see Uhlén et al. [67] and the related database “Human Protein Atlas”
available online: http://www.proteinatlas.org accessed on June 2021). Adapted from “Detection of PAMPs by Toll-Like
Receptors (TLRs) and Innate Immune System: Cellular Locations of Pattern Recognition Receptors “templates (Biorender).
Retrieved from https://app.biorender.com/biorender-templates, accessed on 23 September 2021). For more information
see refs. [59,63,68–84].

Accordingly, crosstalk between signals and detectors could be summarized as a basic
communication process in which a message is encoded by molecules such as PAMPs/DAMPs.
The code is recognized by the receptors of the sensing system (e.g., PRRs) activating a
cascade of signals to decode the message and adapt the system to the stimulation received.
Thus, it seems evident that to deal with a constant flow of messages, the system must have
a very precise decoding interface. Analogous to computer programming, the key elements
of this hypothetical interface will be called “handlers” here. Once a stimulus is detected
by the receptor, the information is then transferred to handlers, which will search in their
memory more information about this signal; the result may be the epigenetic regulations,
which will then be used to make a decision and launch the most appropriate feedback
process (result of the cascade of signals). More details are included in Figure 3 to better
understand this analogy and the mechanism involved. Even if the existence of a decoding
interface and its handling elements remains to be proven, the aforementioned adaptation
could be translated into an epigenetic reprogramming that allows the readjustment of
functional conditions necessary at that time (e.g., expression, regulation, and/or inhibition
of molecules), thus impacting the immunometabolism [13].

Figure 3. Handler elements connecting sensing and response (this figure was created with Biorender.com, accessed on 2
September 2021).

http://www.proteinatlas.org
https://app.biorender.com/biorender-templates
Biorender.com


Biomolecules 2021, 11, 1402 8 of 21

4. Immune Cells Subjected to Trained Immunity

The interplay between immunological and metabolic process is known as immuno-
metabolism and has emerged as an important area of study [85]. As expected, the metabolic
processes associated with the immune response are strongly connected with the stimulated
cell and its function. Therefore, the epithelial cell will have a different metabolic reaction
than a hematopoietic cell and the reaction will be different in a macrophage than in a
lymphocyte. In this context, O’Neill et al. detailed different, closely linked metabolic
pathways that play a key role in immunometabolism, such as glycolysis, Krebs cycle
(also named tricarboxylic acid cycle (TCA), pentose phosphate pathway, oxidation (and
synthesis) of fatty acid, and amino acid metabolism [85].

Hematopoiesis is a complex process involving pluripotent and self-renewal hetero-
genic stem cells (HSC). These HSC are regulated by epigenetic, metabolic, and immunologic
stimuli to form different blood cell lineages [86,87]. Recent research supports the existence
of several HSC subtypes produced as a result of the level of expression of surface markers
and their response to signal pathways [88]. Thus, the study of the HSC gene expression and
plasticity concerning HSC subtypes, notably in adulthood, could provide useful insights to
better understand how different stimuli can regulate the innate immune response. In this
context, the hierarchical organization of hematopoietic cells is still debated and various
models have been proposed in adults [89–91]. For the purposes of this review, we will use
an adaptation of hematopoietic hierarchy and functional classification of the mentioned
authors (Figure 4).

1 
 

 
Figure 4. Hematopoietic hierarchy adapted with a functional classification of lymphocytes.

The major hematopoietic actors of the innate immune response communicate (directly
or indirectly) with microbial factors that can modulate them. In Figure 5, some charac-
teristics of mentioned elements are described. Here, we want to emphasize cells that can
directly interact with microorganisms and/or their components. Although the expression
of TLRs has been detected in some types of lymphocytes, the direct interaction of innate-
and innate-like lymphoid cells with microorganisms has not been completely established,
and their possible functional activities remain controversial [92,93]. In this context, some
information concerning the evidence of innate immunity memory in mice and humans
has been reviewed by Netea et al. [10]. Given the complexity of the data and because



Biomolecules 2021, 11, 1402 9 of 21

monocyte-macrophages cells play a major role in the innate immune response, the next
section will focus on these cells from granulocyte-macrophage lineage in order to review
the hallmarks associated with trained immunity. A list of microbial-macrophage receptors
involved in the innate immunity was published by Plüddemann et al. [94]; in the future,
this list could be used as a basis to explore the epigenetic regulations associated with the
stimulation of these receptors.

Figure 5. Principal hematopoietic actors in the innate immune response (this figure was created with Biorender.com,
accessed on 20 September 2021). For more information see refs. [92–128].

Innate immune cells can undergo different immunological adaptations (e.g., differ-
entiation, trained immunity, tolerance, and priming), which cannot be easily differentiated
when they are studied; as a result, this subject has recently been addressed by some
researchers [129–131]. To avoid confusion, Divangahi et al. proposed to define the particu-
larities of each one of these functional rearrangements [129]. Accordingly, differentiation
represents the change from an immature to a mature state; in priming (or active transcrip-
tion), the level of the immune response produced by the first insult does not decrease
to basal levels and the second insult is then additional. In contrast, in trained immunity,

Biorender.com
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when the stimulus is removed, the immune response returns to its basal state; however,
the pre-established epigenetic alterations are maintained and the response to the second
stimulus is stronger. Finally, another adaptation completely contradictory to the previous
one is the tolerance; in this situation, the cell fails to respond to the second insult due to a
kind of gene-expression barrier [129]. Thus, both trained immunity and its counterpart,
tolerance, can be generated in a non-specific way following PRR-mediated re-stimulation;
however, while trained immunity results in a hyperresponsive state, tolerance leads to a
hyporesponsive state and, unfortunately, little is known about this paradoxical involve-
ment of PRR by microbial ligands. In this context, Ifrim et al. developed a series of in vitro
experiments to better understand how functional reprogramming is selected in mono-
cytes [130]. They found that upon the first interaction with microbial ligands, monocytes
are altered in a way that depends on the nature of receptor involved and concentration of
stimulatory ligands and receptors. High concentration of NLR ligands result in trained
immunity (enhanced production of TNF-α and IL-6); similarly high concentration of TLR
ligands leads principally to a tolerance status. However, low concentrations of NLRs
ligands had no remarkable effects and low doses of TLR ligands stimulated the immune
response [130]. Although the authors showed interesting results, the question of how the
reprograming processes can be differentiated remains unanswered because the greatest
difficulty in studying innate immunological adaptations resides in the fact that they use
the same mechanisms to produce different results. Currently, there is no model able to
analyze (in a single system) all the different adaptations executed by the immune cells,
which constitutes a scientific challenge. Another interesting study performed by Cheng
et al. revealed how glucose metabolism plays a fundamental role in trained monocytes via
the dectin1-Akt–mTOR–HIF-1α pathway [132]. Their results also support the idea that a
switch from glycolysis to oxidative phosphorylation can move the LPS response towards a
tolerance, through an event that involves the activation of the enzyme deacetylase sirtuin-1
(inhibited in trained monocytes) [132]. In this line, Saeed et al. focused on the research
of an epigenetic signature that could designate the future functional state (tolerance or
trained immunity) on the monocyte. Their observations include the demonstration (in vitro
and in vivo) of an important role of cyclic adenosine monophosphate (cAMP) signaling in
trained immunity [133]. This result is interesting because it is known that increased cAMP
levels in innate immune cells leads to an attenuated immune response [134,135], strongly
suggesting a flexible and regulatory role of cAMP that should be explored in detail in the
context of innate immune memory. Unfortunately, despite the efforts made in recent years
to understand the mechanisms involved in trained immunity and endotoxin tolerance,
they have not been fully elucidated [136]. Table 1 lists some of the markers that have been
observed in trained immunity.

Table 1. Trained immunity hallmarks (non-exhaustive list).

Hallmarks Factor Measured Trained Immunity References

Immunologic
IL-6 Induction [130,132]

TNF-α Induction [130,132]
PPARG (NR1C3) Maintained [133]

Metabolic

Glucose Consummation
increase/aerobic glycolysis [132]

Lactate Production * [132]

Oxygen Reduction of
consummation [132]

mTOR Phosphorylation/activation [132]
NAD+/NADH ratio Enhanced [132]

Akt Phosphorylation/activation [132]
p38 kinase Phosphorylation/activation [12]

Raf-1 pathway Activation [12]
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Table 1. Cont.

Hallmarks Factor Measured Trained Immunity References

Epigenetic

H3K4 Methylation enhanced [12,132]
H3K27 Acetylation modulation [132]

Sirtuin-1 Inhibition [132]
HIF1 Enhanced [132]

Abbreviations: Sirtuin-1. Histone deacetylases (HDAC) NAD+-dependent [137]. mTOR. Mammalian target
of rapamycin, conserved serine/threonine-protein kinase [138]. Akt. Protein kinase. The family includes
AKT1, AKT2, and AKT3. H3K4. Indicates the 4th lysine (K) residue of Histone 3 (H3). H3K27. Refers to the
lysine (K) residue at the 27th position of the H3. HIF1. Hypoxia-inducible factor-1α; a transcription factor
associated to carbohydrates metabolism and cancer pathways among others [139]. p38 kinase. Proline-directed
serine/threonine kinases of the mitogen-activated protein kinase (MAPK) family. Known as stress-activated
protein kinases [140]. Raf-1. Serine/threonine kinases involved in the MAPK cascade [141]. PPARG. Peroxisome
proliferator-activated receptor gamma. Nuclear receptor which plays an important role in colon homeostasis
[142]. * Related to probiotics. Note. This table was completed according to the published results cited above.

5. Hypothetical Role of Probiotics in Trained Immunity

Probiotics have been defined as: “live microorganisms which when administered in adequate
amounts confer a health benefit on the host” (World Health Organization, 2001); however, the
mechanisms underlying the probiotic action has still not been fully understood. The host’s
immune stimulation by probiotics has been reported in many works, including those that
use animal models (healthy animals or diseased models) and human clinical trials [143–145];
however, only scarce articles link the terms “trained immunity” and probiotic. The work of
Torpee et al., about the mechanism exerted by the probiotic Rhodobacter sphaeroides SS15
to control acute hepatopancreatic necrosis disease caused by Vibrio parahaemolyticus in
cultivated white shrimp, represents one of these rare examples [146]. As was explained
earlier in this review, the lack of articles describing trained innate immunity as a mechanism
associated with probiotics may be due at least in part to the focus of this new concept on
pathogenic organisms.

An approximation of mechanisms by which probiotics stimulate innate immune
memory can be obtained with a revision of mechanisms exerted by the gut microbiota.
Many probiotic microorganisms originate from this niche. In addition, it is known that
one of the mechanisms by which probiotics can affect the host’s immune response is
indirectly through beneficial modifications of gut microbiota [147]. The potential role of
gut microbiota on trained immunity was recently reviewed [148]. The authors explained
that microbiota-derived ligands, products, or metabolites are MAMPs that bind PRRs
present on innate immune cells, such as monocytes/macrophages and NK cells. This
cell activation can induce the epigenetic and metabolic reprogramming necessary for the
increased responsiveness observed upon the subsequent pathogenic exposure, which also
include the release of certain cytokines. Furthermore, the authors proposed that microbial
ligands can travel through the bloodstream and interact with hematopoietic progenitors in
the bone marrow to induce long-term memory and enhance myelopoiesis to mount a better
and faster response against systemic infections. This non-specific innate immune memory
was described as an evolutionary process used by the host to protect itself against different
pathogens [10]. However, under certain circumstances, this symbiotic relationship between
the host’s immune system and its commensal microbiota may cease to be beneficial and
lead to chronic inflammatory disorders, such as autoimmunity, allergies, and metabolic
syndromes [149]. Thus, the selective modulation of the intestinal microbiota would have an
important therapeutic potential, and probiotics appears as ideal candidates for evaluation,
in order to improve the balance between microbiota and the immune system.

As is the case for the gut microbiota, probiotics can exert pro- or anti-inflammatory
effects [150]. Probiotics that enter the organism by the oral route could act similarly to the
established gut microbiota. They (or their so-called postbiotic products or metabolites)
can serve as MAMPs that train innate immune cells to generate enhanced, rapid, and
non-specific responses against secondary stimulation, e.g., secondary pathogen’s challenge.
Even when the term trained innate immunity was not used, according to the results
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present in many articles, it can be proposed that this mechanism was associated with the
beneficial preventive effect of some probiotics, most of them at the intestinal level. In this
sense, Llewellyn and Foey revised the ability of probiotics to modulate innate immune
responses through direct or indirect effects on signaling pathways such as NF-κB, MAPK,
JAK/STAT, and PI3K/Akt signaling [151]. These authors described the actions of probiotic
microorganisms on intestinal epithelial cells (IEC), DCs, neutrophils, and macrophages;
moreover, they highlighted that the mechanisms of action of probiotics are specific to
each strain [151]. In a mouse model, the oral administration of Lactobacillus casei CRL
431 decreased the severity of infection caused by a strain of Salmonella enterica serovar
Typhimurium (S. typhimurium) obtained from the Children’s Hospital in San Miguel de
Tucuman (Tucuman, Argentina) [152]. This effect was associated with increased intestinal
expression of TLR2, TLR4, and TLR9, and improved production and secretion of certain
cytokines (TNF-α, IFN-γ, and IL-10) in Peyer’s patches previous to the infection. In another
article, the beneficial effects of probiotic lactobacilli on the innate immune response against
rotavirus infection was reviewed [153]. The authors described how certain probiotic strains
can enhance the production of type I IFN and IFN-γ in the intestinal mucosa, which was
related to the enhanced antiviral response associated with the regulated expression of
inflammatory cytokines and chemokines. On the other hand, it has been shown that
the probiotics L. acidophilus ATCC 53,103 and B. infantis ATCC 15,697 have an impact on
the regulation of SIGIRR (Single Ig IL-1 Related Receptor), which limits the intestinal
inflammation and promote commensal microbial colonization [154,155].

The effect of probiotics and their metabolites or cell components on the hematopoiesis
was also described [156]. Although the mechanisms involved are not exactly known,
components of the probiotics’ cell wall that would reach the circulation from the intesti-
nal mucosa were associated with this effect. In addition, modifications in the levels of
circulating cytokines induced by probiotics may influence the recovery of myelopoiesis.
In an immunosuppressed model, selected probiotic strains (L. casei CRL431, L. rhamnosus
CRL1506 or CRL 1505) were able to induce early recovery of myeloid cells in the bone mar-
row, which was also associated with enhanced recruitment of phagocytic cells to infectious
sites and increased resistance against infections [157,158].

It was also reported that probiotic administration can affect the intestinal microbiota
and gut-associated immune cells in early life [159]. In a mouse model, the administration
of fermented milk containing L. casei DN-114001 into the mothers during the suckling
period and to their offspring after weaning positively improved the intestinal microbiota
and stimulated non-specific immune cells, such as IgA+ cells, macrophages, and DCs.
This effect could also be related to the training of certain immune cells that later pro-
tected the mice when they were challenged with the same S. typhimurium strain used by
Castillo et al. (2011), inducing a faster and more effective response against this pathogen
in the offspring [160].

Furthermore, the existence of the common mucosal system allows to explains the effect
of probiotics administered orally in sites other than the intestine, such as the lungs [161].
The trained immunity stimulated by probiotics may be associated with the faster response
against respiratory pathogens observed in the hosts that received these beneficial microor-
ganisms. As an example, non-infected mice fed with Bifidobacteium longum MM-2 enhanced
IFN-γ production in Peyer’s patches and splenic NK cell activity; moreover, when they
were challenged with influenza virus, NK cell activity was significantly enhanced both
in the spleen and lungs and the animals showed decreased virus proliferation and sup-
pression of inflammation in lungs with increased expression of NK cell activators genes,
such as IFN-γ, IL-2, IL-12, and IL-18 [162]. This protective effect can be associated with
the stimulation of alveolar macrophages and/or NK cells activity in the airway mucosa
exerted by probiotics [163]. In another article, Koizumi et al. demonstrated that oral
administration of mice with L. pentosus S-PT84 significantly enhanced splenic NK cells’
activity and induced NK1.1-positive NK and NK T cells to produce IFN-γ. This increase in
IFN-γ production was dependent on IL-12 produced by CD11c1 DC after the interaction
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of the bacteria with the TLR2 and/or TLR4 present on the surface of DCs [164]. It is also
important to consider that, in the immune environment of the mesenteric lymphoid nodes
(MLN), DCs stimulated by probiotics or their components or metabolites influence the
development of T and B cells that migrate to the lungs via the lymphatic system [165].

Numerous studies have shown the pro-inflammatory induction aptitude of several
probiotics, notably the production of TNF-α and IL-6; however, this pro-inflammatory
profile is dependent on the strain used. This observation, pointed out by several works,
is cited in the comparative study performed by Dong et al. [166]. In this sense, one of
the best-described models of trained immunity is that exerted by the β-glucans from
Candida albicans, which involves the dectin-1 receptor on monocyte/macrophage cells [12].
It should be noted that these β-glucans (polysaccharides of D-glucose linked by a β-bond)
are not exclusive to C. albicans. In fact, β-glucans can come from a wide variety of sources
(e.g., yeast, fungi, bacteria, and some aliments); however, the macromolecular structure of
β-glucans from different sources is also different and this is important to their biological
functions, [167,168]. In this context, the mechanisms of action of Saccharomyces boulardii (a
well-known yeast probiotic, also known as Saccharomyces cerevisiae HANSEN CBS 5926)
could be indirectly link to the β-glucan-dectin-1 pathway [169,170]. However, to our
knowledge, this has not yet been explored. The experiments performed by Brown et al. in
2003, using RAW264,7 cells (a mouse monocyte macrophage cell line), showed the ability
of β-glucan of fungal origin to induce inflammatory mediators such as TNF-α through
the action of dectin-1 and TLR-2 [171]. In line with this observation, Iliev et al. showed
the role of commensal fungi (mycobiome) in the regulation of colitis via its recognition
by dectin-1 [172]. Interestingly, the recent observation of Rizzetto et al. showed that
chitin (another component of the fungal cell wall) from S. cerevisiae was able to induce
trained immunity in monocytes; however, the molecular pathways involved have not been
elucidated [173]. On the other hand, the association of β-glucan and probiotic bacteria
(symbiotic functional foods) results in the potentiation of beneficial health effects, including
immune modulation [174].

Thus, concerning polysaccharides (β-glucans and chitin) and the role of glucose
metabolism in trained monocytes, a question becomes evident: What is the possibility
that probiotic bacteria could use a similar pathway to stimulate the trained immunity and
exert its beneficial effects? In this context, we need to keep in mind that both short chain
fatty acids (SCFA, well recognized as modulators of the immune response) and lactose
are the two main products of the microbial fermentation of carbohydrates. In addition,
some carbohydrates, such as inulin and fructo-oligosaccharides (FOS), are considered as
prebiotics and are linked to the beneficial effect of Bifidobacterium strains [175]. Goh and
Klaenhammer, in an interesting review published in 2015, described some of the mech-
anisms involved in the catabolism of carbohydrates by Lactobacillus and Bifidobacterium,
the most popular bacterial genera used as probiotics [176]. In addition, LAB can also
synthesize exopolysaccharides (EPS) [177]. More importantly, EPS from some probiotics
have been linked to anti-inflammatory and anti-cancer effects [112]. In this context, a
recent review article describe the EPS produced by probiotic bacteria and cite some of their
known biological properties [178]. Interestingly, Ciszek-Lendaand et al. conducted, in
2011, a study to compare the effects of Lipopolysaccharide (LPS) and EPS derived from
L. rhamnosus KL37 on the induction of pro-inflammatory cytokines (TNF-α, IL-6, and IL-12)
and anti-inflammatory cytokines (IL-10) [179]. Even if both induce a pro-inflammatory
profile, LPS induction was stronger and the balance of the pro- and anti-inflammatory
profiles was different. They also found a relationship between the concentration of EPS
used and the magnitude of the stimulation observed. Furthermore, priming with LPS
reduces the inflammatory response to LPS and/or EPS re-stimulation (tolerance effect),
whereas priming with EPS does not alter the re-stimulation response with LPS [179]. These
observations support the idea of a putative trained immunity mechanism involving EPS
that would be worth exploring in depth.
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These articles, as well as many others that were not included here, suggest that
innate immunity memory can be associated with the effects reported for different probiotic
microorganisms; however, future investigations are necessary to understand with greater
details the importance of this mechanism in the described effects.

Our hypothesis is outlined in Figure 6. In addition to being able to exert beneficial
changes at the level of the microbiota, and thus, stimulate trained immunity, probiotics,
their metabolites, or cellular components can bind to PRRs in innate immune cells such as
monocytes/macrophages, DCs and NK cells present in Peyer’s patches, or in the lamina
propria. Probiotic bacteria can also be carried to the mesenteric lymph nodes (MLN) by in-
testinal DCs and influence the immune environment. The interaction with the immune cells
induces their training, which consists of epigenetic and metabolic reprogramming. This re-
sponse is also accompanied by a controlled release of cytokines (pro- or anti-inflammatory,
depending on the probiotic strain) that also participates in this training. This non-specific
stimulation exerted by probiotics would be related to its protective effects in different
mucosal sites. Innate “memory” cells can act in the intestine, but can also reach other dis-
tant mucosal sites and respond rapidly with an enhanced immune response to secondary
stimulation through the common mucosal system. Furthermore, the microbial components
can travel to the bone marrow, where they can interact with pluripotent hematopoietic
cells to induce long-term memory and enhance myelopoiesis, which would explain the
probiotic-associated benefits observed systematically.

Figure 6. Representative model of the innate immune memory response stimulated by probiotics.

6. Conclusions and Perspectives

In conclusion, the generation of innate memory is an effective process to enhance
the host’s defenses. Probiotics, by themselves or by their influence at the level of the
intestinal microbiota, can participate in this process by exerting modulating effects on the
signaling pathways involved in the activation and regulation/suppression of the immune
response via epigenetic modifications and metabolic reprogramming. Although the term
‘trained immunity’ is not described in many studies, published works clearly show that
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probiotics, their components, or metabolites (postbiotics) can induce an effective innate
immune memory, which would be associated with many of the benefits described both at
the mucosal and systemic level. Thus, the selection of probiotic strains or the combination
of probiotics, if carefully considered in the context of immune cell signaling, can achieve
the desired immunomodulatory effects to boost host defense.

More studies are needed to elucidate the possible mechanisms involved in probiotic-
stimulated trained immunity, and the development and standardization of these models
represents a major challenge. Understanding the connection between the host, and the
epigenetic and metabolic impact of probiotics, is important to identify the potential of
different strains in order to select or combine them in the most convenient way to achieve
the desired effect.
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