
Review

Involvement of Probiotics and Postbiotics in the Immune
System Modulation
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Abstract: Intestinal microbiota interacts with other systems, especially the immune system, which
is responsible for protecting the body by recognizing “stranger” (pathogen associated molecular
patterns-PAMPs) and “danger” (damage-associated molecular patterns-DAMPs) molecular motifs.
In this manner, it plays an important role in the pathogenesis of various diseases and health. Despite
the use of probiotics that modulate the intestinal microbiota in providing health benefits and in the
treatment of diseases, there are some possible concerns about the possibility of developing adverse
effects, especially in people with suppressed immune systems. Since probiotics provide health bene-
fits with bioactive compounds, studies are carried out on the use of products containing non-living
probiotic microorganisms (paraprobiotics) and/or their metabolites (postbiotics) instead of probiotic
products. It is even reported that these microbial compounds have more immunomodulatory activi-
ties than living microorganisms via some possible mechanism and eliminates some disadvantages of
probiotics. Considering the increasing use of functional foods in health and disease, further studies
are needed with respect to the benefits and advantages of parabiotic and/or postbiotic use in the food
and pharmaceutical industry as well as immune system modulation. Although probiotics have been
extensive studied for a long time, it seems that postbiotics are promising tools for future research
and applications according to the recent literature. This review aimed to evaluate the interaction of
probiotics and postbiotics with the immune systems and also their advantages and disadvantages in
the area of food-pharmaceutical industry and immune system modulation.
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1. Introduction

Immune system modulation is one of the hot topics of today. The main function of the
immune system is to defend us against pathogens by recognizing “stranger” (pathogen as-
sociated molecular patterns-PAMPs) and “danger” (damage-associated molecular patterns-
DAMPs) molecular motifs according to the danger theory. In this way, it plays an important
role in the pathogenesis of various diseases and health [1–3].

The immune system basically performs this defense function by integration of various
host barriers and cellular and humoral agents such as immune system mechanisms [4].
It mainly performs this defense function by two mechanisms: the innate and adaptive
immune system [2]. Physical barriers, which is served as the skin, mucous membranes,
and endothelia throughout the body that prevent the entry of microbes into the host
and reaching potential sites of infection, comprises the innate immunity [5]. Moreover,
the physical barrier, which is the first line of defense, is composed of microorganisms
that are hosted in our body and colonized outside the epithelial cells of the skin and
gastrointestinal system [4,6]. These microorganism communities are defined as microbiota.
The genetic material of the microorganisms that make up the microbiota is called the
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microbiome [7]. Current literature suggest that gut microbiome and/or a new organ
system are especially commensal mainly due to the microorganisms’ specific biochemical
interaction and systemic integration with their hosts [8].

Gut microbiota, in other words intestinal microbiota which is the intestinal flora
of the human body, has a vital role in human health, especially in the development of
the host immune system and the regulation of metabolic events [9]. Given the health
effects of intestinal microbiota, there is an increasing interest in probiotics, prebiotics, and
synbiotics, which are closely related to the microbiota for health promotion [10]. Probiotics
are defined by the International Scientific Association for Probiotic and Prebiotic (ISAPP)
as “living microorganisms that create health benefits in the host when taken in sufficient
amounts” and prebiotics as “inanimate food ingredients that support health in the host
through microbiota modulation” [11,12]. The definition of synbiotics was updated with the
consensus published in 2020 as “a mixture containing live microorganisms and substrate(s)
selectively used by host microorganisms, beneficially affecting to the host” [13].

Although they have beneficial effects on health, the World Health Organization (WHO)
and The Food and Agriculture Organization (FAO) reported that probiotics may have some
side effects and safety issues may arise due to the use of living microbial cells [14]. There is
evidence that the use of forms or metabolites of living microorganisms inactivated by vari-
ous methods can eliminate safety problems and reduce the risk of infection in individuals
with increased intestinal permeability and weak immune systems [15]. While terms such
as paraprobiotics, parapsychobiotics, ghost probiotics, metabiotics, and postbiotics are
used to refer to these probioactive compounds that do not fit the definitions of probiotics,
prebiotics, or synbiotics, ISAPP proposed the use of the term “postbiotic” in the consensus
of 2021 [16]. Literature investigating the efficacy of postbiotics and paraprobiotics report
their potential, such as probiotics, in demonstrating various health benefits in the host and
those involved in immune system modulation [17]. Moreover, postbiotics have mainly
been associated with immunomodulatory activities by playing a role in maintaining the
integrity of the intestinal mucosal barrier and antagonizing pathogens with antimicrobial
compounds by stimulating the innate and adaptive immune system [18].That is why one of
the emerging topic is the role of some metabolites of probiotics such as postbiotics or their
different (non-living) forms, such as parabiotics, in the immune system modulation. This
review aimed to focus on probiotics, parabiotics, and postbiotics and their involvement in
the immune system.

2. Immune System

Humans live with many microorganisms. One of the two main functions (i.e., recog-
nizing DAMPs and PAMPs) of the immune system is to defend the body against pathogens
by separating body cells and pathogenic microorganisms [1,2]. It basically performs this
defense task with various mechanisms. First, pathogens encounter physical barriers and
the innate immune system activates to protect the body. If pathogens penetrate them, the
adaptive immune system is activated as the secondary line of defense [4].

Physical barriers, the body’s first line of defense against pathogens, consist of epithelial
layers in the skin, gastrointestinal system, respiratory system, and urogenital tract [19]. The
pathogens are captured by mucus secreted from these epithelial layers and excreted by the
cilia found there [20]. Pathogens that can penetrate the mucous layer are phagocytosed by
binding to antimicrobial molecules such as α and β defensins, cathelicidin secreted from
the skin, respiratory and gastrointestinal tracts, or degraded by enzymes such as RNAse,
DNAse, and lysozyme [21]. Acidic pH of the skin, vagina, and stomach may also prevent
pathogens from colonizing in these epithelial layers [22]. It fights pathogens that go beyond
these chemical barriers, competing for microbiota nutrients that act as the body’s biological
barrier, stimulating T cells and antibody synthesis, or secreting antimicrobial molecules
(e.g., short-chain fatty acids-SCFA) [23]. However, when the immune system functions
in the body are impaired, microorganisms that make up the microbiota may also show
pathogenic features [24].
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When pathogens cross physical barriers and the innate immune system, an inflam-
matory response is generated by the second line of defense and components [25]. For
neutrophils, basophils, dendritic cells, eosinophils, Kupffer cells, tissue macrophages such
as alveolar macrophages, and phagocytic cells called monocytes in the blood, the Fc (con-
stant and crystallized part of Ig) part of IgG and IgA on their surface bind to the pathogen
with special receptors they carry for various factors involved in the complement system
and inflammation and they also bind and clear to pathogens with the proteins in their gran-
ules by phagocytosis [26]. For example, components such as bacterial lipopolysaccharides
(LPS) found in the outer membrane of pathogenic bacteria are recognized by Toll-like-4
receptors (TLR4) on the surface of monocytes and macrophages. TLR4 and other TLRs
such as TLR2 and TLR9 are involved in the formation of inflammation by stimulating
the activation of genes responsible for cytokine and antimicrobial molecule production
in the nucleus [27]. TLRs are involved in the formation of inflammation by stimulating
the activation of genes responsible for cytokine and antimicrobial molecule production
in the nucleus [27]. Natural killer cells (polymorphonuclear cell-NK) are non-phagocytic
granular lymphocytes responsible for killing infected body cells [20].

Some substances secreted by pathogens cause chemotaxis in phagocytic cells [28].
Monocyte-macrophages and other cells secrete cytokines such as interleukin-1 (IL-1),
tumor necrosis factor-α (TNF-α), and interferons (IFN), causing fever and thus increasing
the severity of inflammation [29]. If the innate immune system against pathogens is
inadequate, the adaptive immune system creates pathogen-specific immune responses with
immunological defense mechanisms and the severity of the response and intensity increases
after the first encounter with the pathogen thanks to immunological memory [30,31].

B lymphocytes that develop from pluripotent hematopoietic stem cells in the bone
marrow produce antigen-specific immunoglobulins (IgM, IgD, IgG, IgA, and IgE) and
enable the formation of a humoral immune response by allowing the recognition of antigens
by other cells by binding Igs’ to the antigen [32]. Macrophages are activated by Th1 cells
from the CD4+ T cell (Th) group [33]. Th1 also releases cytokines such as interleukin-2
(IL-2) and interferon-gamma (INF-γ), resulting in cellular immunity that protects against
intracellular infectious agents such as viruses, mycobacteria, and fungi [34]. Th2, on the
other hand, stimulates B lymphocytes, which are the most essential elements of humoral
immunity, which enable a response to extracellular pathogens by producing cytokines
such as IL-4, IL-10, and IL-6 that stimulate immunoglobulin production [35]. The task
of Th17 cells is to stimulate tissue inflammation by producing IL-17 in cases where Th1
and Th2 mediated responses are insufficient. Research has reported that Th17-mediated
response plays a role in the pathogenesis of autoimmune diseases such as rheumatoid
arthritis, multiple sclerosis, inflammatory bowel disease, psoriasis, and asthma [36]. Other
members of the Th group, T regulator cells (Foxp3+ T regulator-Treg) are defined as T cells
responsible for suppressing potentially deleterious activities of T and B cells [37]. Treg cells
prevent the development of autoimmunity by controlling Th1 or Th2 responses via the
immunosuppressive cytokine TGF-β [38].

The Role of Toll-Like Receptors (TLRs) in Intestinal Epithelial Cells

The TLR consists of an IL-1 receptor-like cytoplasmic region (Toll/IL-1 receptor-TIR)
and an extracellular region containing a leucine-rich LRR that enables the recognition of
pathogens [39,40]. TLRs are a member of the PRR family, such as the nucleotide-binding
oligomerization domain-like receptors or NOD-like receptors (NLRs) and C-type lectin
receptors. PRRs are activated by specific PAMP containing various microorganism compo-
nents such as peptidoglycan, LPS, flagellin, bacterial RNA/DNA, and fungal cell wall glu-
cans [41,42]. There are 11 TLRs identified on cell surfaces, mainly monocyte/macrophage
and B lymphocytes [43]. Almost all TLRs are produced in the intestines, which act as
a physical barrier, especially TLR3, TLR1, TLR2, TLR3, TLR4, TLR5, and TLR9 in small
intestinal epithelial cells and TLR5 in the colon [44–46]. Myeloid differentiation factor 88
(MyD88) and TIR-related protein (TIRAP), which play a role in the secretion of proinflam-
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matory cytokines (TNF-α, IL-β, IL-6, IL-8, and IL-10) in TLR signaling pathways other than
TLR3, TIR region IFN-beta inducing adapter protein (TRIF) and TRIF-associated adapter
molecule (TRAM), which stimulate the secretion of interferons (INF-α, INF-β, and INF-γ),
are involved in the generation of the inflammatory response [47].

TLRs allow microbial membrane components such as lipid, lipoprotein, protein to
be recognized by binding to PAMPs found in microorganisms and plays a role in the
formation of the immune response by stimulating the secretion of inflammatory medi-
ators (Table 1) [47,48]. Antimicrobial molecules secreted by intestinal epithelial cells act
by disrupting the cell wall structures of both pathogenic bacteria and the intestinal mi-
crobiota [49]. Antimicrobial molecules are secreted by the mechanism associated with
pattern recognition receptor (PRR) and intestinal epithelial cells [41]. Activation of various
signaling pathways required for mucosal barrier functions, antimicrobial molecules, mucin
glycoproteins, and IgA production occurs through PRR-PAMP interaction [50]. In addition,
TLRs activated by PAMP interact with MyD88 and TRIF pathways in the cell according to
the localization of TLRs and prevents bacteria from adhering to epithelial cells [51]. TLRs
are involved in the formation of the immune response, thus increasing the susceptibility to
dysregulation, dysbiosis, and inflammation [52].

Table 1. Cells with TLRs, their ligands, and the cytokines they stimulate to be secreted.

TLR Cell in Which It Is Located PAMP Cytokine with
Stimulated Secretion References

1
Monocyte/macrophages

Dendritic Cells
B lymphocytes

Triacyl lipopeptides IL-6, IL-10, TNF-α [53]

2
Monocyte/macrophages

Dendritic Cells
Mast Cells

Diacyl and triacyl
lipopeptides

Peptidoglycan
Lipoteichoic acid

IL-6, TNF-α, IL-1β,
IL-10 [54,55]

3 Dendritic Cells
B lymphocytes Viral DNA INF-γ [56]

4

Monocyte/macrophages
Dendritic Cells

Mast Cells
Intestinal epithelium

Lipopolysaccharide IL-1β, INF-γ [57]

5
Monocyte/macrophages

Dendritic Cells
Intestinal epithelium

Flagellin IL-6, TNF- α, IL-10 [58]

6
Monocyte/macrophages

Mast Cells
B lymphocytes

Diacyl lipopeptides
Lipoteichoic acid IL-1β [55,59]

PAMP: pathogen associated molecular pattern, IL-6: Interleukin-6, IL-10: Interleukin-10, TNF-α: Tumor necrosis factor-α, IL-1β: Interleukin-
1β, DNA: Deoxyribonucleic acid, INF-γ: Interferon-γ.

3. Microbiota and Immune System

The human body maintains a symbiotic life with a microorganism as much as its own
cell number (1:1 ratio) according to current literature [60]. These microorganisms, which
were previously called the flora of the region they colonized in the body, are defined as
microbiota and the genetic material of microbiota is defined as microbiome [7,9]. The close
relationship of microbiota with health, especially the immune system, has started to be
understood with the Human Microbiome Project (IMP), which was initiated in 2007 as a
continuation of the Human Genome Project (IGP) and aims to examine the interaction of
the microbiome with genetics, age, gender, nutrition, drugs, environmental factors, and
consequently its effect on human health [61,62].

Bacteria, fungi, viruses, and other microorganisms that make up the microbiota are
mostly colonized in the intestine of the human body due to its large surface area and
being rich in nutrient quantity diversity [63]. According to a microbiome theory, intestinal
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microbiota begins to develop in the prenatal (intrauterine) period and reaches the adult
diversity at an average age of 2.5 years (In the intestinal microbiota, there are more than
10 phylum member bacteria including Proteobacteria, Verrucomicrobia, Actinobacteria,
Fusobacteria, and Cyanobacteria and most of them belongs to Bacteroidetes and Firmicutes
phyla.) and is influenced by many factors such as the mode of delivery; nutrition (Bifidobac-
terium phylum was found to be more dominant in the microbiota in the 20 following birth
in infants born by normal birth and breastfed than in infants born by cesarean section and
formula-fed); whether antibiotics are used or not (Antibiotic use in childhood have been
associated with obesity, diabetes, inflammatory bowel disease, asthma, and allergies); and
the geographic characteristics of the living environment [64–66]. On the other hand, there
is not yet enough evidence whether the microbiome starts in the womb. There are two
theories about the human microbiome formation process. Some scientists believed that the
human fetal environment was sterile and babies were born sterile while others have stated
intestinal microbiota begins to form in the intrauterine period [67,68].

Intestinal microbiota is effective in the development of the immune system [69]. It
is characterized by the under development of the immune system in infancy, increased
sensitivity to pathogens, and the occurrence of allergies and infectious diseases, which are
the leading causes of infant death [70,71]. A study in mice showed that the microbiota
of pregnant mice induced antibody-mediated protective immunity in nursing newborn
mice [72]. Breast milk, which contains all the nutrients required for the growth and
development of the infant and bioactive compounds necessary for the modulation of their
health, supports the development of the baby’s immune system with a unique microbiota.
The researchers noted that the microbiota composition of breast milk was composed of
Staphylococcus, Streptococcus, Veillonella, Gemella, Enterococcus, Clostridia, Bifidobacterium,
Lactobacillus, Propioni, Actinomyces, Corynebacterium, Pseudomonas, Sphingomonas, Serratia,
Escherichia, Enterobacter, and Ralstonia, Bradyrhizobium ve Prevotella [73,74]. In a study
examining the relationship between microbiota and immune system development, it has
been shown that lymphoid tissue structure and impaired immune function are associated
with deep bowel defects in germ-free (GF-sterile) mice [75]. However, in another study
comparing immunological and epithelial barrier properties of preterm pigs and GF term
pigs, researchers observed that GF term pigs developed less immunological mechanisms
and epithelial barrier properties than term pigs and GF term pigs showed mild signs
of inflammation in a sterile environment [76]. Indeed, it seems that there are still some
important mechanisms and pathways to be clarified on this issue.

The intestinal microbiota, together with macrophage and dendritic cells of the innate
immune system, T and B lymphocytes of the adaptive immune system (responsible for
IgA production), and intestinal associated lymphoid tissue (GALT) are involved in the
development of the immune response [77]. Bacteria forming the intestinal microbiota
stimulates the production of TLR-MyD88 signal-related IL-1β and function in the formation
of the Th1 response by inducing the formation of IL-17 from Th-17 cells. The polysaccharide
A found in Bacteroides phylum bacteria and the butyrate SCFA produced by the bacteria
forming the microbiota stimulate the immune system cells and release TGF-β and IL-10.
TGF-β and IL-10 stimulate the production of Treg cells, preventing the formation of T
lymphocyte response, and exhibits anti-inflammatory effects [78]. In addition, a study
reported that butyrate can stimulate the conversion of monocytes to macrophages through
histone deacetylase 3 (HDAC3) inhibition, thus enhancing antimicrobial host defense [79].

Dysbiosis and Immune System

The ratio of Bacteriodetes and Firmicutes phyla with the largest colony of bacteria, which
are the dominant microorganisms of the intestinal microbiota, varies between 1:1 and 1:3
in healthy individuals [80,81]. This condition is called “eubiosis” and the condition in
which the balance is disturbed is called “dysbiosis”. It has been indicated that dysbiosis is
associated with plenty of diseases, particularly rheumatoid arthritis, inflammatory bowel
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disease (IBD), cancer, irritable bowel syndrome (IBS), autism, liver disease, celiac, obesity,
diabetes, and cardiovascular and respiratory diseases [82].

Intestinal microbiota and associated metabolites induce tissue-specific local immune
responses because of increased intestinal lumen permeability and translocation to var-
ious organs via the circulatory system [83]. For example, in liver disease and obesity,
increased Gram negative (G-) bacteria enter the circulation and are recognized by LPS
sensing TLR4, which are found in cell walls, resulting in the formation of the inflammatory
response by providing upregulation of various proinflammatory chemokines and adhesion
molecules [84]. In one study, it was reported that the intra-tumor microbiota in pancreatic
adenocarcinoma in mice and humans induced carcinogenesis by stimulating the induction
of immune tolerance by suppressing the differentiation of monocytes through selective
TLRs and T cell anergy [85].

In patients with celiac disease, gluten intolerance is associated with activation of
gluten-specific CD4+ T cells in the lamina propria and the upregulation of IL-15, which is
a proinflammatory cytokine [86]. The intestinal microbiota is involved in the maturation
of dendritic cells and the macrophages in the small intestine and causes variation in the
interactions of gliadin peptides with CD4+ T cells [87]. Pathogenic bacteria activate the
innate immune system through the TLR. TLR4 and CD14 complexes recognize bacterial
LPS and activates the innate immune system to release proinflammatory cytokines. Soluble
CD14 is a serum marker that indicates increased activation of the immune system in
untreated celiac patients and this marker indicates the role of dysbiosis in the pathogenesis
of the celiac disease. In the case of dysbiosis, bacteria can also activate Th1, Th2, and Th17
mediated immune responses such as the upregulation of gliadin peptides [88].

IBD is a chronic, recurrent inflammatory GI disorder characterized by an increas-
ing global prevalence involving Crohn’s disease (CD) and ulcerative colitis (UC) [89,90].
Chronic inflammation of the mucosa developing with IBD impairs mucosal integrity by
affecting tight junctions in intestinal epithelial cells, Zonula occludens-1 (ZO-1), and occlud-
ing transmembrane proteins. This results in the passage of pathogens across the mucosal
barrier, further resulting in the increased severity of TLR-mediated inflammation [91].
Studies have reported that dysbiosis due to the decrease in Firmicutes and Bacteriodetes
phylum and the increase in Proteobacteria and Fusobacterium phylum play a role in the
pathogenesis of IBD [92–94]. IBS, on the other hand, is a chronic functional bowel disease
of unknown etiology, which is clinically characterized by gastrointestinal system (GIS)
symptoms without an organic pathology. There is a chronic inflammation condition in IBS
that is not as apparent as IBD [95]. Literature shows that there is mast cell infiltration in the
intestines and that the level of proinflammatory cytokines in the circulation increases [96].
It has been reported that TLR regulation is disrupted in IBS patients with an increase in
TLR4 and TLR5 expression and a decrease in TLR7 and TLR8 expression [97].

Severe Acute Respiratory Syndrome-Coronavirus-2 or ‘SARS-CoV-2’ is the causative
agent of the novel coronavirus disease (COVID-19), declared a pandemic by WHO. It is
a viral strain responsible for widespread damage to human life worldwide [98]. It has
been shown that eubiosis has a great influence on the effectiveness of lung immunity [99].
Disruption of the gut microbiota by widespread antibiotic use may have a similar effect
observed in population studies showing that increased use of penicillin, cephalosporins,
macrolides, and quinolones is associated with an increased risk of lung cancer in hu-
mans [100]. A study in mice showed that influenza viral infection in the respiratory tract
increased Enterobacteriaceae while decreasing Lactobacilli and Lactococci in the gut mi-
crobiota [101]. Considering the results of these studies, it is thought that the role of the
intestinal microbiota-lung axis in the development of SARS-Cov2 infection should be
investigated [102].

4. Probiotics and the Immune System

The Greek word probiotic, which is formed by combining the words “pro bios: for
life” is used to describe beneficial microorganisms, especially Lactic acid bacteria (LAB),
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which are beneficial for the microbiota and are non-pathogenic, when taken in sufficient
quantities positively affect the health of the individual [103,104]. For microorganisms to
be used as probiotics, they must have the Generally Recognized as Safe (GRAS) status
approved by the Food and Drug Administration (FDA) in the USA and the Qualified Safety
Assumption (QPS) developed by European Food Safety Authority (EFSA) in Europe. In
addition, they are required to be non-pathogenic and toxic, have positive effects on health
proven by studies, have the characteristics of antimicrobial secretion to fight pathogenic
microorganisms, adapt to the microbiota, to reach the intestines alive, be non-penetrative
to the intestinal epithelium, be temporarily colonized in the GIS, and survive during the
shelf life [105–108].

Various interactions occur between different types of bacteria that make up the intesti-
nal microbiota and the immune system. Probiotic bacteria play a role in the regulation of
immune response disorder specific to the pathogenesis of diseases by stimulating immune
cells such as Th1, Th2, Th17, Treg cells and B cells through the modulation of intestinal
microbiota [109]. Bacteria that make up the intestinal microbiota, especially Lactobacilli
and Bifidobacteria, show antimicrobial effects by affecting both local and systemic immu-
nity [110]. Bifidobacteria and Lactobacilli prevent the proliferation of pathogenic bacteria
by competing with pathogens for nutrients; by stimulating the release of antimicrobial
substances, especially mucin (MUC) which activates the MUC 2 and MUC 3 genes and
prevents pathogens from adhering to the epithelial barrier; and by inhibiting the pathogens
with the antimicrobial molecules they secrete [111]. Literature has shown that orally taken
Bifidobacteria and Lactobacilli reduce the allergic-type immune response by increasing the
Th cell response, IL-10, and TGF-β production and improving immunological tolerance
against pathogens [112]. Intestinal microbiota stimulates plasma blasts responsible for IgA
production, which is the precursor of sIgA that acts as a protective agent against pathogens
and toxins in the intestine [113]. In an animal model, Bifidobacteria and Lactobacilli were
administered orally to animals and were found to increase sIgA production [114]. It has
been observed that Bifidobacteria given to premature infants positively affect their intestinal
microbiota by increasing the amount of SCFA in the stool, decreasing the dominance of
Escherichia coli and Bacteriodetes, and decreasing fecal ammonia and indoles [115]. Both
human and animal studies have shown that Lactobacillus casei, Lactobacillus bulgaricus,
and Lactobacillus acidophilus given as probiotic supplements, increase the formation of
macrophages and thus increase the level of phagocytosis [116]. Moreover, L. rhamnosus
HN001 and B. lactis HN109 increase the cytotoxic potential and activity of natural killer
cells by stimulating the increased production of IL-15 and IL-22 [117].

It is stated that probiotics can be a therapeutic target in the case of diarrhea in patients
with dysbiosis developing with the use of antibiotics and antiviral drugs in the treatment
of COVID-19 [118]. The National Health Commission of China has approved the use of
probiotics for the treatment of patients suffering from intestinal dysbiosis due to COVID-19
infection and for the prevention of secondary bacterial infections that may occur [119]. It is
also thought that various probiotic strains such as Enterococcus faecium and Lactobacillus spp.
may help maintain intestinal barrier integrity by increasing the production of butyrate, a
fuel for colonocytes, which may reduce COVID-19 invasion [120,121]. In a study, it was
shown that Bifidobacterium bifidum helped modulate the adaptive immune response in
influenza infective mice [122]. Oral administration of Lactobacillus acidophilus CMCC878 24
h after pulmonary administration of Staphylococcus aureus and Pseudomonas aeruginosa has
been reported to reduce systemic inflammation and lung injury in mice [123]. In another
study conducted on mice, Lactobacillus gasseri SBT2055 was found to exhibit antiviral
and prophylactic activity by stimulating the reduction in proinflammatory cytokine level
against infection developing in the case of respiratory syncytial virus [124]. However, more
studies are needed due to the lack of sufficient studies in the literature on the effectiveness
of probiotics in the treatment and prophylaxis of COVID-19.
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Safety and Possible Side Effects of Probiotics

Today, probiotic microorganisms are known to mainly belong to groups of lactic
acid-producing bacilli (phylum containing different genera including LAB-Streptococcus,
Staphylococcus, Lactococcus, Lactobacillus, Enterococcus) and Bifidobacteria groups. For the
beneficial effects of probiotic microorganisms to be seen, it is recommended that the
number of viable cells reaching the intestine should be at least 106–107 colony-forming
units (cfu)/g [125]. However, in most commercial probiotic products, many beneficial
microorganisms, especially near the end of their shelf life, lose their “viability” [126].
Therefore, probiotic products are produced to contain more microorganisms (on average
2.5 times) than the number of live probiotic microorganisms written on the label. However,
the health effects of these dead microorganisms are not clearly known since no studies
have been conducted [127]. The viability of these microorganisms varies depending on
many conditions, such as the characteristics of the microorganism, the acidity degree of
the product, the storage temperature, and the characteristics of the packaging materials
used [128].

In the last three decades, the therapeutic potential of probiotics has been evaluated in
many times [129]. With the increasing use of probiotics to treat dysbiosis associated with
many diseases, safety problems have also been raised [130]. Although many studies are
reporting that the use of probiotics is generally safe, this situation has been questioned with
current studies and it has been concluded that “probiotics should be applied in high-risk
groups (older adults, hospitalized patients, cancer patients) after careful evaluation of the
risk-benefit ratio” [24,131].

Despite various health benefits, research on probiotics have reported that issues
such as unknown molecular mechanisms; strain-specific behavior; the difference in the
response of probiotics of short-lived, autochthonous (resident or colonized in the host) and
allochthonous microorganisms (externally applied such as probiotics); antibiotic resistance
that can develop with horizontal gene transfer; maintenance of vitality and stability during
the shelf life, although rare; problems such as infective endocarditis, sepsis, bacterial
translocation into tissue or blood; and bacteremia in immunocompromised individuals
may develop [131–133]. Moreover, it has been reported that live probiotics are affected by
host-specific factors in the GIS, which activate various bacterial genes for the degradation
and production of nutrients through different metabolic pathways [134,135].

GIS side effects can develop after the use of probiotic supplements, including vomiting,
nausea, abdominal spasms, diarrhea, bloating, thirst, and taste disturbance [130]. Such
side effects, most of them mild, were reported to occur at a clinical frequency of 28%
as a result of the study [129]. Researchers hypothesize that probiotic administration
increases the fermentation of indigestible carbohydrates (SIBO) by overgrowth of bacteria
in the proximal small intestine and, as a result, excess D-lactic acid production may cause
abdominal bloating with increased gas output [136]. Interestingly, studies found that
when probiotics were administered in humans following antibiotic therapy, the increase in
probiotic strain-induced colonization in the colon microbiota was associated with persistent
or prolonged dysbiosis [131,137].

The latest Cochrane report states that probiotics are successfully used to prevent
infectious diarrhea in both children and adults [138]. However, there are also studies
reporting cases of bacteremia, sepsis, fungemia, endocarditis, meningitis, endometritis,
peritonitis, and pneumonia as a negative consequence of probiotic administration [139].
This pathological phenomenon may develop due to an impaired gut barrier, immuno-
suppression, or leaky gut conditions [140]. It has been suggested that factors facilitating
translocation by probiotics may be linked to the intestinal mucosal adhesion capacity or
mucolytic activity [141,142].

In a review to analyze data on the efficacy and safety of probiotic use in cancer patients,
the researchers concluded that probiotics may be a rare cause of sepsis, as a case report
of five of the seventeen cases included in the analysis found that probiotic-associated
bacteremia/fungemia was positive in the blood [143]. At the same time, a meta-analysis
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noted that probiotics are effective in preventing diarrhea caused by chemoradiotherapy in
people with abdominal and pelvic cancer, but most cancer patients have a rare risk of sepsis
because their immune systems are compromised [144]. In the case of premature infants,
which is another potential group at risk, the use of some probiotic strains is recommended
in the prevention of dysbiosis caused by necrotizing enterocolitis (NEC), a common disease
of premature infants with an incidence ranging from 2.6% to 28% among very low birth
weight infants [145]. However, studies have shown that there is a risk of development
of bacteremia due to the use of probiotics in NEC prophylaxis in premature infants. In
a case-control study, it was reported that bacteremia caused by bacterial transformation
developed in 3 of 654 premature infants who were treated with probiotics containing B.
longum and Lactobacillus acidophilus. Results of another case-control study Lactobacillus
acidophilus (ATCC 4356) and Bifidobacterium longum spp. infantis (ATCC 15.697), 3 out of
290 premature infants given probiotics were diagnosed with bacteremia [146,147]. The
report published by The European Society for Paediatric Gastroenterology Hepatology
and Nutrition (ESPGHAN) Nutrition Committee and ESPGHAN Probiotics and Prebiotics
Working Group on the safety of the use of probiotics in premature infants emphasizes that
the quality assurance of the probiotic product to be used is necessary, that probiotic strains
should lack transferable antibiotic resistance genes, and that local microbiologists should
be able to detect probiotic bacteremia/fungemia routinely with standard culture methods.
The use of some specific Lactobacillus rhamnosus GG strain or specific Bifidobacterium infantis,
Bifidobacterium lactis, and Streptococcus thermophilus strains is recommended to reduce NEC
rates, provided that all safety conditions are met [148].

5. Postbiotics

Evidence suggests that microbial vitality is not required to achieve health benefits
as with probiotic supplements and postbiotics produced from probiotics provide similar
health benefits to probiotics [149]. Despite various health benefits, postbiotic ingredients
derived from probiotics are thought to be promising alternative supplements to eradi-
cate the above-mentioned risky conditions of probiotics [150]. Various researchers have
proposed different terminologies to describe postbiotics, such as non-living probiotics
(paraprobiotics), inactivated probiotics, non-biotic ones, ghost probiotics, and metabi-
otics [14,151]. Before ISAPP’s definition of postbiotics, in the literature, postbiotics were
defined as “non-viable bacterial products or metabolic products obtained from microorgan-
isms with biological activity in the host” and paraprobiotics (also called ghost or inactivated
microorganism for which cell components are not broken down and non-living microbial
cells) as “crude cell extracts that benefit the human or animal consumer when administered
orally or topically in sufficient amounts” [152]. In its panel for postbiotics in 2021, ISAPP
defined postbiotics as “the preparation of non-viable microorganisms and/or components
that provide health benefits to the host” and emphasized that postbiotics must contain
microbial cells or cellular components that have been inactivated with or without metabo-
lites, contributing to the observed health benefits and that in order to qualify a preparation
as postbiotic, the microbial composition prior to inactivation must be characterized. It
has therefore been suggested that microbial components derived from foods fermented
by identified microorganisms, rather than traditional foods fermented by unidentified mi-
croorganism cultures, can be identified as postbiotics [153]. The specific effect of probiotics
is based on certain dosage levels, but a specific dose for postbiotics such as “it should
contain 106–107 cfu/g live cells” as specified in probiotics has not been identified [17].

Some postbiotics are cell-free supernatants, vitamins, organic acids, SCFA, secreted
proteins/peptides, bacteriocins, neurotransmitters, secreted biosurfactants, amino acids,
flavonoids derived from postbiotics (desaminotyrosine, equol daidzein, daidzein, and
norathyriol), postbiotics derived from postbiotics (genipin, paeoniflorin, paeoni lactone
glycosides, paeonimetabolin I, II, and III), metabolites of probiotic microorganisms such as
phenolic-derived postbiotics (equol, urolithins, valerolactones, enterolactone, enterodiolen,
and 8-prenylnarenin) and teichoic acids, peptidoglycan-derived muropeptides, molecules
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protruding from the surface (pili, fimbriae, and flagella), exopolysaccharides (EPS), cell
surface related proteins, and inactivated/dead/non-viable microbial cell components of
probiotics, such as cell wall-bound bio-surfactants [154,155].

Postbiotic production is achieved by inactivating probiotic microorganisms. However,
it is emphasized that the inactivation method applied to produce postbiotics and parabiotics
should be able to preserve the beneficial effects provided by the living form. In this sense, it
has been indicated that it can be produced/obtained using different inactivation methods,
including sonication, enzymatic processes, solvent extraction, and chemicals (e.g., formalin)
at both laboratory and industrial levels [156] (Figure 1). Regarding this situation, heat
treatments are the most widely used methods to inactivate probiotic microorganisms. The
temperature and duration of heat inactivation differs depending on the characteristics
of microorganisms (e.g., vegetative cell or spores, growth medium, growth stage, water
activity, etc.) [157].

Figure 1. Methods used in the production of postbiotics.

5.1. Postbiotics and Immune System

Postbiotics have been mainly associated with immunomodulatory activities, as they
play a role in stimulating the innate and adaptive immune system, maintaining the in-
tegrity of the intestinal mucosal barrier, and antagonizing pathogens with antimicrobial
compounds, such as the effects of probiotics [18]. In this regard, a summary is given to
highlight some possible mechanisms of postbiotics in the immune system modulation in
Figure 2.
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Figure 2. Potential mechanisms and benefits of postbiotics in the immune system modulation.

It is stated that pili and protein p40/p75, which are postbiotics produced from Lac-
tobacilli, have an immunomodulatory effect by acting on the protection of the intestinal
barrier, promoting aggregation, factor proteins, bacteriocins, and S-layer proteins by ex-
hibiting antagonistic activity against pathogens [158]. It appears that the immunostimulant
activity of different bacterial species and strains is associated with variations in cell wall
components such as lipoteichoic acid and peptidoglycan. It has been suggested that the
mechanism by which these bacteria perform their immunomodulating activities is to in-
crease Th1-associated cytokine levels and decrease Th2-related cytokines [159]. In a study,
peptidoglycans obtained from different Lactobacillus species (Lactobacillus acidophilus, Lac-
tobacillus rhamnosus, and Lactobacillus casei) increased the capacity to inhibit the release of
inflammatory cytokines in macrophage-like cell models via the LPS-induced TLR-4 path-
way [160]. On the other hand, in in vitro models of the intestinal mucosa (HT29-MTX cells),
heat-inactivated probiotic strains combination including Lactobacillus acidophilus, Lactobacil-
lus plantarum, Lactobacillus casei, Lactobacillus rhamnosus, Bifidobacterium bifidum, Streptococcus
thermophilus, and Saccharomyces boulardii protected intestinal cells from Escherichia coli in-
fection by preventing the increase in paracellular permeability and the penetration of
pathogens into the intestinal epithelium, ensuring the restoration of tight-junction function
and membrane integrity and by modulating cytokine gene expression [161]. In another
study, it was reported that the probiotic strain Streptococcus thermophilus CRL1190 and its
EPS reduces Helicobacter pylori adhesion and suppresses the inflammatory response in the
human gastric adenocarcinoma epithelial cell line (AGS cells). With these findings, it has
been suggested that S. thermophilus and postbiotics can protect the gastric mucosa and
improves the anti-inflammatory response through modulation of cytokine IL-8 produc-
tion [162]. In a study, the effect of oral treatment with parabiotic Saccharomyces boulardii
(heat inactivated-109 cfu/mL−1) was evaluated in a murine intestinal obstruction (IO)
model. The results showed that heat-killed S. boulardii administration was able to preserve
the gut barrier (p < 0.05) by maintaining intestinal permeability at physiological levels and
reducing bacterial translocation (to Escherichia coli ATCC 10536) and mucosal lesions [163].
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Likewise, in another study, researchers demonstrated that metabolic products (postbiotics)
of an infant formula fermented with Lactobacillus paracasei CBA L74 can protect the host
from pathobionts and enteric pathogens by inhibiting immune cell inflammation and have
protective effects against colitis [164]. On the other hand, the researchers investigated the
potential of a postbiotic (a new secretory protein called HM0539) produced by Lactobacillus
rhamnosus GG in the prevention and treatment of diseases related to intestinal barrier
dysfunction by orally administering it to newborn rats infected with Escherichia coli K1
and reported that HM0539 promotes the development of neonatal intestinal defense and is
sufficient to prevent Escherichia coli K1 pathogenesis. They also found that HM0539 has the
potential to prevent dextran sulfate sodium (DSS)-induced colitis, LPS/D-galactosamine-
induced bacterial translocation, and liver damage. As a result, products without live
bacteria have been reported to exhibit similar effects, without the need for probiotic cell
viability [165].

Moreover, it was found that the immunomodulatory activity of postbiotics produced
via inactivation of probiotics was higher than probiotics. For example, the production of
heat shock proteins (Hsp) during the heating process appears to increase immunomodula-
tion activity [156]. Postbiotic Lactobacillus casei Zhang (LcZ) (heat inactivated and suspended
at 106 cfu/mL in PBS) enhances the expression of proinflammatory cytokines and the tran-
scription of TLR2, TLR3, TLR4, and TLR9, thus increasing the macrophage-mediated innate
immune response [166]. As a result of the study conducted with the live and inactive
forms of Bacillus amyloliquefaciens FPTB16 and Bacillus subtilis FPTB13, it was reported
that the inactive preparation increased the secretion of cellular immune parameters more
than the live preparation [167]. In addition, a study in mice reported that the combination
of heat-inactivated (two heat treatments were applied: 30 min at 100 ◦C and 15 min at
121 ◦C) LAB increased immunomodulatory activity in macrophages more than the same
combination (Lactobacillus acidophilus, Lactobacillus plantarum, Lactobacillus fermentum, and
Enterococcus faecium) containing live strains [168]. In a study, it was found that Enterococcus
gallinarum L-1 postbiotics inactivated by ultraviolet (UV) rays (2.5 h) were more effective in
enhancing the phagocyte activity than heat-inactivated (for 2 h 60 ◦C) [156]. Both probiotic
and postbiotic Lactobacillus gasseri TMC0356 show an in vitro immunomodulation effect.
Compared to probiotics, postbiotic Lactobacillus gasseri TMC0356 causes a greater increase
in IL-12 production in macrophages, indicating that heat treatment increases the ability of
the strain to activate IL-12 production in macrophages, thus the postbiotic form has a higher
immunomodulatory effect than the probiotic [169]. Lactobacillus acidophilus A2, Lactobacillus
gasseri A5, and Lactobacillus salivarius A6 (heat-inactivated and suspended at 106 cells/mL
in PBS) are also postbiotics with in vitro immunomodulating activity. These non-living
microorganisms caused changes in Th1-mediated immune response by stimulating IL-10
and IL-12 p70 proliferation, IFN-Gproduction in splenocytes, and IL-12 p70 secretion in
dendritic cells, respectively. The mechanisms that LAB strains cause different responses
in dendritic cells are still unknown, but the immunomodulation response appears to be
strain-dependent [170].

As a result, postbiotics and parabiotics show immunomodulatory activity and this
provides health benefits to the host. Therefore, they may be safer alternatives for im-
munocompromised individuals such as the elderly, transplanted patients, and premature
neonates and can eliminate the various disadvantages of probiotics (Figure 3) [171–174].
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Figure 3. Some disadvantages of probiotics for microbiota and immune system.

5.2. The Use of Postbiotics in the Food and Pharmaceutical Industry

The viability of probiotics is one of the key parameters in the development of probiotic
products. The health efficacy of probiotic foods depends on the number of viable and
active cells per gram or milliliter at the time of consumption [175]. The main factors
affecting the stabilization of probiotics in foods are fermentation conditions (pH and acidity,
temperature, and oxygen); food matrix (pH, titratable acidity, oxygen, water activity, salt
presence, etc.); microencapsulation; additives; food processing (drying, freezing, and
thawing); and packaging and storage conditions [176]. For example, probiotic fortified
juice can show significant reductions in viable bacteria count during storage due to its high
acidity [177]. Considering these factors, postbiotics offer therapeutic and technological
advantages for food manufacturers over probiotics for industrial uses [178].

In addition to the therapeutic advantages, some postbiotics are also used for their
technological functions that positively affect the physicochemical and sensory properties
of the final product, providing better stability, texture, and flavor [179]. Regarding this
application, it has been reported that EPS obtained from Streptococcus thermophilus zlw
TM11 and Lactobacillus delbrueckii spp. Bulgaricus, respectively, can overcome the problem
of syneresis (lower whey separation) and provide better texture and sensory properties dur-
ing yoghurt preparation [180]. The use of EPS is an alternative to synthetic food additives
(viscosifiers, texturizers, and emulsifiers). In another study, the researchers demonstrated
that the bacteriocin (BacTN635) postbiotic from Lactobacillus plantarum TN635 could delay
microbial proliferation (aerobic, psychrotrophic, and Enterobacteriaceae counts) and sup-
press the growth of the pathogen Listeria monocytogenes in beef and chicken breast [181].
Bacteriocin has also been reported to extend the shelf life of chilled products and improve
sensory quality (odor, texture, color, and general acceptance) and texture qualities (hard-
ness, elasticity, and hardness) [182]. Similarly, in another study, when cell-free supernatant
CFS Cys5-4 obtained from Lactobacillus plantarum Cys5-4 was applied to fresh orange and
chicha beverages, it was found that for a 5 day storage period CFS Cys5-4 have been found
to exhibit antimicrobial activity against living cells found in Escherichia coli at 4 ◦C and
Salmonella [183]. In a relevant study, it was reported that the cell-free supernatant ob-
tained from Lactobacillus sp.RM1 showed antifungal activity against Aspergillus parasiticus,
Aspergillus flavus, and Aspergillus carbonarius and inhibited aflatoxin B1 and ochratoxin
A [184].

Some evidence in the literature have been conducted on food products containing
commercial postbiotics for health/therapeutic applications. LAC-Shield™ (Morinaga Milk
Industry Co., Ltd., Tokyo, Japan) has commercially proven that heat-inactivated Lactobacil-
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lus paracasei MCC1849 (LAC-Shield®) is effective for improving the resistance of postbiotic
chocolate to cold infections [185]. Staimune® (Blossom Water LLC., Westwood, MA, USA)
is a patented probiotic-derived ingredient containing inactivated GanedenBC30® (Bacillus
coagulans GBI-30). This postbiotic is found in Blossom Water® beverages. It has been
proven that GanedenBC30®’s cell wall and metabolite fractions inhibit spontaneous and
oxidative stress-induced reactive oxygen species (ROS) formation in human peripheral
blood mononuclear cells (PBMC) (anti-inflammatory effect) and induces the production of
Th2 cytokines IL-4, IL-6, and IL-10 [186]. Colimil® Baby (Humana Spain SL, Madrid, Spain),
a formula containing Matricaria chamomilla L., Melissa officinalis L., and heat-inactivated
Lactobacillus acidophilus HA122, have been shown to help prevent colic (IC) in infants [187].
Lacteol™ (Reig Jofre, S.A., Barcelona, Spain), a postbiotic product prepared from heat-
inactivated Lactobacillus acidophilus LB cells, has been reported to be effective in the treat-
ment of acute and chronic diarrhea associated with various intestinal infectious diseases.
In vitro and in vivo studies support that L. acidophilus LB administration exhibits antibacte-
rial activities, including antibiotic-like and cell-regulating activities [188]. Del-Immune V®

(Pure Research Products LLC., Boulder, CO, USA) is a postbiotic supplement containing
cell lysate (muramil peptides) and DNA fragments of the probiotic strain Lactobacillus
rhamnosus V (DV). Experimental clinical studies demonstrated that this product is effective
in stimulating the innate immune system mainly through induction of the production of
cytokines IFN-γ, TNF-α and IL-1, IL-2, IL-6, IL-8, and IL-12 [189]. Hylak® Forte (Ratio-
pharm/Merckle GmbH, Blaubeuren, Germany) is a postbiotic liquid containing metabolic
products (e.g., SCFA, amino acids, and vitamins) derived from Lactobacillus helveticus DS
4183, Escherichia coli DSM 4087, Streptococcus faecalis DSM 4086, and Lactobacillus acidophilus
DSM 414. It is prescribed for the treatment of bacterial imbalance in the GIS and associated
symptoms (e.g., bloating, diarrhea, and constipation) as it inhibits the growth of pathogenic
bacteria by lowering the intestinal lumen pH [190]. Given the advantages of postbiotics
compared to probiotics, further studies are needed on their use and health benefits in the
food and pharmaceutical industry.

6. Conclusions and Recommendations

In conclusion, it has been shown in many studies that microorganisms colonized in
many regions of our body, especially the intestines, live with us within the framework of
mutual benefit; interact with other systems, especially the immune system, which defends
our body against pathogens; and plays a role in the pathogenesis of various diseases such
as obesity, diabetes mellitus, liver diseases, celiac disease, cancer, cardiovascular diseases,
inflammatory bowel diseases as well as the immune system modulation.

The intestinal microbiota, together with other immune system components are in-
volved in the development of the immune response. Considering the impact of intestinal
microbiota on health and disease, scientific and commercial interest has increased in the
use of probiotics that stimulate the modulation of the intestinal microbiota for improving
health and diseases treating immune system. Despite the health benefits of probiotics,
concerns about their use have also arisen since they are affected by various properties of
the products they are used in (shelf life, food additives, product matrix, etc.), causing micro-
bial translocation and the possibility of developing antibiotic resistance in the established
intestinal microbiota. In order to eliminate these disadvantages, studies on inactivated
microorganisms and/or their metabolites have increased in the recent years since they
provide their health benefits through some bioactive components (EPS, teichoic acid, SCFA,
amino acids, cell wall components, secreted peptides, etc.) and their nonliving forms.

At this time, it was noted that these components nominated as parabiotics and/or
postbiotics show immunomodulatory activity by various mechanisms. Similar to the effects
of probiotics, they have been mainly associated with immunomodulatory activities by
playing a role in maintaining the integrity of the intestinal mucosal barrier and antagonizing
pathogens with antimicrobial compounds by stimulating the natural and adaptive immune
system, but the immunomodulation response still appears to be strain dependent. However,
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when considering the current data in the literature, it can be said that large randomised
controlled clinical trials could provide more definitive evidence.

In addition to eliminating the disadvantages of probiotics for microbiota and the
immune system, postbiotics can also reduce the use of food additives because they act as
emulsifiers and preservatives in ensuring the stability of the products they are used. There
is also some evidence about immunomodulatory and the therapeutic effects regarding
products containing commercial postbiotics. Although the use of them in the food and
pharmaceutical industry is promising, more studies are required to avoid the side effects
and disadvantages that may occur with the use of products containing probiotics, especially
in people with a weak immune system.
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