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3.1 Introduction

The immune system is composed of the complex architecture of the collective, coordinated, and interconnected network

of cells, tissues, organs, and molecules responsible for surveillance, neutralization, and elimination of pathogens, for-

eign agents/molecules to maintain dynamic homeostasis of the organism. Homeostasis is referred to as the body’s abil-

ity to thermodynamically maintain the internal environment in an almost constant balance, regardless of the changes

that occur in the external environment (Sattler, 2017). The immune system is divided into two types of immunity char-

acterized by their respective responses: innate or natural immunity as the first line of defense and acquired or adaptive

immunity immune responses are carefully regulated pathways facilitated by the release of pro-inflammatory [interleukin

(IL)-1β, IL-6, IL-18, and tumor necrosis factor-α (TNF-α)] and antiinflammatory (IL-1, IL-4, IL-10, IL-11, IL-12, and

IL-13) cytokines produced by many cell populations but predominantly produced by activated macrophages and helper

T cells (Th), respectively (Kany et al., 2019). The innate/adaptive cytokines play pivotal roles in the overall immunity

against infected cells in the body.

A significant area of the human body, either internal or external, is colonized by resident microorganisms, and their

communities in different regions that exist in symbiosis are called microbiota. The gastrointestinal tract is home to gut

microbiota which is one of the most diverse and extremely microbiologically active sites, making up the digestive sys-

tem, varying among individuals according to factors such as age, ethnicity, diet, stress, and etc. The gut microbiota is

composed of 90% bacteria which play a fundamental role in gut-associated lymphoid tissue development, the integrity

of the mucosal barrier, and overall immune homeostasis. It is well known that the human gut houses a plethora of

microbes that support nutrition, physiology, metabolism, and immunity (Nicholson et al., 2012; Tremaroli & Bäckhed,

2012; van de Wouw et al., 2018; Yadav et al., 2018). An estimated 1014 bacteria have been reported to colonize the

gut, with B1011 bacteria per gram of colon tissue (Dhar & Mohanty, 2020). The gut bacteria within healthy individuals

are dominated by four phyla: Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria. The gut microbiota offers

significant stimuli (i.e., gut-brain, gut-lung, and gut-liver axis) for both innate and adaptive immunity, mediating

immune and metabolic homeostasis (van Baarlen et al., 2013), apart from its importance in digestion, nutrient absorp-

tion, adiposity, satiety, energy expenditure, metabolism, and defense against pathogens (Maldonado Galdeano et al.,

2019; Wang et al., 2017; Xiong et al., 2017) as shown in Fig. 3.1.

The intestinal microbiota is often reconstructed overtime by a myriad of factors including the colonization of patho-

genic bacteria, constant use of antibiotics, and inflammation in relation to infections and onset of diseases (Calder,

2020). There is an intricate correlation between changes in the gut microbiota composition/activity and common dis-

eases/disorders. The host defenses against pathogens rely on four pivotal functions: (1) creating a physical barrier to

prevent the invasion of pathogens; (2) identifying pathogens in case of invasion—facilitating increased immunosurveil-

lance; (3) neutralizing the pathogens; and (4) the generation of immunological memory. The pathological alteration of

the gut microbiota is called gut dysbiosis, a condition that is often triggered by a diet rich in industrialized food, sugar,

fat, and alcohol, as well as by air pollution and epigenetic factors such as stress. Since the gut microbiota impacts the
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immune responses, situations of dysbiosis may lead to diarrhea, loss of appetite (Videlock & Cremonini, 2012), and to

the invasion of these pathogenic bacteria into the system, leading to immunological, neurological, inflammatory, and

endocrinological problems (Fioramonti et al., 2003). In addition to the influence on the severity of inflammatory dis-

eases such as asthma, chronic peptic ulcer, tuberculosis, rheumatoid arthritis, periodontitis, ulcerative colitis, type 2 dia-

betes, Crohn’s disease, sinusitis, active hepatitis, neurological disorders (e.g., anxiety and depression), cardiovascular

diseases, and of late the coronavirus disease, Covid-19, caused by severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) (Anderson & Reiter, 2020).

Epidemiological researchers have decoded the inter-connective signaling network between the gut microbiome and

diseases for understanding and maintaining immune homeostasis and integrity (Matarazzo et al., 2018). For example,

individuals suffering from irritable bowel syndrome are often depressed; this also extends to individuals on the constant

intake of antibiotics. In addition, individuals on the autism spectrum tend to have digestive problems. Moreover, indivi-

duals with Parkinson’s disease are often prone to constipation (Pennisi, 2020), mostly all culminating from immune

homeostasis imbalance. Probiotics are important for the balance of the mucosa’s immune system, as they reduce its per-

meability and potentiate local immune responses by augmenting the expression of mediators, such as immunoglobulin

G (IgG), IgA, etc. (Hardy et al., 2013; Zheng et al., 2020).

According to the World Health Organization (WHO), probiotics are classified as “live microorganisms that, when

administered in adequate amounts, confer a health benefit on the host” (DuPont & DuPont, 2011; Martin Manuel et al.,

2017). Probiotics temporarily colonize the gut; therefore, their supplementation must be continuous in order to be effec-

tive. Various microorganisms are beneficial for the human gut and are most commonly present in supplements and pro-

biotic foods. These microorganisms which preferentially colonize the intestines belong to Lactobacillus spp., often

found in the terminal ileum, and Bifidobacterium spp. in the colon (Mikelsaar et al., 2016; Walter, 2008). Among the

FIGURE 3.1 Gut microbiota regulates potent immunoregulators in a cascade of pathways that facilitate the differentiation of myeloid cell lineages

in the bone marrow and splenic macrophages that sense microbe-associated molecular patterns (MAMPs) as well as pathogen-associated molecular

patterns (PAMPs) expressed by gut microbes and activated to the release cytokines to regulate innate lymphoid cell (ILC3) and regulatory T cell

(Treg) responses that maintain overall immune homeostasis. Filamentous bacteria promote immunoglobulin (IgG1) and IgA production by B cells via

T follicular helper (Tfh)-dependent and independent mechanisms, respectively. Indigenous fungi dictate the balance of pro-inflammatory T helper 17

(Th17) and antiinflammatory Treg/Type 1 regulatory T (Tr1) cells in the gut, responsible for pathological implications and serve tissue-protective

functions. During chronic intestinal inflammation, loss of intestinal barrier integrity to gut microbes can activate innate and adaptive immune cells to

release pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) into the circulatory system, leading to systemic inflammation. AHR, Aryl hydrocarbon

receptor.
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lactic acid bacteria belonging to the genus Lactobacillus include Lactobacillus acidophilus, Lactobacillus amylovorus,

Lactobacillus casei, Lactobacillus gassei, Lactobacillus. helveticus, Lactobacillus johnsonii, Lactobacillus. pentosus,

Lactobacillus plantarum, Lactobacillus reuteri, and Lactobacillus rhamnosus; and the genus Bifidobacterium includes

Bifidobacterium adolescentis, Bifidobacterium animalis, Bifidobacterium bifidum, Bifidobacterium breve,

Bifidobacterium infantis, and Bifidobacterium longum. Other probiotic bacteria include Enterococcus faecium,

Lactococcus lactis, Streptococcus thermophiles, Bacillus clausii, Escherichia coli Nissle 1917, and Saccharomyces cer-

evisiae (boulardii). However, not all bacteria can be classified as probiotics, as they need to belong to specific strains

(Markowiak & Ślizewska, 2017).

Probiotics have been reported to play a major role in influencing the population of the gut microbiota as a means to

alleviate a range of disorders such as necrotizing enterocolitis, acute infectious diarrhea, hyperuricemia, hypercholesterol-

emia, acute respiratory tract infections, antibiotic-associated diarrhea, intestinal disorders, allergies, obesity, epilepsy, sep-

sis in premature infants, infant colic, neurological conditions (autism, anxiety, AD, depression, Parkinson’s disease, and

schizophrenia), and influence brain activity related to emotion regulation—psychobiome (Pennisi, 2020; Sarkar et al.,

2016; Wallace & Milev, 2017). The regulation of the gut microbiome through the use of probiotics may help treat and

prevent several diseases linked to gut dysbiosis, especially by restoring the gut microbial balance in patients under antibi-

otic treatments, thereby improving their gut microbiota profile. In this context, probiotic supplementation commonly

found in fermented foods (i.e., yogurt, kefir, kimchi, kombucha, pickles, miso, tempeh, sauerkraut, sourdough bread, and

some cheese varieties), can assist in the rejuvenation of the gut microbiota and produce beneficial effects on the recovery

of the host’s immune system, thereby restoring and maintaining optimal immune homeostasis (Calder, 2020).

3.1.1 Gut microbiota and Covid-19

In light of the looming global Covid-19 pandemic, it is naturally prudent to study its broad range of effects on the over-

all immune homeostasis. The Covid-19 infection affects immune homeostasis which has been shown to alter gut micro-

biota by decreasing genera Bacteroidetes, Roseburia, Faecalibacterium, Coprococcus, and Parabacteroides composition,

in addition to a higher production of pro-inflammatory cytokines (i.e., IL-18) observed in Covid-19 patients compared

with both seasonal flu patients and healthy control group. This suggests that gut microbiota dysbiosis due to Covid-19

infection may contribute to disease severity (Tao et al., 2020). Covid-19 has been reported with compelling evidence

that suggests this disease has the ability to affect neurological, cardiovascular, or cerebrovascular functions, primary

symptoms being a loss in the sense of smell, taste, and in some cases, delirium (Yavarpour-Bali & Ghasemi-Kasman,

2020). These findings suggest that the virus has the ability to compromise the cerebrovasculature between the blood

and the brain paramecium (i.e., the blood-brain barrier, BBB). The BBB functions as a regulatory interface maintaining

a stable chemical brain microenvironment. A compromised BBB results in vascular leakage, and inflammation which is

one of the major etiological factors associated with disease onset (Bron et al., 2017; Miller et al., 2012). Inflammatory

mediators are associated with central nervous system (CNS) damage through neuroinflammation. Covid-19-related

cerebrovascular-disorders are a probable link to the disruption of the homeostatic environment of the neuronal milieu,

by way of brain endothelial cellular (BEC) inflammation. The BEC, thus, forms the anatomical basis of the BBB which

is central to the maintenance of CNS homeostasis. CNS neurons, if compromised, will have a direct impact on the

chemical composition of the neuronal milieu, implicating sensory and motor function, subsequently eliciting its nega-

tive effects on our psychological persona and hormonal homeostasis (Fisher & Mentor, 2020).

In summary, the link among preexistent conditions, dysbiosis, and the severity of Covid-19 also relies mostly on the

decreased butyrate levels which lead to impaired signaling between the gut-brain, gut-lung, and gut-liver axis that

results in hypercytokinemia, a hallmark of immune homeostasis imbalance (Anand & Mande, 2018). Additionally,

viruses (i.e., SARS-CoV-2) must enter the host cells in order to replicate; therefore, their recognition by the immune

system happens when viral antigens are presented to CD81 cytotoxic T lymphocytes via major histocompatibility

complex on the surface of the infected cells, ultimately resulting in the death of the host cell. However, when the

infected cells are killed, viral particles are liberated and can infect other cells (Calder, 2020). The composition of the

gut microbiota can be shifted towards an increased population of Prevotella and Oscillibacter in mice, both of which

produce metabolites responsible for decreasing Th17 polarization of T cells and favoring their differentiation into Th1

regulatory T cells and type-1 T-helper cells, promoting an efficient immunity against infections (Fig. 3.2) (Maldonado

Galdeano et al., 2019; Pandiyan et al., 2019).

Regarding SARS-CoV-2, diarrhea related to antibiotic administration was present in 2%�36% of Covid-19 patients

in China, and probiotic supplementation was proposed in order to enhance the immunity of those patients against sec-

ondary infections (Akbari et al., 2016; Calder, 2020; Din et al., 2021; Morais et al., 2020). In fact, this resulted in a
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reduction in the duration and the severity of Covid-19 complications in Chinese hospitalized adults and children

(Akour, 2020; Morais et al., 2020). Patients with severe cases of Covid-19 often present one or more conditions that

augment the risk of fatal outcomes, that is, obesity, diabetes, cardiovascular diseases, advanced age, and pulmonary

conditions, and some of them are indicative of dysbiosis or can be increased during gut dysbiosis (Fig. 3.3). There is

evidence suggesting that the occurrence of dysbiosis, especially when the infiltration of immune cells in the lungs in an

effort to neutralize the viruses end up causing immune dysfunction, excessive inflammation, and cytokine dysregulation

resulting in “cytokine storm syndrome” with fluid leakage to the alveoli, impairing the blood oxygenation, resulting in

sepsis and septic shock which is associated with the higher severity of Covid-19 cases (Anderson & Reiter, 2020;

Buszko et al., 2020; Datta & Bhattacharjee, 2020; Hotchkiss et al., 2016). This is attributed to angiotensin-converting

enzyme 2 receptors (ACE2 receptors) abundance in the intestinal epithelium (Infusino et al., 2020), it is possible that

SARS-CoV-2 can impair the absorption of nutrients (i.e., tryptophan) by the intestine epithelium and this amino acid

regulates the expression of peptides with antimicrobial properties, capable of controlling the composition of the gut

microbiota (elaborated further in the next section). This results in gastroenteritis symptoms that have been observed in

many Covid-19 patients’ cases (Infusino et al., 2020). Although the evidence pointing to the success of probiotic sup-

plementation in enhancing the immunity of Covid-19 patients and controlling the inflammation is still mounting, more

clinical studies are necessary for the development of an efficient protocol (Akour, 2020).

3.1.2 Importance of probiotic nutrition in modulating immune homeostasis

Nutrition is a cornerstone in modulating immune homeostasis and probiotic nutrition is paramount in maintaining gut

microbiota subsequently regulating overall immune homeostasis. Probiotics supplementation is usually administrated

FIGURE 3.2 Innate and adaptive immunity against Covid-19 infection. The virus is digested in the lysosomes (Ly) of epithelial cells and its antigens

are presented to cytotoxic T (CTL) and natural killer (NK) cells, both of which kill the host cell by secreting perforins, granzyme, and interferons

(interferon-γ) that block the viral replication. This immune response is mediated by T helper type 1 (Th1) cells, which differentiate from Th0 cells

after activation of toll-like receptors (TLR) from phagocytes and consequent expression of some interleukins. Th1 immunity is responsible for the dif-

ferentiation of B lymphocytes (BL) into plasma cells (PC) in order to produce immunoglobulins that neutralize the virus.
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orally, whether in capsules, oil drops, water-soluble powders, or in children formulations and foods (Fenster et al.,

2019; Govender et al., 2014). Orally administered probiotics may interact with approximately 200 m2 of gut mucosa

and lymphoid tissue associated with the intestines where most of the immune cells from the gut are located (Lebeer

et al., 2010). This is the reason why several benefits conferred by probiotics are due to the immune system modulation

affecting the host’s immunity and inflammatory responses (Oelschlaeger, 2010). Furthermore, complex carbohydrates

present in dietary fibers (mostly found in whole grains, fruits, vegetables, and cereals) are fermented by some bacteria

species from gut microbiota, generating short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate, which

are characterized to be antiinflammatory (Dhar & Mohanty, 2020). They act as signaling molecules to promote antiin-

flammatory cytokines production (IL-10, IL-12, IL-22, and IFN-γ), reduction of chemotaxis in the respiratory tract,

immune cell adherence, increase the function of CD81 T lymphocytes, and interferon signaling in macrophages in

patients with infection and activation of Th2 effector cells in the lungs, which causes a more efficient control of exter-

nal pathogens propagation (Conte & Toraldo, 2020; He et al., 2020). SCFAs also promote B-cell differentiation and

antibody synthesis, thereby improving the antibody-antigen response and increases the levels of endogenous antioxidant

enzyme (i.e., glutathione) which reduces oxidative stress (Park et al., 2015; Sharma & Kaur, 2020).

Besides SCFAs, bacteria from the gut microbiota produce some essential amino acids as metabolites, that is, trypto-

phan, which can inhibit NF-κB activation, thus reducing the expression of pro-inflammatory mediators, and can

strengthen the tight junctions of the gut epithelium responsible for the impermeability of the intestinal mucosa. Finally,

gut microbiota can synthesize some vitamins from complex B that can act as immune regulators (Morais et al., 2020).

As mention above, butyrate is one of the main products derived from gut microbiota metabolism and is responsible for

several local and systemic effects. For instance, it contributes to the barrier of the gut epithelium against external patho-

gens, decreases glial activity in the CNS, inhibition of histone deacetylase (action as an epigenetic regulator), and

FIGURE 3.3 Influence of the gut microbiota (A) Covid-19 infection causes gut dysbiosis which results in increased proliferation of Campylobacter,

Clostridium difficle, Enterococcus faecalis and hypercytokinemia “cytokine storm syndrome” of pro-inflammatory cytokines that ultimately impairs

immune homeostasis, (B) probiotic therapy (Lactobacillus spp., Bifidobacterium spp., and Lactococcus spp.) that restores the gut microbiota and main-

tains overall immune homeostasis.
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optimization of mitochondrial activity via induction of the melatonergic pathway. Furthermore, butyrate can also

increase the activity of NK cells, enhancing antiviral immunity which could be useful for inflammatory diseases

(Anderson & Reiter, 2020) as shown in Fig. 3.4. Moreover, with the melatonin hormone, either from the mitochondria

of immune cells or from the pineal gland, melatonergic downregulation can occur in cases of stress and dysbiosis by

the action of induced indoleamine 2,3-dioxygenase, which relocates tryptophan from serotonin and melatonin synthesis

for the production of kynurenine products. This inhibits the activation of alpha 7 nicotinic acetylcholine receptor

(α7nAChR), an important part of the cholinergic nervous system in the brain. The α7nAChR expression can be benefi-

cial due to the regulation of autophagy in lung epithelial cells and the dampening of pulmonary immune cells; therefore,

factors that inhibit α7nAChR expression, such as dysbiosis, might be detrimental to patients suffering from inflamma-

tory diseases such as Covid-19 (Anderson & Reiter, 2020).

Gut dysbiosis itself can cause or intensify some preexistent conditions in a two-way interaction: (1) decreased mela-

tonin levels, consequently increase circulating levels of lipopolysaccharides (LPS), a key pathogenic stimulant for

inflammation in the gut; and (2) decreased butyrate levels. Butyrate suppresses platelet activation and pro-inflammatory

FIGURE 3.4 Probiotic nutritional interconnections from dietary fibers and proteins through a cascade of pathways to main immune homeostasis.

Tryptophan (TRP) is metabolized by Clostridium sporogenes into 3-indolepropionic acid (IPA) which confers neuroprotectant activity against neuro-

logical disorders. Moreover, IPA binds to pregnane X receptor (PXR) in the intestinal cells to maintain mucosal homeostasis. Indole is produced by

E. coli, B. adolescentis, and Lactobacilli (L. acidophilus and L. reuteri) from TRP catalyzed by tryptophanase (TnaA). TRP is further metabolized into

indole-3-aldehyde (I3A) by Lactobacillus spp., and Bifidobacterium spp., in the intestinal cells to aryl hydrocarbon receptor (AhR) which maintains

overall mucosal reactivity increasing the production of IL-22, immune homeostasis, and the suppression of nuclear factor-κB (NF-κB) and pro-

inflammatory mediators. TRP is metabolized to 5-hydroxytryptophan (5-HTP) by tryptophan hydroxylase (TpH), then decarboxylated to 5-

hydroxytryptamine (5-HT) by aromatic amino acid decarboxylase (AAAD), and to melatonin involved in sleep regulation, other cyclical bodily activi-

ties, and circadian rhythm. TRP is metabolized through the kynurenine (KYN) pathway by indoleamine-2,3-dioxygenase (IDO), KYN is further

metabolized to either neuroprotective kynurenic acid (KnA) or neurotoxic quinolinic acid (QA). Dietary fibers are metabolized by some bacteria spe-

cies from the gut microbiota to generate short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate, where acetate and propionate bind

to G protein-coupled receptors (GPR41) and GPR43, which can modulate inflammation, and butyrate binds to GPR109A, suppressing NF-κB and inhi-

bition of histone deacetylase (HDAC), lipopolysaccharide (LPS), and increasing the synthesis of zonulin for preventing gut permeability.
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cytokines; therefore there is an increased risk of cardiovascular complications (DeGruttola et al., 2016). The BBB per-

meability and neuron myelination are also impaired in this case, which causes part of the neurological symptoms which

is seen in some Covid-19 patients (Anderson & Reiter, 2020). The interactions of the human gut microbial flora with

probiotics are far more intimate, as they facilitate an orchestrated symphony that determines the physiological, immuno-

logical, metabolic, and behavioral development that can influence future disease susceptibility (Daliri & Lee, 2015).

Probiotics have also been considered in past decades as an alternative therapy for inflammatory bowel disease as they

exhibited good efficacy when used as adjuvants for treating ulcerative colitis (Furrie et al., 2005; Shen et al., 2018).

The use of probiotic cultures excludes potentially pathogenic microorganisms and reinforces the body’s natural defense

mechanisms. The modulation of the intestinal microbiota by probiotic microorganisms occurs through a mechanism

called competitive exclusion. Pathogen exclusion through the production of antagonistic antimicrobial substrates against

pathogenic microorganisms can facilitate gut stability. This can neither be pathogenic nor trigger allergic responses

even in immunocompromised hosts, thereby serving as adjuvants to stimulate and maintain immune homeostasis.

3.1.3 Probiotic mechanism of action

One of the first evidences of the interaction between the gut microbiota and the immune system was observed in germ-

free mice, which tend to present reduced Peyer’s patches and decreased amount of regulatory T cells and T helper 17

(Th17) cells in mesenteric lymph nodes (Shi et al., 2017). This situation was fixed rapidly after the colonization of the

gut with intestinal bacteria from normal mice (Infusino et al., 2020), corroborated by further investigations which found

that the modulation of T cell differentiation in Th1, Th2, Th17 helper, or T-regulatory cells by the gut microbiota, prob-

ably as a means to immunize from or to tolerate some luminal bacteria (Infusino et al., 2020; Morais et al., 2020). It is

paramount for probiotics to reach the target site (the gut) for their biodistribution and optimal efficacy. This entails pro-

biotics to endure the gastric acidity of the stomach attributed by the presence of HCl at 37�C, resistance to pancreatic

enzymatic degradation, as well as navigate the bile in the upper digestive tract before reaching the small intestines

(Maldonado Galdeano et al., 2019). Thereafter, allow for efficient intestinal epithelial adhesion—for immune modula-

tion by enhanced damaged mucosa healing, followed by prolonged transient colonization—dictated by their adhesion

capacity to the host gut, to other bacterial cells (coaggregation), and to some extent to the same species (auto-aggrega-

tion) in order to colonize and promote immunomodulatory effects (Piwat et al., 2015; van Tassell & Miller, 2011).

Several lines of evidence show that the antiviral adjuvant property of probiotics happens by three main mechanisms:

(1) reducing the epithelium permeability by a spatial barrier, (2) reinforcement of the innate immunity in the gut

mucosa, and (3) regulating the systemic immune response with an antiinflammatory effect stimulated by increased

macrophages activity (Calder, 2020; Infusino et al., 2020). The regulation of inflammatory cytokines plays an important

role in the modulation of the immune system due to their biological effects, that is, regulation of immunity, decrease or

increase of inflammation, modulation of cell growth, and cell healing (Liu et al., 2013). Those effects are due mostly to

the decreased levels of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) and inactivation of NF-κB (Hasan et al.,

2018; Jang et al., 2019; Liu et al., 2013; Xia et al., 2018).

The complexity of the interconnectivity between probiotics and gut microbiota varies in individuals. However, one

major consensus revolves around the improvement of the barrier functions of the gut mucosa able to stimulate epithelial

cell signaling pathways—facilitated by Paneth cells responsible for the secretion of diverse antimicrobial peptides [e.g.

lysozyme, secretory phospholipase A2, defensins, defensin-like peptides (elafin and SLPI), and cathelicidins] and pro-

duction of antiinflammatory cytokines (IL-10, IL-12, IL-22, and IFN-γ). Probiotics play a pivotal role in the interaction

of intestinal epithelial cells and splenic macrophages in innate immune responses as a result of an increased expression

of the receptors toll-like receptor 2 (TLR2) and mannose (CD206) on the surface of macrophages and dendritic cells

and later stimulation of an adaptive immune response (Maldonado Galdeano et al., 2019). These results reinforce intes-

tinal and BBBs integrity by increasing gene expression of tight junction proteins, TLR, and the proteoglycan recogni-

tion proteins, leading to activation of dendric cells and monocyte chemoattractant protein 1 which consigns signals to

other immune cells, resulting in the activation of the mucosal immune system, characterized by an increase in IgA1 in

the lamina propria of the intestine, bronchus and mammary glands, and the activation of T cells that release IL-10 and

produce SCFAs for the growth of desirable microbes (Maldonado Galdeano et al., 2019).

Another mechanism of probiotics in maintaining immune homeostasis is through the production of organic acids

(acetic and lactic acids) and bacteriocins (lactacin B, bifidocin B, plantaricin, and nisin) thus inhibiting the proliferation

of pathogenic bacteria and enhancing the response of the gut-associated immune repertoire (Gaspar et al., 2018).

Skolnick and Greig (2019) and Yuan et al. (2019) have shown that some gut microbes convert guanine to queuine,

which is described as a longevity vitamin that has been reported to improve mental well-being. The induction of a
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viral/LPS-induced inflammation and subsequent compromising of BBB integrity opens up an avenue of investigation

into the role of probiotics as a treatment strategy to reverse the harmful effects of microbiotic-induced inflammation.

Most recently, work by Cui et al. (2020) revealed that some gut microbes especially lactic acid bacteria (Lactobacillus

buchneri, Levilactobacillus brevis, Lactobacillus paracasei, L. plantarum, Lactobacillus delbrueckii subsp. bulgaricus,

and L. lactis) and Bactereroides (Bacteroides fragilis) can produce gamma-aminobutyric acid (GABA), a neurotrans-

mitter that inhibits neural activity in the brain, also plays an important physiological function, such as antihypertensive,

antidepressant activities, role in behavior, cognition, and the body’s response to stress. GABA is also implicated in

enhancing immunity, relieving anxiety and menopausal syndrome, regulating blood pressure, fighting obesity, and

improving visual cortical function. However, the unregulation of GABA has been linked to depression and other mental

health problems. Individuals with fewer Bacteroides bacteria exhibited a robust pattern of hyperactivity in the prefrontal

cortex which is associated with severe depression (Bienenstock et al., 2015; Galland, 2014).

Complex, biochemical communication exists between the gut microbiome (weighing 2 kg) and the human brain

(weighing 1.4 kg) and is denoted as the gut-brain axis, involving: the CNS, hypothalamic-pituitary-adrenal axis; auto-

nomic nervous system, and gut microbiota linked to the brain, recently known as psychobiome which influences overall

immune and brain homeostasis (Sharma & Kaur, 2020). The bacteria within the gut are tantalizing sources of untapped

therapeutic potential that produce a plethora of ligands, namely glutamate (neurotransmitter), involved in cognition,

learning, and memory (Baj et al., 2019). Note that glutamate levels are suppressed in individuals suffering from anxiety

disorders and depression. The main action mechanism proposed for probiotics relies on the immune modulation towards

the restoration of health by the influence on systemic immunological and inflammatory parameters, thus enhancing

immune response and maintaining well-orchestrated immunity (Bermudez-Brito et al., 2012; Plaza-Diaz et al., 2019).

Immune gut homeostasis serves as a prerequisite for intestinal and BBB integrity which is orchestrated by the regu-

latory balance of pro- and antiinflammatory responses. During inflammation, enteroendocrine cells release IL-6 which

acts as both a pro-inflammatory cytokine and an antiinflammatory myokine; IL-7 primarily acts on T cells (i.e., lym-

phocytes, produced in the thymus, central function in an immune response) that abundantly express the IL-7 receptor

and are increased at the inflammatory sites, predominantly induces Th1 and Th17-associated cytokine secretion (Th2

cells secrete IL-4, IL-5, IL-6, IL-10, and IL-13 cytokines, which mediates the antiinflammatory humoral response and

immune suppression via the inhibition of Th1 cytokine) (Dhar & Mohanty, 2020; Pennisi, 2020). An adjunct alternative

to maintaining immune homeostasis can be through nutritional therapy which can aid in increasing immune system

responsiveness. Likewise, it is also imperative to be aware of the type of food we consume over time, as in the lamina

propria, probiotic functions involve the action of T helper (Th) and regulatory T (Treg) cells (Kim et al., 2018). IL-1β
and IL-1α interleukins are prototypical pro-inflamed cytokines that perform pleiotropic functions on different cells and

play a major role in acute, chronic, and autoimmune disorders. A probiotic formulation (L. rhamnosus, B. lactis, and

B. longum) have demonstrated a significant increase in IL-10 and a decrease in inflammatory mediators (IL-1β and

IL-6) (Sichetti et al., 2018).

Lactobacillus gasseri strains (SBT2055, TMC0356, and OLL280) have been reported to activate the human dendritic

cells through an increase in the secretion of IFN-γ and IL-12 towards Type 1 T-helper polarization (Th1) responses,

thereby promoting immunity against infections and other diseases attenuated by the expression of pro-inflammatory cyto-

kines (Kumar et al., 2019; Nishihira et al., 2016) Probiotics can enhance the host defense system by increased expression

of myxovirus resistance protein (Mx1) and 20-50 oligoadenylate synthetase 1 A, for antiviral immunity and IgA secretion,

collaborating in maintaining immune homeostasis and surveillance by providing protective humoral and cellular immu-

nity (Lemme-Dumit et al., 2018; Maldonado Galdeano et al., 2019). Additionally, probiotics have the ability to reduce

purine in foods and beverages, which is essential to viral RNA synthesis during viral infections.

Moreover, in vitro investigations demonstrated that some probiotic strains (i.e., L. paracasei, L. plantarum, and

L. rhamnosus) are able to inhibit the release of pro-inflammatory cytokines IL-6, IL-8, and prostaglandin E2 by human

monocytes, and in macrophages, which modulate the production of TNF via activation of signal transducer and activa-

tor of transcription 3 and, consequently, inhibition of JunN-terminal kinases activation (Azad et al., 2018). IL-22,

MAPK, and NF-κB are downregulated by various probiotics in dendritic cells, while antiinflammatory cytokines such

as IL-10 are upregulated in Wistar rats with edema in the paws, with a significant improvement in the paw inflamma-

tion (de Moreno de Leblanc et al., 2011; Ding et al., 2017; Llewellyn & Foey, 2017). These findings were further sup-

ported by results reported by Dargahi et al. (2019) and Sichetti et al. (2018). They revealed that the administration of a

probiotic formulation (L. rhamnosus, B. lactis, and B. longum) led to increased production of IL-10 and decreased pro-

duction of IL-1 and IL-6 in cultured macrophages.

Various inflammatory markers (i.e., iNOS, COX-2, TNF, NF-κB, IL-6, and phosphorylated Akt) were found to

decrease after the administration of probiotics in some colitis models, while there was upregulation of IL-10 and nitric
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oxide (Nanau & Neuman, 2012). Pro- and antiinflammatory markers were also modulated by probiotics in multiple

sclerosis in vivo models, with a decreased autoreactive response from T cells contributing to the improvement in the

condition (Akour, 2020). The inhibition of H1N1, HIV, rotavirus, and gastric corona by bacteria from Lactobacillus

family has already been observed experimentally. As mentioned above, these bacteria typically secrete metabolites such

as butyrate, acetic acid, lactic acid, and plantaricin, which demonstrated to enhance antiviral immunity (Anwar et al.,

2020). Lactobacillus lactis has shown antiviral activity against influenza viruses by stimulating plasmacytoid dendritic

cells via activation of TLR 9 (TLR9), which leads to an increased interferon expression and consequent antiviral immu-

nity enhancement. Similarly, the production of interferons was augmented after the administration of L. gasseri in mice

bearing respiratory syncytial virus, with a consequent decrease in the viral titer.

3.1.4 Probiotic interlink with immunization efficacy

The therapeutic effects of probiotics have been mostly studied in the gastrointestinal tract. Modulation of the gut-brain

by probiotics has been suggested as a novel therapeutic solution for anxiety and depression. Studies have described the

potential therapeutic effects of probiotics and the possible mechanisms of action to prevent and/or treat chronic airway

diseases (Martens et al., 2018). Most recently compelling evidence has demonstrated that gut microbiota may influence

blood pressure, and, therefore, may be important for people with hypertension. As the composition of the gut microbiota

is imperative to maintain intestinal immunity and whole-body homeostasis, it is not surprising that several diseases,

such as hypertension, are associated with dysbiosis. The most probable mechanism evolved in the influence of the

microbiota on blood pressure is related to its influence on host-cell physiology through bacterial metabolic products or

wall components. Consequently, these bacteria are able to control adiposity and inflammatory response, interacting with

epithelial and dendritic cells of the gut, which are paramount for innate and adaptive immunities (Robles-Vera et al.,

2017). Probiotics may be very useful for lowering cholesterol, improving atherosclerosis, or attenuate myocardial hyper-

trophy. Probiotics release bioactive peptides (like angiotensin-converting enzyme inhibitory peptides) when food pro-

ducts are being fermented that help with blood pressure regulation. A study evaluated nine controlled clinical trials

about the influence of probiotics in blood pressure and concluded that it helps to lower systolic and diastolic blood pres-

sure, especially with the ingestion of multiple species of probiotics for more than 8 weeks (Dong et al., 2019; Sabico

et al., 2019).

3.1.5 Clinical translation of probiotic investigation

Albeit there are a number of probiotics in the market that are not effectively regulated by global regulatory authorities

such as the FDA, WHO, etc. Probiotics research is still in its infancy with more clinical studies and investigations con-

ducted to determine the health benefits, validity, and safety of probiotics as a function of improving “biomarker defi-

ciency” data. Their effectiveness varies due to limited regulatory frameworks in place to monitor their efficacies. For

example, probiotics L. reuteri NCIMB 30242 LRC, superstrain L. acidophilus DDS-1, B. lactis UABla-12, L. gasseri

BNR17, and L. plantarum PPLP-217 (UAS Labs, USA; Micropharma, Canada) has been on the market as the first rec-

ognized biomarker of hypercholesterolemia and obesity by lowering cholesterol and sterol absorption, in human trials,

however, there is mixed inconsistency in the outcomes.

Among the most common diseases that affect children, urinary tract infection (UTI) is detrimental because it can

lead to severe conditions such as kidney ulcers or renal failure (Leung et al., 2019; Rostami et al., 2018). UTI is usually

treated with antibiotics and researchers have found that probiotics may play an important role as a complementary ther-

apy, thus increasing the effectiveness of the medication and preventing the incidence of UTIs (Rostami et al., 2018).

Probiotic supplementation has also been demonstrated to play a positive impact on the treatment of depression symp-

toms, improving mood and cognition conditions. Major depressive disorder (MDD) is associated with high levels of

pro-inflammatory cytokines (IL-6 and TNF-α) which causes several comorbidities and inflammatory conditions like

rheumatoid arthritis, multiple sclerosis, and coronary heart disease, among others (Köhler et al., 2017). Furthermore,

studies have shown that conventional antiinflammatories have antidepressant effects in patients, and those conventional

pharmacotherapies such as selective serotonin reuptake inhibitors also have antiinflammatory properties. Inflammation

may be associated with resistance to depression treatment (Bron et al., 2017; Miller et al., 2012). Accordingly, probio-

tics can act as an adjuvant in antidepressant treatment by reducing inflammation (Vlainić et al., 2016). Probiotics also

help with metabolic complications such as obesity and diabetes which are associated with high levels of peripheral

inflammatory markers and, consequently, related to mood and cognitive illnesses (Akbari et al., 2016).
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TABLE 3.1 Clinical trials focusing on the role of probiotics in various diseases.

S. no Clinical trial title Trial no. Probiotic formulation Outcome References

1 Effect of probiotic
administration on gut
flora composition

NCT03330678 VSL#3 capsule
(a mixture of eight
species—
S. thermophilus,
B. breve, B. longum,
B. infantis,
L. acidophilus,
L. plantarum,
L. paracasei, and
L. delbrueckii)

Reduction in circulating
Th17 cells, and
monocyte-derived
cytokines in response to
LPS stimulation.

Singh et al.
(2018)

2 The effect of probiotic
capsule supplementation
on severity depression
among patients with
major depressive disorder
(MDD) under treatment
with citalopram

IRCT2014060717993N1 Probiotic capsules
containing strains of
L. acidophilus, L. casei,
and B. bifidum

Significantly lower Beck
Depression Inventory
scores in comparison to
those who received the
placebo. Reductions in
inflammatory markers
like serum insulin and
serum hs-CRP were also
observed in these
patients

Akkasheh
et al. (2016)

3 Effect of probiotic
supplementation on
endothelial function

NCT01952834 GoodBelly probiotic
(a mixture of
L. Plantarum 299 v
(Lp299v)., B. lactis Bi-
07, and L. acidophilus)

Men with
stable coronary artery
disease improved
vascular endothelium
dilation and reduced
systemic inflammation
attributed to reduction in
cytokine (IL-8 and IL-12)
expression and leptin, a
biomarker of
cardiovascular risk, the
peptide circulates the
bloodstream, and is
responsible for regulating
energy balance and
signals to the
hypothalamus in the
brain.

Malik et al.
(2018)

4 Effect of probiotics on
gut-liver axis of alcoholic
liver disease

NCT01501162 Lactowell whey
permeate (L. subtilis/
S. Faecium)

Intestinal flora
restoration and microbial
LPS improvement in
patients with alcoholic
hepatitis, thus revealing
the therapeutic effect of
probiotics on the gut-
liver axis of ALD disease.

Han et al.
(2015)

5 Safety of BB-12
supplemented strawberry
yogurt for healthy
children

NCT01652287 B. lactis strain BB-12
(BB-12)-supplemented
yogurt

No significant
differences between the
treatment and control
group, suggesting that
BB-12 is safe and well-
tolerated when
consumed by healthy
children.

Merenstein
et al. (2011)

(Continued )
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Albeit microbiota composition varies from person to person, there is evidence that alteration in the enterotype of

individuals with MDD, contributing to the biosignature of this condition. For example, it was found that patients with

MDD present increased levels of Bacteroidetes, Proteobacteria, and Actinobacteria beyond a bigger bacterial diversity

and decreased level of Firmicutes (Akkasheh et al., 2016; Jiang et al., 2015). Several studies point that the restoration

of the microbiota may be related to the reduction of peripheral inflammation. This is due to the action of probiotics in

the composition of the intestinal microbiota which are responsible for their antiinflammatory effects. Reducing stress-

induced inflammation, obesity-and-diet-induced-inflammation and intestinal permeability are other benefits of probio-

tics (Lobionda et al., 2019; Miller & Raison, 2016; Vlainić et al., 2016). In the US, probiotics are rarely prescribed by

physicians; however, probiotics are marketed as dietary supplements, and manufacturers suggest use while their rele-

vance has not yet been established. The US and European government agencies remain concerned about the effective-

ness and safety of probiotics. Tables 3.1 and 3.2 shows some of the probiotic clinical trials conducted for various

diseases and Covid-19 listed on the WHO’s International Clinical Trials Registry Platform.

TABLE 3.1 (Continued)

S. no Clinical trial title Trial no. Probiotic formulation Outcome References

6 Impact of emergency
department probiotic
(LGG) treatment of
pediatric gastroenteritis

NCT01773967 L. rhamnosus GG (ATCC
53103/LGG)

No significant outcomes
between the ATCC
53103/GG group and
those who received
placebo.

Schnadower
et al. (2018)

7 Efficacy of Lactobacillus
GG with diosmectite in
treatment children with
acute gastroenteritis

NCT01657032 Schnadower
et al. (2017)

8 Efficacy and safety study
in the prevention of
antibiotic-associated
diarrhea (AAD) and
Clostridium difficile-
associated diarrhea
(CDAD) in hospitalized
adult patients exposed to
nosocomial Infection

NCT00958308 BIO-K1CL-1285
(mixture of
L. acidophilus CL1285
and L. casei LBC80R)

BIO-K1CL-1285 was
well tolerated and
effective for reducing risk
of AAD and, in
particular, CDAD in
hospitalized patients on
antibiotics

Gao et al.
(2010)

9 Role of probiotics in
recovery of children with
severe acute malnutrition
(SAM)

ISRCTN16454889 B. animalis subsp. lactis
BB-12 and L. rhamnosus
LGG

No effect on diarrhea in
children with SAM

Grenov
et al. (2017)
and Lanyero
et al. (2019)

10 Effect of probiotics (Bio-
Three) in children’s
enterocolitis

NCT00463190 Bio-Three (Bacillus
mesentericus, S. faecalis
and Clostridium
butyricium)

Bio-Three reduced the
severity of diarrhea and
hospital stay in children
with acute diarrhea. In
addition, cytokines IL-10,
IFN-γ, and IL-12 were
upregulated and TNF-α
was downregulated in
the probiotic group
compared to the placebo
group.

Chen et al.
(2010)

11 The probiotic
Bifidobacterium breve
strain BBG-01
administrated early to
preterm infants to
prevent infection,
necrotizing enterocolitis,
and death

ISRCTN05511098 B. breve BBG-01 No evidence of benefit
for routine use of
B. breve BBG-001 for
prevention of necrotizing
enterocolitis and late-
onset sepsis in very
preterm infants

Costeloe
et al. (2016)
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A study by Nishihira et al. (2016) evaluated the efficacy of drinkable yogurt containing 13 109 CFU/100 g of

L. gasseri strain SBT2055 (LG2055) in stimulating immunoglobulin production and innate immunity for influenza

vaccine-specific antibody responses after trivalent influenza [A/California/7/2009(X-179A)(H1N1)pdm09, A/New

York/39/2012(X-233A)(H3N2), B/Massachusetts/2/2012(BX-51B)] vaccination in healthy adult volunteers against

influenza viruses A/H1N1 and B; the control group receiving the placebo (drinkable yogurt without LG2055). LG2055

(Megmilk Snow Brand Co., Ltd., Tokyo, Japan) has been reported to lower the fecal Staphylococcus population and

p-cresol concentration (cholesterol-lowering effect in humans with mild hypercholesterolemia), and prevent abdominal

adiposity in rats and humans. LG2055 was also found to confer a protective effect against influenza A virus infection

through the induction of antiviral genes by type I IFN signaling and IgA production in the mouse small intestine.

This compelling evidence raises the possibility that administration of LG2055 may enhance both innate and adaptive

immunity. Results from the study demonstrated that the administration of LG2055 increased hemagglutination inhibi-

tion titers and the rate of seroprotection against influenza viruses A/H1N1 and B after vaccination, in addition to ele-

vated levels of total IgG and IgA in plasma and sIgA production in saliva as compared with the control group that

received the placebo. Furthermore, LG2055 was found to enhance natural killer cell activity and myxovirus resistance

A gene expression, which is one of the antiviral genes stimulated by type I or type III interferons in peripheral blood

mononuclear cells. Recently, some clinical trials have shown that the administration of probiotics can prevent

TABLE 3.2 Role of probiotic in Covid-19.

S. no. Clinical trial title Trial no. Probiotic formulation Aim of the study

1 Evaluation of the
complementary effect of
symbiotic adjuvant on
inflammatory markers and
clinical manifestations in
patients with Covid-19

IRCT20200923048815N1 Two lactocar brand synbiotic
adjuvant capsules

Evaluation of the treatment
inflammatory markers (CRP,
ESR, IL-6, CBC) and clinical
prognosis before and 8 weeks
after treatment in patients
with Covid-19

2 Effects of Lactocare synbiotic
against Covid-19 infection in
the staff of emergency
department

IRCT20101020004976N6 Lactocare synbiotic capsule Evaluate the effects of
Lactocare synbiotic against
Covid-19 infection

3 Study for the application of
novel coronavirus pneumonia
(Covid-19) intestinal tract
toxicity in diagnosis and its
prognostic effect

ChiCTR2000032686 Rifximine intervention versus
probiotic intervention

Monitor the influence of
treatment on changes of
microbiota, virology and
metabolomics

4 Stress-reduction using
probiotics to promote ongoing
resilience throughout Covid-
19 for healthcare workers: A
randomized placebo-
controlled trial

ACTRN12620000480987 L. rhamnosus N001 To monitor mental health of
nurses using the Perceived
Stress Scale to evaluate their
psychological stress level,
cognitive function and
behavior during the Covid-19
pandemic

5 Oxygen-ozone as adjuvant
treatment in early control of
Covid-19 progression and
modulation of the gut
microbial flora
(PROBIOZOVID)

NCT04366089 SivoMixx composition
(S. thermophiles)
DSM322245, B. lactis DSM
32246, B. lactis DSM 32247,
L. acidophilus DSM 32241,
L. helveticus DSM 32242,
L. paracasei DSM 32243,
L. plantarum DSM 32244,
L. brevis DSM 27961

To evaluate effectiveness of
oxygen-ozone therapy
accompanied by probiotics
supplementation for
preventing the progression of
Covid-19

6 Efficacy of L. plantarum and
P. acidilactici in adults with
Covid-19

NCT04517422 L. plantarum CECT7481,
L. plantarum CECT 7484,
L. plantarum CECT 7485, and
P. acidilactici CECT 7483

To evaluate safety and
efficacy of the probiotics to
reduce gastrointestinal Covid-
19 severity and modulate the
levels of IgG/IgM
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ventilator-associated pneumonia in patients with Covid-19, but the effectiveness in reducing deaths in these patients has

yet to be proven. Table 3.2 reviewed some of the registered clinical trials focused on the role of probiotics in Covid-19.

A targeted approach to the modulation of the intestinal microbiota of patients with Covid-19 in order to define the treat-

ment with the appropriate probiotic is necessary (Kalantar-Zadeh et al., 2020; Sundararaman et al., 2020).

3.2 Conlusion

The gut microbiota functions as a motherboard for overall immune homeostasis and gut dysbiosis is linked to a variety

of inflammatory diseases and disorders. Probiotics have been shown to restore gut dysbiosis to main immune homeosta-

sis; however, biomarker deficiency data is limited to determine the health benefits, validity, and safety of probiotics as

a function of improving immunity against infections. Probiotics might be useful in regulating and enhancing immune

response through antiinflammatory cytokines, improve gut barrier function by antagonistic effects against pathogens

bacterial strains as a result of gut dysbiosis including patients with Covid-19. The race for an effective and safe Covid-

19 vaccine has been on everyone’s radar worldwide. Expert virologists believe that a single dose alone would not be as

effective for prolonged immunity against the virus. This is true for patients with immunosenescence; thus, the older the

person becomes, the more susceptible to infections they are. In addition, immunization by vaccines is also impaired.

Vaccination is an adaptive immunity through the expression of antigen-specific antibodies and cytotoxic T cells in the

most effective mechanism to prevent viral infections. As demonstrated by previous influenza vaccination, immune

responses are different in individuals, weakened by specific lifestyle attributes, such as obesity, stress, and smoking

cigarettes which ultimately influences overall immune homeostasis. Probiotics that activate both the innate and adaptive

human immune responses are imperative, especially amid the Covid-19 vaccination paradigm; it is paramount to

explore any other effective intervention strategies such as probiotics as an adjuvant synergistic approach for a more

effective and beneficial prolonged antibody defense against the coronavirus and future pandemics. Therefore, probiotic

supplementation can serve as armament against infectious pathogens, such as viruses, and can be included in a patient’s

dietary nutrition, especially since it has been demonstrated that long-term probiotics consumption does not affect the

intestinal homeostasis.
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