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Abstract Inrecent decades, probiotics have shown beneficial effects on animal and
human health. Probiotics can protect the host against several health threats, includ-
ing infectious diseases. Before 1995, researchers believed that the effect of probiot-
ics was only on gut microbiota which can restore the gut flora and thus prevent
pathogenic bacteria from triggering gastroenteritis. Recent studies have shown that
the immunomodulatory activity is the most important mechanism of action of pro-
biotics. From this information, researchers started to evaluate the effect of some
immunobiotics, not only on pathogenic bacteria but also on viruses, including
enteric and respiratory viruses. Several studies have confirmed the potential antivi-
ral activity of some probiotics due to the immunomodulatory effect. These studies
were conducted on humans (clinical trials) and in animal models. In this chapter,
probiotics with antiviral effect against respiratory and enteric viruses will be pre-
sented and discussed, as well as their mechanisms of action.
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Antimicrobial peptides
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Bacterial cell suspension
Bacteriocin-like inhibitory substances
Coxsackievirus type A strain 16
Colony-forming unit
Crandell-Reese feline kidney
Clinical trials

Neutrophil chemokine
Double-layered particle
Enteric viruses

European Union

Enterovirus 71

Enteroviruses

Human gastrointestinal tract
Generally recognized as safe
Histo-blood group antigens
Hand, foot, and mouth disease
Human rotavirus vaccine
Infectious diseases
Interferon-o

Immunoglobulin A
Interleukin 10

Interleukin 12

Interleukin 17

Interleukin 2

Interleukin 6

Interleukin 8

Influenza virus type A

Lactic acid bacteria
Lipopolysaccharide
Mamastrovirus

Mouse mammary tumor virus
Murine noroviruses

Natural killer cells
Non-ribosomal peptide synthetase
Nonstructural protein
Noroviruses

Poliovirus receptor

Rice bran

Reactive oxygen species
Rotaviruses

Randomized single-blind controlled trial
Respiratory syncytial virus



1.1  Overview 3

RTIs Respiratory tract infections

RVs Respiratory viruses

TGEV Transmissible gastroenteritis virus
TGFp Transforming growth factor beta
TLR Toll like receptors

TNF-a Tumor necrosis factor alpha
VLPs Viruslike particles

VP Viral protein

VPI Viral protein 1

1.1 Overview

Respiratory infections and gastroenteritis constitute the major causes of mortality
and morbidity worldwide, both in developing and developed countries [1]. Despite
the widespread adoption of vaccines strategies, some pathogens remain a threat to
public health worldwide. The US National Institutes of Health (NIH; Bethesda,
MD, USA) declared the emergence of 16 new infectious diseases, six of which have
been considered reemerging infections [2]. In the United States of America (USA),
mortality caused by infectious diseases (IDs) was amounted to 170,000 deaths in
2000 [3]. An increase in immunocompromised patients plays a crucial role in the
emergence and/or reemergence of IDs; therefore, post-infection complications can
lead to death. Public health is faced with two major obstacles to eradicating IDs: (1)
Antibiotic therapies, which have been saving infected patient for several years.
Unfortunately, the rapid emergence of resistant bacteria is occurring worldwide,
endangering the efficacy of antibiotics, which have transformed medicine and saved
millions of lives [4]. (2) The lack of antiviral agents against infectious viruses,
which leads to a high treatment level between populations even in the presence of
some vaccines covering a few virus types [5]. Several strategies have been devel-
oped to overcome this crisis, e.g., (i) the use of bacteriophages as antibacterial
agents [4], (ii) the extraction and purification of antimicrobial peptides [6], and (iii)
the prevention of IDs by using vaccines and/or recombinant vaccine strategies [7].
Preventing infectious diseases occurring seems to be the perfect method of avoiding
ID complications, since all of the abovementioned strategies have inconveniences
such as side effects and stability in the host.

Immune system boosting is the essential key factor in ID prevention. Dietary
balance in meals, administration of supplements such as fiber, and probiotics are
three methods to enhance and stimulate the immune system, thus protecting the
mucosa against the entry of pathogens. Probiotics have demonstrated their capacity
to stimulate and modulate the immune system [8]. In addition to the antibacterial
activity of probiotics, some strains showed an effective antiviral activity which can
be a solution to the lack of antiviral agents [9].

In this chapter, we focus on probiotics which have been shown to be effective as
antiviral agents against respiratory and enteric viruses. In addition, we give details
of some clinical trials and both in vitro and in vivo experiments which have con-
firmed this efficacy.
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Fig. 1.1 Potential functions attributed to LAB probiotics [5]

1.2 Part I-A: Probiotics and Respiratory Infections

1.2.1 Introduction

Lactic acid bacteria (LAB) can be found in many ecosystems, including human and
animal flora. LAB, as well as their metabolites such as bacteriocins, are generally
recognized as safe (GRAS) [10]. The antibacterial activity of probiotics has been
confirmed in a large number of research studies. This activity may occur through
several mechanisms: (1) Pathogens exclusion: probiotic strains have a high affinity
for adhesion to epithelial cells. Thus, probiotics will saturate the receptors and exert
a barrier effect against the pathogens involved in infections. (2) Nutrient competi-
tion: probiotic strains can ingest many essential molecules, and consequently patho-
gens cannot grow in this ecosystem. (3) Production of antimicrobial compounds,
such as lactic acid, hydrogen peroxide, bacteriocin-like inhibitory substances
(BLISs), NRPS, and bacteriocins [11-13] (Fig. 1.1).

In addition to food applications, the use of LAB is growing, in particular as probiot-
ics for controlling, for example, gastroenteritis, inflammatory pathologies of the diges-
tive tract [14, 15] and to stimulate the local and systemic immune response [16, 17].

In recent decades, some probiotics have shown an antiviral activity and several
mechanisms have been demonstrated. In respiratory tract infections (RTIs), the
majority of probiotics can inhibit the most important respiratory viruses (RVs) by
immunomodulatory mechanisms [18] (Fig. 1.2). This antiviral mechanism might be
explained due to the entry routes of RVs. RVs infect the mucosal cells of the RT, and
for this reason, probiotic strains and their antimicrobial compounds cannot directly
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Fig. 1.2 Suggested mechanisms of antiviral probiotics against respiratory viruses. This figure
shows the antiviral mechanisms of some probiotic strains used against viral respiratory infec-
tions. Although there is a difference between the probiotic colonization ecosystem and the target
RV ecosystem, several studies have showed that there is a relationship between gut microbiota
and other tissues. Probiotics can inhibit viruses and/or help the immune system defend itself
against RVs. First, the RVs interact with the respiratory epithelium, which generates an innate
immune response by activating the IFN signaling and other proinflammatory cytokines. Once
cytokines have been secreted, macrophages and NK cells will be recruited to phagocytize and kill
both viruses and viral-infected cells. To trigger a specific immune response, the immune system
needs proinflammatory cytokines, energy, and some cofactor elements. Hence, probiotics can
provide some elements to boost the immune response: A. Probiotics interact with the gut epithe-
lium and are recognized by intestinal DCs (IDCs); this interaction results in the production of
IL-12 and IFNy by IDCs, which can modulate both the respiratory and gut immune response. B.
Secretion of IFNy and IL-12 by intestinal DCs; these two proinflammatory cytokines have dual
functions: IFNy and IL-12 can circulate in the bloodstream to reach the respiratory epithelium
and therefore help alveolar macrophages and NK cells eliminate RVs. C. The proinflammatory
cytokines (IFNy and IL-12) secreted in the gut ecosystem after colonization of some probiotic
strains help the immune system to generate a specific Th1/Th17 immune response; the number of
CD4+ and CD8+ increases and becomes more efficient. In addition, CD4+ will secrete IL-17,
which enhances the innate immune response. D. Some probiotic strains, via induction of IFNy
and IL-17 production, can stimulate the overexpression of innate immunity-related genes such as
the overexpression of TLR7, even in the lung. This overexpression of TLR7 amplifies the innate
immune responses. E. Probiotics can help B lymphocytes differentiate and become plasma cells,
which can secrete specific sIgA. In our case, some studies showed the impact of some probiotics
in increasing sIgA in lung tissues. However, until now there is no explanation of the real mecha-
nisms of how intestinal probiotics can help secretion of sIgA which are specific to elimination of
RVs. This effect can be explained by the capacity of some probiotics to enhance cytokine produc-
tion, which can improve the rapid differentiation of B lymphocytes to plasma cells in lung
tissues.
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interact with viruses by physical contact. Probiotic strains can finally reduce or erad-
icate virus infectivity by immunomodulatory activity, which has led scientists to call
them “immunobiotics” [19]. In this chapter, the majority of anti-RV probiotics will
be mentioned with other information, such as the source of probiotic strain, target
virus, experimental model, and mode of antiviral activity (Table 1.1).

1.2.1.1 Lactobacillus Probiotic Strains in Viral Respiratory Infections

Lactobacillus is the most studied genus of anti-RVs probiotics, followed by the
Bifidobacterium genus. It was reported that Lactobacillus plantarum L-137 (L.
plantarum 1L-137) isolated from fermented foods showed proinflammatory activity
which can decrease the titer of influenza virus type A (IVA-HIN1) in mouse lungs
[20]. Another strain, L. plantarum YU, isolated from Japanese fermented foods,
showed anti-HINT1 activity by activating the Th1 immune response [22].

Recently, several studies have reported that L. plantarum species reduce the
signs of influenza-like symptoms and even increase body weight and survival rate
in a mouse model [21, 23, 24]. In addition, mice infected by a lethal pneumovirus
survived when they were protected using a combination of two lactobacilli strains,
L. plantarum NCIMB 8826 isolated from human saliva and L. reuteri F275 iso-
lated from the human gastrointestinal tract (GIT) [25]. It has not been reported that
L. plantarum probiotic strains were assessed in a human experimental model,
which may be due to the undesirable acid or metabolites secreted by this species.

L. rhamnosus strains are the most important probiotics for human applications.
Furthermore, the majority of L. rhamnosus strains are immunobiotics, due to their
ability to stimulate and enhance the host immune system. In animal experiments, L.
rhamnosus GG (LGG), a famous probiotic strain, was evaluated and showed an
anti-influenza virus activity on intranasal and oral administration [26, 27].

In mice infected with respiratory syncytial virus (RSV), heat-killed L. rhamno-
sus CRL1505 and CRL1506 showed a good inhibitory effect and increased the body
weight of mice [34]. These two strains were considered good immunobiotics in
RSV infection due to their IFN-o stimulation, which decreases the viral load in
mouse lungs [34]. The majority of clinical trials in children were performed using
LGG [28, 29]. LGG reduces the number of upper and lower viral RTIs in children,
reduces the days of absence from daycare and decreases antibiotic use [28]. The
administration route of LGG in clinical trials in children was often by drinking
probiotic-inoculated milk [28, 30-32].

The antiviral activity of LGG was also assessed in adults and the elderly. Several
clinical trials were conducted in order to improve the beneficial effect of this strain
in the treatment and prevention of viral infections. Kekkonen et al. studied 141
marathon runners (22-69 years old) who drank two bottles of milk daily. The
probiotic group drank a milk inoculated with LGG (4.10!° CFUs). The results
showed that the ingestion of LGG did not decrease RTI episodes or the severity of
symptoms [33]. However, the combination of LGG with Bifidobacterium animalis
ssp. Lactis Bb12 (B. animalis ssp. Lactis Bb12) decreased the duration and symp-
tom severity of URTTs significantly [62].
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Lactobacillus casei (L. casei) is a beneficial bacterium found naturally in both
the mouth and intestines of humans. L. casei may be found in “raw or fermented
dairy and fresh or fermented plant products” [63].

L. casei Shirota (LcS) is the major probiotic strain among this species. This
strain has been isolated from mouth flora [64]. The intranasal administration of LcS
in HIN1-infected mice showed a decrease in the viral titer in a nasal wash. Moreover,
LcS increases the secretion of antiviral cytokines such as interferon alpha (IFN-a).
Furthermore, LcS stimulates the innate immune response [35]. LcS has shown an
immunomodulatory activity against RVs. However, in clinical trials, in particular in
the elderly group, LcS has shown insignificant results in comparison with the pla-
cebo group [65, 66].

Another probiotic strain, L. casei DN-114,001, showed good antiviral activity in
clinical trials. L. casei DN-114,001 was evaluated in children, adults, and the elderly
in separate studies. In children clinical trials, L. casei DN-114,001 decreased the
symptoms and duration of RTIs significantly [36, 37]. In the adult and elderly
groups, the administration of L. casei DN-114,001 decreased the duration of RTIs
and common infectious diseases (CIDs) [38—40, 67].

L. paracasei, in particular L. paracasei ssp. Paracasei (Lpp), was evaluated for
its antimicrobial activity in animal models [24, 41]. After oral administration in
mice, the Lpp 06Tcal9 and Lpp 06Tca22 strains, isolated from fermented camel
milk, showed a significant decrease in TNF-a in bronchoalveolar lavage fluid
(BALF). This effect led to an increase in the mice’s survival and a decrease in the
macrophage and neutrophil concentrations in BALF [41].

L. fermentum is a species which can be found in human and animal flora [68]. This
species is usually used as a probiotic in humans. In RTTs, L. fermentum was evaluated
in both human clinical trials, in particular in children and adults [45, 46], and in
animal models in order to investigate the mechanism of viral inhibition [42, 43].
L. fermentum-1 and L. fermentum CJL-112 were assessed in HIN1-infected mice.
The results have shown an important reduction in the viral load, with high stimulation
of IgA and I1-12 secretion which allows an increase in the mice’s survival [42, 43].

L. fermentum CECT5716 was evaluated only in human clinical trials [44, 45].
Two hundred and fifteen healthy infants (6 months old) took 2.10® CFUs/daily with
galactooligosaccharides as prebiotics. This trial showed a significant decrease in the
incidence of URTIs and LRTTs in infants [44]. L. fermentum VRIO03 and L. fermen-
tum PCC are two probiotic strains which showed a significant decrease in the dura-
tion of RTI symptoms in healthy, physically active adults. However, these two
strains did not reduce the incidence of RTIs [46, 47].

L. acidophilus is a famous probiotic strain used in pharmaceutical supplements
[69]. A few studies evaluated the antiviral activity of L. acidophilus, because this spe-
cies is usually used for gastrointestinal problems [47, 60]. All antiviral clinical trials
used in humans were conducted using a combination formula with other probiotic
strains, while one animal experiment was conducted using L. acidophilus 1.-92, iso-
lated from a healthy Japanese volunteer, which showed an anti-IFV A (HIN1) activity
by increasing active NK cells in lungs. Moreover, L. acidophilus 1-92 showed an
increase in IFN-a secretion [48].
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L. salivarius resides in the mouth and small intestine. It mainly plays a role in pro-
tection against several kinds of pathogens [70]. Sixty-six endurance athletes partici-
pated in a clinical trial; 33 of them have taken 2.10'° CFUs of L. salivarius probiotic
strains daily for 16 weeks, while the control group (n =33) took a placebo. The results
showed a nonsignificant change in comparison with the placebo group [49]. These
results can lead to the conclusion that the influence of probiotics in RTIs could be
directly related to the species or to a new characteristic presented in a specific strain.

L. brevis KB-290 (isolated from a traditional Japanese pickle called “suguki”), L.
gasseri TMCO0356 (isolated from the intestine of healthy adults), L. pentosus S-PT84
(isolated from Kyoto pickles), and L. pentosus b240 (isolated from fermented tea
leaves) are probiotic strains evaluated in mouse model experiments [27, 50-52].
These strains showed a strong anti-IFV activity, in particular against the HIN1
strain. The anti-HIN1 activity of L. brevis KB-290 was reported to increase IFN-o
and IgA secretion in mouse lungs after oral administration of this strain [50]. The
oral administration of L. gasseri TMC0356 in intranasally H1N1-infected mice
showed a positive effect on influenza symptoms. L. gasseri TMC0356 can decrease
the viral titers by interacting with the intestinal immunity system, in particular in
Peyer’s patch, resulting in high production of IL-12, IL-6, IFN-c, and IgA [27]. Kiso
et al. reported that the oral administration of L. pentosus b240 increased protection
in mice against a lethal dose of HIN1. The primary mechanism of this effect was by
upregulation of antiviral genes such as Egrl (a critical regulator of host inflamma-
tory chemokines) and Rsad2 (an interferon-stimulated gene (ISG)) [52]. Izumo
et al. reported a new antiviral activity mechanism in a mouse experimental model
infected by the HINT strain. They showed that the antiviral activity was created by
activation of lung NK cells after intranasal administration of L. pentosus S-PT84 in
BALB/c mice. Moreover, this strain can increase the production of IFN-a and IgA
and decrease the allergic reaction by modulating the Th1/Th2 balance [51].

1.2.1.2 Bifidobacteria Probiotic Strains in Viral Respiratory Infections

Bifidobacterium is a very important bacterium in animal and human flora. This
genus has beneficial effects for the host, and it was used for the first time as a com-
mercial probiotic [71]. Bifidobacteria promote good digestion, boost the immune
system, and inhibit almost all intestinal pathogens [72].

In viral RTIs, the bifidobacterial strains were used in combination in several
human clinical trials to assess antiviral activity and investigate the mechanism of
such activity [55, 60]. The combination was conducted using lactobacilli probiotic
strains [28, 58, 60]. In a few studies, the antiviral mechanisms of bifidobacteria were
investigated in animal models, in particular mouse experiments.

Bifidobacterium longum (B. longum) BB536, isolated from Japanese healthy
infants, showed an anti-IFV A/PR/8/34 (HIN1) activity after oral administration for
2 weeks before infection. This antiviral activity was created by decreasing
proinflammatory cytokines, such as IFNy and IL-6, in BALB/c mice. Furthermore,
this strain showed the capability to significantly decrease the symptom score and
body weight loss [53]. In another BALB/c mouse experiment, Wu et al. reported
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that the administration of a Bifico® strains mixture, in particular B. longum, led to
upregulation of the expression of several genes involved in antiviral responses, such
as TLR7, MyD88, IRAK4, TRAF6, and NF-KB [54].

In a double-blind, placebo-controlled study, 109 healthy newborns aged 1 month
participated; 55 candidates were subjected to 10° CFUs/day of B. animalis ssp. Lactis
BB12 and the control group (n =54) received control tablets as a placebo. Taipale
et al. reported that the B. animalis ssp. Lactis BB12 strain reduced the number of
viral RTT episodes, while there was no effect on the occurrence of acute otitis [55].

Several studies investigated the combination of B. animalis ssp. Lactis BB12 with
other probiotic strains to determine the possibility of the strongest antiviral activity.

The combination of L. reuteri ATCC DSM 1793 (isolated from Peruvian mother’s
milk) with B. animalis ssp. Lactis BB12 was evaluated in a double-blind, placebo-
controlled, randomized trial of 201 healthy infants aged between 4 and 10 months. This
combination reduced the viral RTT symptoms, fever, and antibiotic consumption [59].

Rautava et al. showed that the combination of B. animalis ssp. Lactis BB12 and
the LGG strain reduced antibiotic consumptions. Moreover, this combination
reduced the incidence of acute otitis media in the first 7 months of life [58].

In another double-blind randomized controlled trial, a combination of B. bifidum
with L. acidophilus probiotic strains (Infloran, Bern, Switzerland) was administered
to 80 healthy children aged between 8 and 13 years old. Reduced viral RTI symp-
toms and a decrease in the school absence rate were the main outcomes of this
combination [60].

B. animalis ssp. Lactis B1-04 reduced viral URTI episodes in a clinical trial of
460 physically active adults (18—60 years old) [56]. Lehtoranta et al. reported the
efficacy of a combination of LGG, L. rhamnosus Lc705, B. breve 99, and
Propionibacterium freudenreichii JS in nasopharynx bocavirus infection, in particu-
lar in otitis-prone patients [61]. This study was a randomized, double-blind, placebo-
controlled trial on 269 otitis-prone children (aged 9 months to 5.6 years) with
6 months of probiotic intervention. The authors showed the specific antiviral activ-
ity of this combination against bocavirus but not picornavirus. Moreover, this com-
bination seems to be effective in children, but not in the elderly [61].

Each of the abovementioned probiotic strains seems to have one or many specific
antiviral mechanisms. Furthermore, the viral specificity is directly related to the
strain used or the combination of several probiotic strains in the same or different
genus types. Moreover, the antiviral effect of probiotics by immunomodulatory
mechanisms depends on the immune system status, which can be explained in the
study conducted by Lehtoranta et al., who showed that the combination of four
probiotic strains worked very well in children but not in the elderly [61].

1.2.2 Conclusion and Perspectives

Lactobacillus and Bifidobacterium genera have the strongest antiviral activity
against respiratory viruses, in particular against influenza virus type A. This antivi-
ral activity depends on the strain’s specificity and the situation of the host immune
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system. Clinical trials (CTs) are the most used evaluation method in these studies.
The alleviation of symptoms was measured in these CTs in order to investigate the
impact of suggested probiotic strains against RVs. The main mechanism of such
probiotics is immunomodulation. The use of probiotics in respiratory infections
leads to the activation of many signals for innate immunity and the production of
IgA antibodies in respiratory tissue. Anti-inflammatory probiotics in respiratory
viral infections are not welcome, since they block the immune responses against the
virus. However, in respiratory inflammation, probiotics that stimulate the produc-
tion of anti-inflammatory (IL-10, TGFp) cytokines play a crucial role in suppressing
inflammation.

We recommend avoiding antibiotic treatment for respiratory infections except in
the case of a confirmed bacterial infection. Although the antibiotic treatment may
prevent respiratory bacterial superinfection, this antibiotic therapy eradicates the
microbiota, in particular Gram-positive probiotic strains. Anti-RoV probiotics
should be evaluated in depth in germ-free mice and/or antibiotic-treated mice in
order to determine the complete mechanism of such probiotics. Furthermore, the
molecules responsible for this immunomodulatory activity should be investigated
and purified for in vivo experiments.

1.3 Part I-B Probiotics and Viral Gastroenteritis

1.3.1 Introduction

In 1907, Elie Metchnikoff observed the healthy effect of fermented dairy products
in his population. Recently, researchers have confirmed the beneficial effects of
fermented foods, in particular the role of lactic acid bacteria (LAB), such as
Lactobacillus, Bifidobacterium and other LAB, which have probiotic properties
[73]. Gram-positive Lactobacillus and Bifidobacterium bacteria are not occasional
contaminants, but they are two genera that colonize the primary microbiota of
humans.

The colonization, development, and maturation of the newborn’s gastrointestinal
tract that begins immediately at birth and continues for 2 years is modulated by
numerous factors, including mode of delivery, feeding regime, maternal diet/weight,
probiotic and prebiotic use, and antibiotic exposure pre-, peri-, and postnatally [74].
This microbiota plays a major role in the host’s defense against pathogens [75]. This
microbiota can maintain the health of the gut ecosystem and preserve defensive
readiness against enteric pathogens and sometimes prevent enteric chronic diseases
[76]. Microbial concentrations are distributed along the digestive tract, with 10°
bacterial cells/mm? in duodenum and stomach, 10? to 10? bacterial cells/mm? in the
fasting ileus and distal ileum, and 10'° to 10'? bacterial cells/mm? in the colon [77].

Unfortunately, due to an incorrect feeding regime, humans are losing the primary
microbiota which is related to an increase in diseases, including infectious diseases.
To restore this primary microbiota, several health organizations suggested using
probiotics as a dietary supplement.
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1.3.1.1 The Importance of Microbiota

Recent studies have demonstrated the symbiotic relationship between intestinal
microorganisms that benefits their human host. Intestinal microorganisms, referred
to as intestinal microbiota, have several mechanisms of maintaining gut health. The
intestinal microbiota degrades indigestible dietary substances, such as fiber, and
converts it into an energy source for gut cells and the immune system [78, 79].

The other role of intestinal microbiota is to develop the gut immune system. Hooper
etal. showed that germ-free infected mice have severely compromised immune responses
and a reduction in the level of secretory immunoglobulin A (IgA) and the number of
intestinal T cells compared with wild-type mice [80, 81]. In addition, intestinal micro-
biota can protect the host against pathogens by inducing intestinal epithelial cells to
secrete antimicrobial proteins, such as angionin and C-type lectin ReglIly [82, 83].

1.3.1.2 Histo-Blood Group Antigens (HBGAs) and Gram-Negative
Bacteria in Gut Microbiota

The ABO groups or “blood group antigens” in human red cells were discovered by
Karl Landsteiner in 1900 [84]. Subsequently, this kind of antigens, called histo-
blood group antigens (HBGAs), has been found in other tissues and biological flu-
ids, such as gut and saliva [85]. Some hosts lack the function of the fut/ gene and
are called “nonsecretory hosts” [86]. The biological role of HBGAs has not yet been
completely defined. In infectious diseases, the presence of A and B HBGAs can
inhibit the in vitro motility of carcinoma cells, and their absence is associated with
an unfavorable prognosis [86]. Returning to infectious diseases, HBGAs play a cru-
cial role in bacterial and viral pathogenesis. Specific strains of pathogens bind to
carbohydrates of the HBG family. Several studies have shown that a large number
of pathogens bind HBG as the first step of pathogenesis, such as uropathogenic
strain of E. coli R45, S. pneumoniae, S. aureus, Salmonella typhimirium, and
Campylobacter jejuni [87-90].

The HBGAs may not only provide an attachment receptor to pathogens, since
they may be present on the pathogens themselves. Gram-negative bacteria can pres-
ent this type of antigen (in some strains may can be on the LPS molecules) [91];
humoral immune responses can thus be generated. For example, E. coli 086 pres-
ents B HBGA; thus, an anti-B response will be evoked in A and O HBGA individu-
als. Thus, B group individuals were more susceptible to infection caused by E. coli
086 [92]. In this chapter, the role of HBGA in viral infection will be discussed.

1.3.1.3 Viral Gastroenteritis and the Role of Gram-Negative Bacteria
of the Gut Microbiota

The gut microbiota contains a large number of microbes, forming the biggest
ecosystem in humans and animals [73]. Gastrointestinal infections have a great
impact on public health both in developing and developed countries [93]. Viruses
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are the most frequent causative agent involved in gastroenteritis, in particular in
infants and children [94]. The sources of enteric viruses (EnVs) are usually con-
taminated food and water through ingestion by the orofecal route [95].

After the occurrence of infection, treatment of the symptoms is the only way to
prevent infection complications. In addition to antipyretic drugs, rehydration ther-
apy is the most common treatment for viral gastroenteritis. The absence of specific
antiviral agents against EnVs requires scientists to find an alternative which can
prevent or help in the treatment of such infections [5].

The definition of EnVs is viruses that are able to replicate in the intestinal epithe-
lium, even if only several types are the causing of gastroenteritis [96]. Noroviruses
(NoVs), rotaviruses (RoVs), arboviruses (AVs), enteric adenoviruses (AdVs), and
enteroviruses (EVs) are the viruses most frequently responsible for gastrointestinal
infections worldwide [97]. Reoviruses are one of the many EnVs that replicate in
the intestinal tract, but they are generally asymptomatic. Another type of enteric
virus, such as poliovirus, can cause severe disease after dissemination to peripheral
tissues [97]. Certain retroviruses, including mouse mammary tumor virus (MMTYV),
can be transmitted orally from an infected mother through her milk, after which they
infect the gastrointestinal tract [98].

Does “Gut Microbiota” Enhance or Inhibit Viral Gastroenteritis?

Upon EnVs ingestion, viruses will “communicate” with gut microbiota resident in
the intestinal lumen, which vary from one host to another. The result of this interac-
tion seems to be dependent on the composition of the microbiota. In some hosts,
good microbiota (a high number of commensal bacteria) is an inconvenience; while
in other hosts, a complex microbiota (containing a large variety of microbial genera
and species) is beneficial in defending against EnVs and preventing viral gastroen-
teritis. This hypothesis is supported by several studies that have demonstrated that
the intestinal microbiota is important and plays various roles in reducing infection
by enteric viruses [97].

The role of commensal bacteria in the persistence of enteric viral infections has
previously been shown in a series of recent studies published in 2011, using poliovi-
rus, reovirus and mouse mammary tumor virus (MMTV) as EnV models [99-101].

The replication of poliovirus in the intestine was reduced in antibiotic-treated
mice, while the reconstitution of the intestinal microbiota restored poliovirus infec-
tion [100]. Moreover, Kuss et al. showed that intraperitoneal infection with poliovi-
rus was independent of the presence or absence of intestinal microbiota, which
highlights the important role of the microbiota in reducing poliovirus infection
[100]. In a recent study [101], showed that the use of broad-spectrum antibiotics in
a mouse model infected with rotavirus decreased the infectivity of the latter. They
reported that viral antigens were reduced in feces, and there was delayed shedding
of viruses compared with the control mice group [101].

In another study, murine Norovirus (MuNoV) was used to investigate the impor-
tance of intestinal microbiota in viral infectivity [102—104]. Jones et al. showed that
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depletion of intestinal microbiota reduced the replication of MuNoV in the distal
ileum, mesenteric lymph nodes, and colon compared with the control group [103].
The MuNoV was reduced in feces shedding in antibiotic-treated mice compared
with colonized mice as shown by Kernbauer et al. [104]. A recent study conducted
by Baldridge et al. showed that the use of a broad-spectrum antibiotic in mice did
not help MuNoV to establish persistent infection, while the transplantation of intes-
tinal microbiota from another healthy mouse rescued the infectivity of this virus.
Moreover, they reported that systemic infection with the MuNoV was independent
of the presence or absence of gut microbiota as shown by poliovirus infection [102].

Direct and Indirect Mechanisms of Intestinal Microbiota, Which Enhance EnV
Infection

What Is the Direct Mechanism of the Gut Microbiota in Viral Infectivity?

Virion stabilization and promotion of virus attachment are the two direct mecha-
nisms by which the intestinal microbiota enhance EnV infections [100, 105]. These
findings were investigated using an in vivo poliovirus model (in mice) and an
in vitro model (cell culture testing). Kuss et al. studied the stability of the poliovirus
virion in the presence or absence of intestinal microbiota. They found that the isola-
tion of poliovirus (before progeny virion production) from colonized mice was
more viable and resistant to high temperatures and became bleach resistant. These
results were also seen when the poliovirus was incubated with dead Gram-negative
bacteria [100].

Robinson et al. conducted an in-depth study of the mechanisms of intestinal
microbiota. They found that surface compounds of Gram-negative bacteria played
a crucial role in poliovirus stability. The authors showed that the bacterial LPS
bound the viral protein 1 (VP1) at threonine 99. The LPS-bound virus increases the
thermostability and chlorine resistance as well as decreasing the viral genome
release [105]. Moreover, the pretreatment of poliovirus particles with Gram-
negative bacteria/or LPS molecules promotes poliovirus attachment to the host
cells [105]. The poliovirus receptor (PVR) seems to be an important element in the
abovementioned host cell attachment. The authors showed that poliovirus cannot
attach to the permissive cells which were pretreated with anti-PVR antibodies. This
result was independent of the presence of LPS binding to poliovirus. Moreover,
non-PVR-expressing cells also showed the same results [105]. Using another viral
model and after a long history of in vitro culture difficulties, B cells seem to be
permissive cells for MuNoV [103].

Tan and Jiang showed that human and MuNoV required commensal bacteria to
infect human B cells. These findings were supported by the reduction of norovirus
(NoV) infectivity when infected stool was filtered with a 0.22 um filter. The infec-
tivity was rescued when live/dead commensal bacteria were added to the stool
[106]. The authors showed that LPS molecules were not the bacterial compound
that played the cofactor role in norovirus infection. Norovirus and B cells were
incubated with LPS, and the results showed that the LPS did not initiate the norovirus
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infection. Moreover, the authors showed that the histo-blood group antigen (HBGA)
glycan was a cofactor of the norovirus infection [106]. A recent study showed that
a variety of commensal bacteria express these glycans and can bind norovirus in a
virus-strain-specific manner [107]. The majority of Gram-negative bacteria express
this kind of glycan, as shown in several recent studies [103, 108].

Indirect Mechanisms

As shown in Fig. 1.3, the gut microbiota can inhibit and/or reduce the antiviral
immune response via an indirect mechanism. The gut microbiota can sometimes
create a tolerogenic microenvironment that helps the virus infect cells and suppress
antiviral antibody production, and sometimes it can block virus-induced IFN signal-
ing [97].

(1) Tolerogenic microenvironment

The gut microbiota, in particular Gram-negative bacteria, induces a tolerogenic
microenvironment that allows persistent enteric virus infection [109, 110]. Briefly,
the capacity of enteric viruses to bind Gram-negative bacteria by LPS-VP (viral
protein) binding can skew the immune response. The story begins when the enteric
virus binds the microbiota LPS. The LPS will be recognized by the TLR4, which
induces the production of IL-6. The B cells have IL-6R; when the IL-6 binds to the
IL-6R of the B cells, the B cells produce IL-10, which is an anti-inflammatory cyto-
kine. This action blocks the antiviral immunity response and leads to viral persis-
tence. This information is supported by several studies using an MMTV and
norovirus model in solenocyte and B-cell culturing, respectively [99, 111, 112]. In
another study, the norovirus infection occurred in germ-free mice which were also
deficient in production of IL-10. This study supports and confirms that the produc-
tion of IL-10 by the presence of gut microbiota, in particular Gram-negative
bacteria, was the essential key to viral persistence through the creation of a tolero-
genic microenvironment [113, 114].

(ii) Viral antibody production

[101] in the case of rotavirus infection, showed that the fecal and serum IgA titer
was higher in germ-free mice compared with the control mice group. This data sug-
gests that gut microbiota suppress the antiviral humoral response. In contrast to the
rotavirus case, the MuNoV infection of antibiotic-treated mice reduced the serum
IgG titer after 35 days of infection compared with the colonized mice group [101].
These findings will be investigated in depth to identify exactly which bacterial com-
pound is responsible for this mechanism and to determine if this interaction occurred
in a virus-strain-specific manner.

(iii) Blocking of the IFN signaling

Several studies have reported that the IFNA, which is considered to be in type
III of IFNs, activates the same intracellular signaling pathway and many of the
same biological activities as other IFN types, including antiviral activity, in a
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Fig. 1.3 Suggested mechanisms of antiviral probiotics against enteric viruses. Since probiotics
and EnVs have the same route of entry, probiotics can interact with viral particles in several ways.
The advantage here is the capacity of probiotics to colonize the gut ecosystem, which is the target
of EnVs: A. Some probiotic strains can colonize the gut ecosystem and then form a carbohydrate
biofilm which probably saturates host IEC receptors as well as viral receptors. B. Probiotics protect
the host IECs against damage and lesions. Several studies have confirmed that some probiotic
strains play a crucial role in tissue restoration, especially by inducing mucin secretion by IECs and
strengthening cell tight junctions. C. The immunomodulatory effect is the principal mechanism of
antiviral probiotics (AvPr). These probiotics can stimulate the secretion of proinflammatory cyto-
kines, especially from DCs such as IL-6, 1l-12, and IFNy. In addition, AvPr can boost innate
immune cells, such as macrophages and NK cells. The latter also produce IFN-a, which is an
antiviral cytokine. D. AvPr help the immune system to react with more rapid specific responses.
The Th2 response is essential for B lymphocytes to be able to differentiate into plasma cells with
specific sIgA secretion. E. AvPr can inhibit or decrease viral infectivity and spreading by superpro-
duction of mucin and by changing the morphology of villi, which can skew viral attachment. F.
TLR3 is the PPR of viral MAMPs, especially for RNA viruses. Hence, the overexpression of TLR3
induced by some AvPr can amplify the innate immune response by catching a large number of viral
particles. G. Some AvPr interact physically with viral particles. Indeed, several studies have
showed that some probiotic strains can bind or trap viral particles on their cell wall. Moreover,
these trapped viruses lose some pathogenic characteristics and consequently lose cell infectivity.
H. Finally, AvPr can play an indirect role in preventing and/or decreasing viral infection, especially
against enteric viruses, by excluding the colonization of Gram-negative bacteria (See Fig. 1.3).

wide variety of target cells [115]. Baldridge et al. reported the importance of
IFN type I, II, and III responses in reducing MuNoV infection as well as viral
persistence. TLR4 is required for bacterial regulation of viral persistence.
Therefore, the presence of LPS/Gram-negative bacteria were dispensable in this
regulation [102].



20 1 Antiviral Probiotics: A New Concept in Medical Sciences

Moreover, a recent study showed that the type III IFN response was essential in
reducing MuNoV infectivity in the colon [116]. Briefly, EnVs are recognized by a
variety of TLRs, such as TLR3, TLRY, etc. These TLRs stimulate the IFN produc-
tion by the B cells or other secretory cells. The IFNs, in particular type IIT IFNy,
bind to the IFN receptor present on the enterocytes, which can reduce the viral
persistence. Several studies have reported that commensal bacteria, in particular
Gram-negative bacteria recognized by TLR4, bind to the EnV's and then the immune
system will be skewed. Thus, the TLR4s inhibit the production of IFNy, allowing
viral persistence. This data was confirmed using MuNoVs as an EnV model [102,
116-118]. Pott et al. reported that IFNy also controls rotavirus infection in mice;
thus, it will be interesting to determine whether this response is similarly regulated
by the interactions between the enteric virus and commensal bacteria [119].

1.3.1.4 Role of Probiotics in Gut Microbiota

In addition to the immunomodulatory effect of probiotics, these beneficial bacteria
have several mechanisms to defend gut pathogens and infections.

In the previous part, the studies have shown that the composition of the intestinal
microbiota can help EnVs to persist and sometimes amplifies their infectivity.
Remarkably, the presence of Gram-negative bacteria in the microbiota is essential to
save the infectivity of EnVs. Therefore, changing the intestinal microbiota composi-
tion seems to be effective in preventing or inhibiting enteric viral infection. Otherwise,
a high percentage of Gram-positive bacteria may be a solution in viral gastroenteritis
treatment and/or prevention. From this hypothesis, the importance of Gram-positive
bacteria, in particular lactic acid bacteria (LABs) — which is considered to be GRAS —
in preventing and even treating this type of infection will be discussed in this part.

The implantation of probiotics in the digestive tube is clearly beneficial, since they
have the ability to form a biofilm on the enterocytes and prevent the adhesion and
proliferation of other bacteria such as Gram-negatives [120]. Moreover, as shown in
Fig. 1.3, probiotics can exclude commensal and pathogenic bacteria by several mecha-
nisms such as the immunomodulatory effect (immunobiotic action), reduction of pH,
production of antimicrobial compounds (hydrogen peroxide, lactic acid, NRPS, bacte-
riocins, etc.), trophic competition, and biofilm formation (receptor competing) [121].

Anti-enteric Viruses Probiotics

Anti-EnV probiotics (AEnPs) are divided into two categories according to the direct
or indirect antiviral mechanisms. In this section, direct mechanisms will be dis-
cussed in detail.

The probiotics with antiviral effects, called further antiviral/anti-EnV probiotics,
can inhibit viral infections with several direct mechanisms. The antiviral compound
secreted by these probiotics will be discussed in Chap. 4. In this section, the immu-
nomodulation and physical interaction will be presented and discussed (Table 1.2).
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Indirect Mechanism of Anti-EnV Probiotics

The microbiota diversity and composition are directly related to the incidence of
gastroenteritis, including viral infection [163]. For example, the presence of bifido-
bacteria genera in the first months in the gut microbiota of infants prevents the
majority of intestinal infections [164]. Therefore, almost all intestinal probiotics can
play a crucial role in preventing or treating viral gastroenteritis by indirect mecha-
nisms. These probiotics reduce the “viral infection cofactor,” which is the LPS and
HBGA molecules present in Gram-negative bacteria and some commensal bacte-
ria, respectively [108]. Otherwise, orally administered probiotics can change the
composition of the gut microbiota by increasing the number of probiotic cells and
decreasing commensal and Gram-negative bacteria.

Direct Mechanism of Anti-EnV Probiotics

The meaning of direct mechanism is when the EnVs interact directly with probiotic
cells and/or their metabolic compounds. As shown in Fig. 1.4, probiotics can inter-
act and inhibit EnVs by several mechanisms. Indeed, it is depending to the specific-
ity probiotic strain and viral type. Before talking about the direct mechanism or
direct interaction of these probiotics, the viral infection steps should be presented.
In general, EnVs can infect target cells by five steps called the viral replication
cycle. The viral replication cycle starts by viral attachment to host cells (1), followed
by penetration and uncoating (2), viroplasm formation (3), and finishing with virus
particle maturation (4) and release (5) [165]. Each EnV has its own specificity in
infection mechanisms and/or the replication cycle. For this reason, the following
information will discuss the direct mechanism of probiotics regarding the type of EnV.

1.3.1.5 Probiotic Strains Against Rotavirus (RoV) Infections

RoVs are the major cause of diarrhea and acute gastroenteritis in infants and young
children [165]. RoVs are naked viruses containing dsSRNA. The RoV virion or particle
consists of three protein layers called a triple-layered particle (TLP) [166]. The viral
protein (VP) and nonstructural protein (NSP) are the two main viral proteins found in
RoVs. For TLP, the main protein forming the external layer is VP7, with VP4 which
forms the viral spike. VP6 forms the second layer of the RoV particle. Thus, the VP6
layer constitutes the double-layered particle (DLP) of the RoV. Kam et al. (2014)
showed that, in actively transcribing DLP, the middle VP6 layer order decreased,
while the number of cores increased. Thus, the transcribed mRNAs released from
these cores translated later to the viral protein (VP and NSP) in host cells [167].

The RoV replication cycle starts with the attachment to the host cells mediated
by VP4 and VP7 molecules which play a role in the penetration and uncoating of
RoV. The third step consists of the synthesis of sSRNA (mRNA), which is mediated
by VPI1, VP3, and VP2 molecules. Viroplasm formation (viral protein (NSP2,
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Fig. 1.4 Exclusion of commensal bacteria by probiotics in the gut ecosystem. AvPr can play an
indirect role in preventing and/or decreasing viral infection, especially against enteric viruses, by
excluding the colonization of Gram-negative bacteria (see Fig. 1.3) in the gut ecosystem, which
were considered a cofactor in some enteric virus infections. Thus, proinflammatory probiotics
(which induce a proinflammatory response) are welcome in viral gastroenteritis because they can
trigger proinflammatory immunity to eliminate EnVs. Probiotic strains capable of binding host
cells very well and then creating a microenvironment which prevents many kinds of commensal
and pathogenic bacteria from proliferating, including Gram-negative bacteria. Probiotics have a
stronger capacity to adhere to host cells than Gram-negative bacteria (probably because of the high
hydrophobicity of their cell walls), which can decrease the number of Gram-negative bacteria.
Probiotics can act in different ways: A. Biofilm formation: This biofilm can protect host cells
against other commensal bacteria, because this biofilm covers the majority of host cell receptors.
B. By the immunomodulatory effect, probiotics can stimulate the innate immune response, espe-
cially of phagocytes. C. At the same time, probiotics induce the secretion of antimicrobial peptides
(AMPs) such as p-defensins and cathelicidins which target commensal bacteria. However, there is
no explanation of the resistance of some probiotic strains against these AMPs. D. Overproduction
of mucin can also prevent commensal bacteria adhesion. E. The co-aggregation capacity of probi-
otic strains leads to the trapping of other microbes, as well as commensal or Gram-negative bacte-
ria. F. Probiotics can secrete several enzymes to compete with other commensal bacteria for
nutrients present in the gut ecosystem. In addition, the majority of probiotic strains possess argi-
nine dehydrogenase, which is important in this mechanism. G. Probiotic strains can secrete a
variety of antimicrobial substances, such as hydrogen peroxide, lactic acid, non-ribosomal peptide
synthetase (NRPS), bacteriocins, and bacteriocin-like inhibitory substances (BLIS).

NSP5) and viral RNA interact with each other to form cytoplasmic inclusion bod-
ies), RNA packaging, minus ssRNA synthesis (RNA replication), and DLP forma-
tion constitutes the fourth step. Finally, RoV will be released from host cells after
maturation of virus particles (from DLPs to TLPs) [165, 168].
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Several studies have shown the effectiveness of probiotics in the treatment and
prevention of acute diarrhea including RoV infections. Human, murine, and porcine
rotaviruses were used in these studies. The majority of investigations were based on
the symptoms, such as duration of diarrhea, duration of hospitalization, virus shed-
ding in feces, and sometimes immunomodulation. A few studies conducted an in-
depth investigation of the mechanism of action of some probiotics, in particular the
interaction between virus-probiotic-host cells.

Clinical Trials (CTs)

Lactobacillus and Bifidobacterium strains were the most studied genera in rotavirus
infections. Lactobacillus rhamnosus GG (LGGQG) is the best studied probiotic which
showed a significant reduction of diarrhea duration and rotavirus infectivity [122,
123]. Effects of various probiotic strains on rotaviruses have been conducted using
double-blind placebo-controlled randomized trials since 1991 [124, 125, 134].
Guandalini et al. showed that LGG administration reduced the diarrhea duration in
neonatal patients with rotavirus infection [124].

In 49 children, the administration of 10'°-10'"" CFUs/ml of LGG twice daily for
5 days reduced the duration of acute diarrhea from 2.7 to 1.8 days, accompanied by
an increase of IgA-specific responses [126]. In other RCTs, LGG reduced the dura-
tion of diarrhea caused by rotavirus gastroenteritis and improved the health recovery
of infected children [127-132].

The L. reuteri SD 2222 strain was administered in patients aged 6-36 months
with watery diarrhea caused by rotavirus. This strain showed a strongly reduction of
diarrhea duration up to 5 days [134]. Saavedra et al., Shornikova et al., and Sugita
and Togawa showed the anti-rotaviral activity in clinical trials of the following pro-
biotic strains: Streptococcus thermophilus (S. thermophiles), L. reuteri DSM 12246,
and L. acidophilus La5 [135—-137]. Another study showed that LGG strains and L.
casei Shirota (LcS) have an antiviral activity against rotaviruses and transmissible
gastroenteritis virus (TGEV). The LGG strain showed the strongest activity, because
of their strongest attachment capability to different cell lines. In addition to the
attachment effect, the induction of reactive oxygen species (ROS) release seems to
play a role in such activity [138]. Teran et al. conducted a randomized single-blind
controlled trial (RSBCT) in 75 Bolivian children aged from 28 days to 24 months.
A 1-gram mix of probiotic strains was administered to the probiotic group (n =25)
for 5 days. The mix contained the following strains: L. acidophilus, L. rhamnosus,
B. longum, and Saccharomyces boulardii (S. boulardii). The second group (n =25)
was given nitazoxanide (an antiparasitic agent) at the dose of 15 mg/kg. The third
group (n =25) was subjected to the normal protocol of rehydration. The results
showed that the duration of diarrhea was reduced to 48 h compared with 54 h and
79 h for the nitazoxanide and rehydration groups, respectively [162]. Moreover, a
study conducted by Grandy et al. in RDBPC trial showed the effectiveness of pro-
biotic strains against rotavirus infections using S. boulardii alone and S. boulardii
with a mixture of probiotic strains. The results showed that the two probiotic prepa-
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rations reduced the infection symptoms (p = 0.0042) [122]. L. reuteri, called
Probio-16, showed antiviral activity against porcine rotavirus; this activity was
poorly demonstrated [139].

L. reuteri DSM 17938 was evaluated in RCTs on 74 children with rotavirus
infection, the results showed a decrease in the number of patients with acute diar-
rhea [140]. Simakachorn et al. conducted an RCT on 73 children with rotavirus
infection. The children were administered six sachets containing 10° of heat-treated
L. acidophilus LB cells and 160 mg of twofold concentrated neutralized CFCS. The
duration of the diarrhea decreased from 74 to 42.9 h [141].

Recent studies have started in-depth investigations of the interaction between
rotaviral particles and probiotic strains. The cell culture was used to demonstrate
what is happening between the rotaviral particles and probiotic strains. Various cell
lines were evaluated; pig and human epithelial cells were used in some studies.
Maragkoudakis et al. showed that LGG and LcS presence decreased the ROS release
which can reduce cell damage [138]. Liu et al. studied the mechanism of antiviral
activity of LGG in a new cell line called the porcine small intestinal epithelial cell
line IPEC-J2) as a model to study the impact of LGG on innate immunity during a
rotavirus infection. They demonstrated that LGG presence reduced the rotavirus-
induced IL-6 response [133].

Animal Models (AMs)

The animal model was established for several reasons. First, the animal model
allows us to conduct an in-depth investigation of the mechanism of action of probi-
otic strains before and after viral infection. Moreover, the animal model (in vivo
model) facilitates monitoring of the probiotic’s effect during the animal’s life cycle.
The probiotics with antiviral activity were evaluated in vivo using a mouse model in
most studies. Hagbom et al. confirmed that the neonatal mice and rats provide a
reliable animal model for studying the rotavirus infection and also immune responses
during this infection [142]. In a murine infected model, LGG has decreased both the
barrier permeability in murine intestine and epithelium vacuolation in the jejunum.
Furthermore, LGG was able to reduce the duration of acute diarrhea, and finally
LGG was able to stimulate the secretion of IgA [143, 144]. L. casei DN-114,001
was administered in germ-free suckling rats infected further by rotavirus. The
results showed that L. casei DN-114,001 changed the morphology of the intestinal
villi and decreased intestinal cell lesions [145]. L. reuteri DSM 17938 was also
evaluated in normal mice infected by rotavirus. The results showed that L. reuteri
DSM 17938 has decreased the intestinal cell lesions and consequently reduced the
duration of acute diarrhea [146].

Recently, Mao et al. studied the effect of LGG on the intestinal physiology, mor-
phology and primary immune-specific responses of weaned piglets infected by the
porcine rotavirus. This study showed that LGG administration in the weaned piglets
group enhances specific immune responses by increasing rotavirus-specific IgA
secretion. In addition, LGG decreased the NSP4 (rotavirus enterotoxin) — consid-
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ered an intracellular receptor essential for DLP particles to interact with viroplasms
and modulate intracellular Ca2+ and RNA replication [165] — in the jejunal mucosa
induced by rotavirus infection [147]. The production of mucin 1 and mucin 2 and
morphological improvement of the jejunal mucosa were evaluated in the presence
of LGG. The results showed that LGG enhanced the production of mucin and recu-
perated the integrity of both the villus and the tight junction by stimulation of occlu-
sion and other gene expression assisting the morphological jejunal defense against
rotavirus [147].

E. coli Nissle (EcN) — Gram-negative probiotic strain — was evaluated alone or in
combination with LGG in neonatal gnotobiotic piglets. The viral shedding titer was
lower using EcN in comparison with LGG, LGG+EcN, and without probiotic
strains. This result was correlated with the reduction of the specific IgA responses in
the small intestine in EcN colonized piglets. The in vitro investigation using mono-
nuclear cell culture, EcN, showed stimulation effects on the production of anti-
inflammatory cytokines such as IL-6 and IL-10 [148]. These findings support the
hypothesis conducted by Stephanie Karst in 2016 which showed that Gram-negative
bacteria improve viral infection by various direct and indirect mechanisms [97].

Yang et al. evaluated the impact of dietary rice bran (RB) on the human rotavirus
vaccine (HRoV)invaccinated gnotobiotic pigs. They found that the RB-supplemented
diet enhanced the vaccination responses in gnotobiotic pigs. In addition, the levels
of IFNy production from CD4* and CD8* were increased in intestinal and systemic
lymphoid tissues [169]. In 2015, the authors showed that RB plays a role as a pre-
biotic for some probiotic strains. The LGG+EcN colonized gnotobiotic pigs were
supplemented with RB daily, followed by human rotavirus (HuRoV) orally chal-
lenged. The RB showed a prebiotic effect promoting the growth of LGG and EcN in
the gut. Moreover, RB-fed pigs had a lower mitotic index and villus width. The RB
and/or probiotic strains increased immunomodulation by enhancing the secretion of
IFNy and HuRoV-Ab [150].

L. ruminis species have shown antiviral activity for the first time against the
human rotavirus Wa strain. L. ruminis SPM0211 showed an anti-HuRoV activity
which was explained by an immunomodulatory effect enhancing the Type I IFNs
immune response [149].

To finish the last investigation of the antiviral mechanism of LGG, a new experi-
mental model was developed in order to understand the beneficial interaction
between pathogens and probiotics. An ex vivo experiment called intestinal organ-
oid (derived from Lgr5+ stem cells) was conducted by Aoki-Yoshida et al. [151].
The LGG strains showed an increase in TLR3 gene expression — TLR3 is the essen-
tial key in innate immune responses following the recognition of rotavirus — in
murine intestine both in in vivo and ex vivo experiments, without alteration of other
TLR gene expressions. Moreover, LGG increased the mRNA levels of interferon-a
(IFN-a) and a neutrophil chemokine (CXCLI1). Furthermore, other probiotic
strains, B. bifidum and L. paracasei, failed to increase the TLR3 mRNA levels
ex vivo [151]. These findings confirm the hypothesis about the specificity of probi-
otic strains against viruses. Thus the antiviral activity occurred in a “virus-strain-
specific manner.”
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Bifidobacterial probiotic strains were also evaluated against RoVs using in vitro
and in vivo experiments. B. longum SPM1205 and SPM 1206 showed antiviral activ-
ity against the HuRoV Wa strain in an infected neonatal mouse model and Caco-2
cells. The two bifidobacterial strains showed an immunomodulatory effect on the
type I IFNs immune responses [152]. A complete genome sequence of B. longum
subsp. Infantis CECT 7210 was conducted in 2015 by [170]. This strain had previ-
ously showed, in a study conducted by Mufioz et al. [153], a direct effect on rotavi-
rus strains in both in vitro (MA-104 and HT-29 cell culture) and in vivo (McN mouse
model) experiments. The immunomodulatory mechanism was the main effect of this
strain [153]. After complete sequencing of the B. longum subsp. Infantis CECT
7210 strain, they reported that there were 360 more elements (genes) in this strain
compared with the complete genome sequence of B. longum 157F [170]. Thus, more
in-depth research must be conducted on this strain to identify the detailed mecha-
nism of antiviral activity, and more specifically the anti-HRoV activity.

1.3.1.6 Probiotic Strains Against Norovirus Infections

Noroviruses (NoVs) are naked RNA viruses belonging to the calicivirus family.
NoVs are transmitted via the fecal-oral route and cause gastrointestinal disease with
vomiting and acute diarrhea lasting 2448 h [57]. NoVs cause 267 million infections
each year and over 200,000 deaths, mostly in infants and the elderly [171, 172].
NoVs need host receptors to start the infection cycle. Debbink et al. reported that
HBGA (See sec. I-B2) is a diverse family of carbohydrates expressed in mucosal
surfaces, which are the main receptors of NoVs, in particular for the GII.4 genotype
considered to cause the majority of human NoV infection because they can bind to
A, B, and O secretors which are the majority (80 %) of the population [57]. The
expression of HBGAs depend on the fur2 gene which codes for an enzyme called
fucosyltransferase. The GI.1 genotype (Norwalk virus) cannot infect patients with a
nonfunctional fut2 gene (called a “nonsecretory host”). However, some NoV strains
are capable of binding other receptors such as Lewis carbohydrates [173, 174].

The immune responses are very important to blockade NoVs infection and viral
spreading. The IgA genogroup-specific secretion is the main humoral immune
response against NoVs [175]. The CD4*Thl response is essential in the cellular
immune response against NoVs which increases IFNy and IL-2 production [176].

The development of antiviral treatments and vaccines to fight NoV infection has
been hindered because of their extreme genetic diversity. Recently, the uncultivable
nature of NoVs has been resolved by using a B-cell model. Thereby, the pathogen-
esis and replication cycle have been understood deeply in cell cultures and animal
models [177]. The prevention strategies seem to be most effective mainly in infants
and the elderly. To prevent and treat HuNoVs, several researchers have worked on
the role of probiotics in such infection. The probiotic effectiveness in NoV infec-
tions was evaluated using both in vitro and in vivo experiments and clinical trials.

LcS introduced in fermented milk alleviated fever in NoV-infected elderly
patients. The probiotic group (n =39) showed fast recuperation compared with the
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control group. Moreover, the acetic acid concentration in feces has increased, and
thereby Bifidobacterium and Lactobacillus genera became dominant [154]. Takeda
et al. reported that the administration of LcS improves the natural killer (NK) cell
activity by producing the IL-12 by macrophages in response to LcS [155].

Lactococcus lactis ssp. Lactis LM0230 (L. lactis ssp. Lactis LM0230) — probi-
otic strains — were evaluated for antiviral activity against feline calicivirus (FCV), a
HuNoV surrogate. This strain, “bacterial cell suspension (BCS)” and its metabolites
“bacterial growth medium cell-free filtrate (BGMF)” were added to Crandell-Reese
feline kidney (CRFK) cells line. The results showed that CRFK pretreated by BCS
and BGMF caused nonsignificant decreases in the FCV titer. The pretreatment of
FCV by BCS resulted in a decreased FCV titer after 24 h. The co-incubation of FCV
and BCS in CRFK cells showed 100 % virus titer reduction (7.5 log TCIDs/0.1 ml)
[156]. The effect of BGMF will be discussed in Chap. 4.

In order to investigate the physical interaction between probiotic cells and NoV
particles, Rubio-del-Campo et al. used a p-particles model designed from the
C-terminal protruding P-domain of the NoV VP1 capsid protein. The p-particles
exhibit the same surface conformation of viruslike particles (VLPs), and therefore
these p-particles can bind to the HBGAs. In this study, 11 probiotic strains were
tested: E. coli Nissle 1917 L. lactis MG1363, L. acidophilus LA-5, L. bulgaricus
ATCC11842T, L. plantarum 299v, L. plantarum 299v Adh- (an isogenic derivative
of 299v strain with decreased adhesion capacities), L. casei 431 ATCC55544, L.
casei BL23 CECT5275, L. casei VSL#3,

LGG ATCC53103, and L. rhamnosus HNOO1. The Norwalk virus (GI.1) and
GII.4 (HuNoV) were used in these experiments. The results showed that the probi-
otic strains possessed the capacity to bind to both GI.1 and GII.4 p-particles.
Furthermore, L. rhamnosus, L. casei BL23 CECT5275, L. casei VSL#3 showed the
highest binding effect of both p-particles. As unexpected results, the E. coli Nissle
1917 — Gram-negative probiotic — showed the poorest binding capacity to GI.1 and
GII.4, although other studies showed that Gram-negative bacteria can bind entero-
viruses via LPS molecules or HBGAs [97, 107]. In contrast, in HT-29 culture cells,
E. coli Nissle 1917 was more efficient in NoV p-particles blocking, resulting in low
host cell binding, while the other probiotic strains showed a low inhibition effect.
The low adhesion capacity of probiotic strains to host cells did not affect p-particles
binding; this suggestion was confirmed by the L. plantarum 299v adh- (probiotic
strain with low attachment capacity) which showed high GI.1 p-particles binding
compared with L. plantarum 99v (normal attachment capacity). In order to investi-
gate the interaction between probiotic strains and NoV p-particles in more depth,
an exclusion assay (HT-29 cells incubated with bacteria followed by P-particles
challenge) and displacement test (HT-29 cells incubated with p-particles followed
by bacterial challenge) were performed. The results showed that the probiotic
strains enhanced the NoV p-particle attachment of monolayer surfaces. These
results are not clear, since they disagree with other studies. The probable hypothe-
sis is that the attached probiotic strains can bind to the NoV p-particles on their
peptidoglycans (teichoic acid), which can lead to higher p-particle retention on the
HT-29 surfaces [157].
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A recent study has evaluated an engineered probiotic strain of L. paracasei which
can produce the 3D8 scFv protein (an antiviral protein that can penetrate into host
cells and hydrolyze nucleic acid molecules) against MuNoV. The results showed
that L. paracasei 3D8 scFv retained its cell-penetrating effect, and therefore the
intracellular nucleic acids have been hydrolyzed. The pretreatment of RAW264.7
cells with this engineered probiotic strain prevented the cell apoptosis caused by
MuNoV infection. Moreover, L. paracasei 3D8 scFv has decreased mRNA expres-
sion of the viral capsid protein (VP1) [158].

Recently, B. adolescentis showed an antiviral activity against MuNoV as a
HuNoV surrogate. The results showed that the inhibition did not occur in the viral
binding step. Using VLPs as model, B. adolescentis decreased the attachment of
HuNoV GI.1 VLPs to both Caco-2 and HT-29 cells, while no effect was shown in
the presence of GII.4 VLPs [159].

1.3.1.7 Probiotics and Other Enteric Viruses

Astroviruses are nonenveloped viruses with positive-sense sSRNA. The Astroviridae
family consists of two genera, Mamastrovirus (MAstV) and Avastrovirus (AAstV),
based on mammalian and avian species, respectively [178]. Astroviruses can infect
a wide variety of mammalian species, such as cats [179], dogs [180], mice [181],
sheep [182], and cattle [183]. These mammals are always in direct contact with
humans. HAstVs are one of the most important causes of acute gastroenteritis in
newborn and infant patients [184]. Cross-species transmission is frequent, in par-
ticular in poultry as avian species [185] and between pigs, cats, and humans as
mammalian species [186]. Thus, the zoonotic potential of these viruses is high, and
future nonhuman-to-human transmissions are likely to occur [178]. Some authors
have speculated that probiotics, which may interfere with the biological cycle of
enteric viruses at many different stages, may be useful as a measure to prevent and/
or treat intestinal viral infections [187, 188].

E. faecium NCIMB 10415 is the first probiotic strain authorized by the European
Union (EU) as a probiotic feed additive for animals, including piglets. E. faecium
NCIMB 10415 has shown an immunomodulatory effect in several studies [189].
Transmissible gastroenteritis virus (TGEV), an enteropathogenic coronavirus,
causes 100 % mortality in newborn piglets after severe gastroenteritis. TGEV can
also infect respiratory tissues in some cases [190]. Chai et al. showed the antiviral
activity of E. faecium NCIMB 10415 against TGEV using in vitro swine testicle
(ST) cell lines. They showed that this strain has a double antiviral mechanism. First,
the strain can trap virus particles on its cell wall and consequently prevent infection.
The second mechanism is the stimulation of eukaryotic cells that produce NO, IL-6,
and IL-8 [160].

In addition to gastrointestinal infections, enteroviruses can cause extraintestinal
infections. Via the orofecal route, Coxsackievirus type A strain 16 (CA16) and
enterovirus 71 (EV71) cause hand, foot, and mouth disease (HFMD) [191]. This
viral infection results in morbidity and mortality in several regions, including Asia
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Pacific and Europe [192]. HFMD can lead to neurological complications and car-
diopulmonary dysfunction resulting from acute EV71 infection [193].

Liu et al. evaluated a bivalent vaccine against EV71, which has completed the
phase III clinical trials [161, 194]. Since CA16 and EV71 act by the orofecal route,
Ang Yin et al. evaluated the impact of colonization of the probiotic strain on HFMD
using in vitro human skeletal muscle and colon cell lines. The authors showed that
the use of L. reuteri Protectis (ATCC 55730) [195], decreased the viral load.
Moreover, this antiviral activity is dose-dependent. The authors suggested that L.
reuteri Protectis interacted physically with CA6, CA16, and EV71 and impaired
viral entry to eukaryotic cells. This antiviral activity seems to be virus probiotic
strain specific, since no antiviral effect was shown using Coxsackievirus B strain 2
(target virus) in the presence of another probiotic strain LcS [161].

1.3.2 Conclusion and Perspectives

Probiotics exhibit direct and indirect mechanisms in eradicating enteric viruses. The
effectiveness of probiotics in the gut ecosystem is more relevant, since they interact
with viral infections by several mechanisms, including immunomodulation, which
is almost the only mechanism available for probiotics in respiratory infections.

The impact of enteric viruses can be decreased by changing the microbiota com-
position. Otherwise, HBGA and LPS are molecules that can be presented by Gram-
negative bacteria and are considered a secondary receptor for enteric viruses such as
NoVs and RoVs. For this reason, using probiotics can change the microbiota to
Gram-positive dominant flora, which blocks the Gram-negative cofactor of viral
infection.

Furthermore, the physical interaction of probiotics has been confirmed in several
studies which confirm the capacity of some probiotic strains to trap viruses.

The use of antibiotics in viral gastroenteritis is a double-edged sword. Broad-
spectrum antibiotic therapy kills probiotic strains or inhibits their multiplication. In
contrast, using anti-Gram-negative antibiotics such as polymyxin B or other non-
broad-spectrum antibiotics can be a crucial factor in blocking the viral cycle.
Moreover, using probiotic strains with antibiotic resistance should be taken into
consideration when treating viral gastroenteritis to keep probiotics live and eradi-
cate Gram-negative resident flora. The antibiotic resistance of commercial probiotic
strains can be found in a review conducted by Sharma et al. [196].
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