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Editorial on the Research Topic
 New Horizons in Food Science via Agricultural Immunity



The excessive use of drugs such as antibiotics and pesticides in the fields of livestock and plant production has a significant impact on not only spreading the drugs in production sites of agriculture but also threatening human health. In particular, the use of antibiotics in agriculture has been considered to be a major factor in producing antibiotics-resistant bacteria that often infect humans. Although the evidence was firstly confirmed in the United Kingdom as “Swann Report” in 1969 (1), the issue had not yet been debated in depth for more than a quarter century. However, in recent years, the World Health Organization (WHO) has warned that infectious diseases caused by antibiotics-resistant bacteria will devastate us human beings. In addition, WHO recently adopted a proposal entitled “Global Action Plan on Antimicrobial Resistance” to avoid the crisis of such infectious diseases on a global scale (2). It should be noted that the number of people who die due to the infectious diseases caused by the antibiotics-resistant bacteria in 2050 has been estimated to be over 10 million, which exceeds the number of cancer deaths if no action is taken immediately (3).

Agricultural immunology is a novel research field that focuses on animal and plant immunology. Recent progress in agricultural immunological research has demonstrated that the innate immune system in animals and plants against pathogens that cause agricultural infection occasionally has common features regardless of the presence or absence of acquired immunity. In 2016 in Leiden, the Netherlands, a workshop entitled “Innate Immunity of Crops, Livestock and Fish: The Dawn of Agricultural Immunology” was organized by Leiden University Lorentz Center. Through the workshop, the current knowledge and recent findings regarding agricultural immunology in animals and plants were discussed interdisciplinary by participants who attended the workshop from the Netherlands, Japan and the US to create a knowledge platform necessary for future drug-independent agricultural production systems (4). Through the workshop, several possible approaches to reduce the amount of antibiotics and pesticides from the production sites of agriculture were considered. In addition, an idea of creating a Research Topic for Frontiers in Nutritional Immunology was proposed to precisely appreciate the importance of agricultural immunology.

In this Research Topic entitled “New Horizons in Food Science via Agricultural Immunity,” 11 articles including 7 review articles, 3 original research papers, and 1 brief research report were published. Current knowledge of the innate immune function in the livestock intestine where multiple pathogens continuously infect was precisely summarized in a review article based on the results obtained using in vitro bovine intestinal epithelial cells (Villena et al.). Also, in one other review article an approach to stimulate immune functions in not only livestock but also chickens was comparatively discussed, proposing an effective vaccine strategy for preventing infectious diseases (Nochi et al.). A recent advance of metagenomics approach using a next generation sequencer has allowed identifying numerous micro-organisms cohabiting in animals and plants. Since most of the micro-organisms identified by the new technology are anaerobic (thus cannot be cultured under general aerobic conditions), they had been a black box in bacteriology for a long time. Three review articles focused on understanding the role of such beneficial microorganisms that affect the innate immune function in the host (Ikeda-Ohtsubo et al.; Villena, Kitazawa et al.; Brugman et al.). A possible approach proposed by the review articles is to utilize the beneficial microorganisms as probiotics for animals and plants. In this regard, the two original research papers gained deeper insights into the understanding the function and characterization of such probiotic candidates (i.e., Lactobacillus reuteri and Lactobacillus delbrueckii) (Giri et al.; Kanmani et al.). Another important information obtained in this Research Topic were the presence of immune deviant phenotype observed in some cattle regardless of the vaccination status (Lutterberg et al.), the role of milk-derived extracellular vesicles including microRNA in the regulation of cell functions in offspring (van Herwijnen et al.), the effect of maillard reaction products and advanced glycation end-products on immunomodulation in animals (Teodorowicz et al.), and the function of bovine immunoglobulin in immune function, allergy and infection (Ulfman et al.). In conclusion, the topic provided multiple possibilities to strengthen the innate immune activity of animals and plants to reduce the use of antibiotics and pesticides in agriculture. Based on the knowledge updated in this topic, further additional studies should be carried out especially at the production sites of agriculture to establish the drug-independent food safety system.
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The scientific community has reported several cases of microbes that exhibit elevated rates of antibiotic resistance in different regions of the planet. Due to this emergence of antimicrobial resistant microorganisms, the use of antibiotics as promoters of livestock animals’ growth is being banned in most countries around the world. One of the challenges of agricultural immunology therefore is to find alternatives by modulating the immune system of animals in drug-independent safe food production systems. In this regard, in an effort to supplant antibiotics from bovine feeds, several alternatives were proposed including the use of immunomodulatory probiotics (immunobiotics). The purpose of this review is to provide an update of the status of the modulation of intestinal antiviral innate immunity of the bovine host by immunobiotics, and the beneficial impact of immunobiotics on viral infections, focused on intestinal epithelial cells (IECs). The results of our group, which demonstrate the capacity of immunobiotic strains to beneficially modulate Toll-like receptor 3-triggered immune responses in bovine IECs and improve the resistance to viral infections, are highlighted. This review provides comprehensive information on the innate immune response of bovine IECs against virus, which can be further investigated for the development of strategies aimed to improve defenses in the bovine host.

Keywords: immunobiotics, antiviral immunity, beneficial microbes, bovine rotavirus, toll-like receptor 3 pathway, inflammation, agricultural immunology


INTRODUCTION

Over the past decades, the global bovine production has been subjected to intensification, in order to improve efficiency of production because of the demand from a growing human population. The intensification of bovine production involved the application of confinement methods characterized by the concentration of animals in large outdoor feedlots or in specialized indoor environments. In confinement, the potential for transfer of pathogens among animals is higher, as there are more animals in a smaller space (1–3).

Severe gastrointestinal infectious diseases causing malabsorption and diarrhea are important causes of discomfort and death in young calves, resulting in important economic losses to bovine producers. Gastrointestinal infectious diseases are able to cause significant economic losses to the cattle industry in big cattle-producing countries and can impair the development of cattle industry in small cattle-producing countries (1–3). In particular, the neonatal gastroenteritis in the bovine host is a multifactorial disease. This disorder can be caused by different bacterial or viral pathogens, including bovine coronavirus (BCV), bovine rotavirus (BRV), and bovine viral diarrhea viruses (BVDV) (4, 5). Although these viral pathogens belong to distinct families and possess different physical characteristics, they are all able to infect intestinal epithelial cells (IECs), generate villous atrophy, and cause inflammatory intestinal tissue damage and diarrhea.

Probiotics are defined as live microorganisms with the capacity to confer a health benefit on the host when administered in adequate amounts. Among them, those that are able to impact on human and animal health by modulating the mucosal and systemic immune systems have been called immunobiotics. It has been reported that immunobiotic lactic acid bacteria are able to generate protection against viral pathogens by differentially modulating antiviral immune responses in humans and livestock animals like pigs (6, 7). It is also believed that immunobiotics could be used in cattle feeds to improve bovine health and produce safe animals (8–10).

The purpose of this review is to provide an update of the status of the modulation of intestinal antiviral innate immunity in the bovine host by immunobiotics, and their beneficial impact on viral infections. The results of our group, which demonstrate the capacity of immunobiotic strains to advantageously modulate Toll-like receptor (TLR)-3-triggered immune responses in bovine IECs and improve the resistance to viral infections, are particularly highlighted.



THE USE OF PROBIOTICS IN THE BOVINE HOST

Before weaning, dairy calves are highly susceptible to infectious diseases. For several years, antimicrobial compounds have been used to reduce the severity and mortality of infectious diseases and to improve economic benefits in terms of enhanced bovine performance and diminished medication expenses. However, the use of antibiotics in livestock animal management is in question because of the enhanced resistance of microbes to antimicrobial compounds. Therefore, there is an urgent need to reduce and finally eliminate the use of antibiotics in livestock and for this purpose many feed additives have been proposed including beneficial microbes (8–10). In fact, research from the past decade has provided evidence that probiotic bacteria and prebiotics can be effectively used to improve health and growth in calves and reduce the use of antibiotics (Table 1), although detailed mechanistic studies were not performed. The production of antimicrobial compounds, inhibition of adherence or aggregation with pathogens and the modulation of the microbiota were described as mechanisms of probiotics action in the bovine host [reviewed in Ref. (10)]. Immunomodulation was also proposed as a mechanism of bovine probiotics as mentioned later.


TABLE 1 | Probiotics for the bovine host.
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As described for other livestock animals, the most critical stage in the bovine life is the period from birth to weaning. During this stage factors like nutrition can directly affect the immune system development and function and impact later in bovine performance (26). However, nutritional interventions during this phase are often inappropriate due to the elevated costs of milk feeding. The administration of poor-quality milk or colostrum, and the additions of antibiotics are common practices. Poor nutrition during preweaning stage often conduces to low weaning weight and impaired immunity, thereby increasing losses related to disease. Therefore, the majority of research studying the influence of beneficial microbes in the bovine host has been performed during this period of life.

Early studies showed that orally administered Bifidobacterium pseudolongum M-602 or Lactobacillus acidophilus LAC-300 enhanced the gain of body weight and reduced diarrhea frequency in calves (11). Similarly, several subsequent studies reported that treatments with probiotic microorganisms beneficially influence body weight gain, body height, milk production, and the general health condition of calves (Table 1). Additionally, oral treatment with probiotics significantly reduced the incidence and the severity of gastrointestinal infections. Moreover, some studies have also shown that probiotic treatments are able to improve not only mucosal defenses in the bovine host but systemic immunity as well (20, 21).

Classical probiotic strains have been used to evaluate their beneficial effects on the bovine hosts including Lactobacillus, Bifidobacterium, Enterococcus, Bacillus, and the yeast Saccharomyces (Table 1). More recently, new species of beneficial bacteria have been also tested as next-generation probiotics. In this regard, the obligate anaerobic, Gram-positive microorganism Faecalibacterium prausnitzii that belongs to the phylum Firmicutes has been tested as a potential probiotic for the bovine host (27). Oikonomou et al. (27) reported that the high relative abundance of this bacterium in the first week of life of Holstein calves was associated with improved weight gain and diminished occurrence of diarrhea. Recently, Foditsch et al. (22) confirmed the safety and efficacy of F. prausnitzii in young dairy heifers. Researchers reported that the oral administration of viable F. prausnitzii reduced severe diarrhea incidence and its related mortality rate. Moreover, F. prausnitzii treatment significantly enhanced the weight gain.

The anti-inflammatory properties of F. prausnitzii, including its ability to synthetize butyrate, were proposed as factors involved in the beneficial effects observed in calves. These works demonstrated that this intestinal bacterium could be a novel approach to enhance the intestinal health in calves and improve their body weight gain (22).

These studies indubitably show the potential of beneficial microbes to differentially modulate weight gain, intestinal hemostasis, and immunocompetence in young calves. However, the cellular and molecular interactions of probiotics with the cells of the bovine host have not been studied in depth. A better molecular understanding of how the selected beneficial microbes improve resistance against infections by antagonizing pathogens and/or modulating the immune system is needed.



BOVINE IECs AS A MODEL TO STUDY ANTIVIRAL IMMUNITY

It is considered that an important step forward toward the understanding of the cellular and molecular interactions of pathogenic or probiotic microorganisms with the bovine host is the establishment of appropriate in vitro systems models. Therefore, the development of suitable bovine cell cultures such as IECs would be of great value to advance in this field of research. Those cell cultures should be minutely characterized with regard to their permissiveness for bacterial and viral adhesion and invasion, and the ability to sense microbial-associated molecular patterns through pattern recognition receptors (PRRs) (28).

Primary cultures of small or large IECs have been used to evaluate the effects of microbial virulence factors, toxic compounds, and antimicrobial factors in cattle. Moreover, those primary cultures have been also used for the study of innate immune responses through PRRs signaling (28–33). Soft mechanical agitation combined with enzymatic digestion using dispase and collagenase has been proved to successfully release viable intact bovine colonic cells. However, these cells suspensions contained contaminating non-epithelial cells (mostly fibroblasts) and therefore, a series of purification steps was required to obtain relatively pure bovine colonic cells. The development of primary bovine cell lines from rectum, colon and ileum was reported by Dibb-Fuller et al. (29). Those bovine primary cell cultures were successfully used to evaluate the interaction of several intestinal pathogenic bacteria with bovine IECs and to determine mechanisms of adherence and invasion. More recently, Zhan et al. (34) successfully cultured primary bovine IECs and established a novel clone cell method. Authors demonstrated the expression of E-cadherin and cytokeratin 18, as well as characteristics of epithelial-like morphology in this new cell line. However, the immunological characteristics of cells or viral infections have not been evaluated in those systems.

As mentioned earlier, viral infections in livestock animals could cause a fatal disease that implicate serious economic loses. Therefore, the effective and non-costly control of this type of infections is a key factor for improving animal production. It is believed that the clear and detailed understanding of viral pathogenicity as well as host immune response in the bovine host is necessary to develop strategies capable of reducing infectious disease caused by these viruses. In this sense, a deeper understanding of the molecular interactions of virus with bovine IECs is necessary for the development of better prevention strategies to improve protection in animals.

Bovine virus pathology and immune response have been studied mainly in heterologous systems including mouse models (35) and human cell lines (36). Taking into consideration the differences in viral strains, the specific receptors for virus uptake, the factors required for viral replication and pathogenesis as well as the specific species variations in innate immune responses; the information generated in those heterologous models may not be fully applicable to cattle. Therefore, scientists have tried to establish bovine systems for the study of viral infections. One of the earliest works able to confirm that cultured bovine IECs were susceptible to BRV infection was reported by Kaushik et al. (37). Epithelial cultures obtained from jejunal and ileal tissues were incubated with BRV and both cell types were similarly infected with the viral pathogen. Long incubation times of BRV with the epithelial cultures coming from jejunal and ileal tissues resulted in extensive cellular damage and reduced cell viability, which is in line with the knowledge that BRV is a lytic virus. Furthermore, BRV particles were recovered from the culture supernatants confirming that viral replication occurred in bovine IECs (37). However, the immune response was not studied. In addition, those epithelial cell cultures contained fibroblasts, and therefore if the immune response is evaluated in this system it cannot be discriminated whether the response (cytokine production, for example) is mediated by one or both cells, especially considering that the authors also demonstrated that BRV infected and replicated in fibroblasts (37).

Bovine primary IEC cultures have been of value to study the molecular mechanisms involved in diseases caused by pathogens. However, the cellular and molecular interactions of beneficial or commensal microorganisms with bovine IECs cells have been less examined. In addition, the intestinal cell lines established from adult cattle may have limitations in the study of infections with BRV, BVDV, or BCV, since these viruses infect IECs in the gut of young calves (4, 5).

In order to understand: (i) the pathogenesis of bovine viral infections and the subsequent gastrointestinal diseases, (ii) the role of bovine IECs in the generation of mucosal immune responses, and (iii) the effect of beneficial microbes that may be used to advantageously modulate the antiviral immune response in bovine IECs; we have developed an immortalized bovine IEC line from young calves: bovine intestinal epithelial (BIE) cells (38).

Bovine intestinal epithelial cells have an epithelial-like morphology and they grow forming a monolayer with cells that establish close contact between them (38). Scanning electron microscopy analysis revealed that 3-day-old BIE cells have microvilli-like structures on their surface that are irregular and slender. These cellular structures increase in complexity as the cells grow as observed in 10-day-old BIE cells (38). The evaluations of the expression of cytokeratin and specific villin protein, which are known as markers of epithelial cells, have demonstrated that BIE cells are strongly positive for both proteins. In contrast, vimentin and desmin that are markers for mesenchymal cells and muscle cells, respectively, were not found in BIE cells.

Bovine intestinal epithelial cells also expressed the cell-to-cell adhesion molecules ZO-1 and beta-catenin (39). Both proteins were strongly positive in the cell-to-cell contact region when cells reached confluence. Moreover, the functional integrity of BIE cells gradually increased with time as indicated by studies of TEER and paracellular permeability (38). These results provide clear evidence of the intestinal epithelial nature of BIE cells.



IMMUNOBIOLOGY OF BOVINE EPITHELIAL CELLS

Significant progress has been made in the understanding of both the beneficial and detrimental roles of TLR3 in innate antiviral immune responses in mucosal tissues (6, 40). Therefore, to decipher the exact role of TLR3 in antiviral defenses in IECs is of value to understand the mechanisms that activate and regulate the intestinal immune system of the host. Few studies have been conducted on cattle. Those studies are of importance since the determination of the mechanisms involved in the activation and regulation of TLR3 in bovine IECs could give the scientific basis for the development of efficient preventive or therapeutic strategies for reducing severity and mortality of viral diseases, including oral vaccines and functional feeds. Then, the expression of mRNAs of TLRs was evaluated in BIE cells and it was reported that all the genes for these receptors were expressed in this cell line (41). TLR1, TLR3, TLR4, and TLR6 were strongly expressed while TLR5, TLR9, TLR2, and TLR7 were expressed modestly. We were especially interested in expression of TLR3 as the most important receptor detecting double-stranded genomic RNA (dsRNA) from viruses.

Therefore, to confirm these findings, we further examined the expression of TLR3 protein in BIE cells by immunohistochemical analysis and demonstrated that this PRRs is strongly expressed in the cytoplasm of BIE cells (42). Of note, no TLR3expression was detected at the BIE cell surface. Therefore, BIE cells, in addition to displaying characteristics of epithelial cells like those mentioned earlier such as microvilli-like structures, and strong expression of cell-to-cell junctional proteins (38), they also express TLR3 and thus are similar to the IECs of other species.

The innate immune response induced by TLR3 activation in BIE cells was also studied. BIE cells were treated with the TLR3 agonist poly(I:C) and an upregulation of type I interferon (IFN), and proinflammatory cytokines expression was detected. The changes in the expression of inflammatory factors induced by poly(I:C) in BIE cells correlate with the changes reported in various intestinal viral infections of cattle and other hosts. For instance, enhanced gene expression of CCL5 (RANTES), CXCL10 (IP-10), CXCL8 (IL-8), and CCL2 (MCP-1) were observed in rotavirus-infected HT-29 cells (43, 44). In addition, in vitro studies showed that the challenge of bovine intestinal tissues with BRV or BCV activated TLR3, upregulated nuclear factor κB (NF-κB) and increase IL-6 production (4). These findings indicate that BIE cells are valuable tools for the in vitro study of immune responses mediated by TLR3 in bovine IECs.

Bovine rotavirus is able to induce a potent inflammatory response mediated by IFN and IFN-induced genes as well as inflammatory cytokines. In this regard, studies performed in HT29 cells infected with BRV (A5-13 strain) demonstrated that viral infection significantly upregulated most of the IFN-inducible genes including IL-18, IFN-α-inducible protein 6, IFN-induced transmembrane protein 3, TAP1, DDX58 [retinoic acid inducible gene-I (RIG-I)], and 2′-5′-oligoadenylate synthetase (OAS) 1 as well as several cytokines such as IL-8, CCL5, CXCL10, and CXCL11 (36). Few studies evaluated the BRV infection and its immune responses by using in vivo or in vitro bovine systems. By performing an intestinal loop surgical technique, Aich et al. (4) investigated the innate immune responses against bovine BRV in newborn calves. BRV (field isolate BRV85) challenge was able to induce accumulation of fluid and visible histological alterations in the gut of infected animals. Moreover, transcriptional profile of gene expression analysis and qPCR revealed that BRV enhanced TLR3, NF-κB p65, and IL-6. In addition, IRF1, a transcriptional regulator involved in the activation of IFN responses, was activated after rotaviral challenge (4).

We demonstrated that 10-days old BIE cells have developed microvilli-like structures on their surface (45). These characteristics of BIE cells together with their capacity to respond to TLR3 activation allowed us to hypothesize that this cell line could be a valuable in vitro tool for studying the interactions between BRV and bovine IECs. Therefore, we compared the infection capacity of four rotavirus strains in BIE cells including human (Wa), murine (EW), porcine (OSU), and bovine (UK), and we found that BIE cells can be effectively infected with the four rotavirus strains (45). Our results showed that 3-day-old BIE cells were more resistant to rotavirus infection than 10-day cultured cells, which probably related to the differences in the length and number of microvilli present on their surfaces. As we mentioned previously, the presence of these cellular structures is important for rotaviral infection since it was suggested that differentiated non-dividing mature enterocytes express the factors that are essential for the efficient rotavirus infection and replication (46, 47). In addition, we found significant differences regarding the viral titers when rotaviruses of different origins were compared. BIE cells were highly infected by bovine and porcine strains, whereas human and murine rotavirus showed a lower capacity to infect this bovine cell line (45). We also observed that viral titers were higher in BIE cells infected with UK than OSU strains, confirming that BRV strain isolated from cattle has a higher capacity to infect these cells. This is in line with previous studies that reported that the infection of porcine small intestinal epithelial (IPEC-J2) cells with OSU rotavirus induced a higher cytopathic effect and significantly reduced cell survival when compared with Wa strain (48). Moreover, our results in BIE cells are also in agreement with our results in porcine IECs (PIE cells) that showed a higher capacity of OSU rotavirus to infect those cells when compared to UK, Wa, or EW strains (49).

The innate immune response triggered by BRV infection in BIE cells was also characterized (Figure 1). We observed that BRV challenge activated antiviral PRRs in BIE cells and induced immune responses characterized by IFN regulatory factor-3 (IRF3) and NF-κB activation, with the subsequent upregulation of IFN-β and inflammatory chemokines and cytokines. Those results are in agreement with the innate immune mechanisms described for BRV infection in several experimental models as mentioned previously (4, 35, 36). Of interest, we also observed that UK rotavirus was able to induce a stronger innate immune response in BIE cells than OSU strain as demonstrated by the higher levels of expression of inflammatory factors IL-6, IL-8, MCP-1, and IFN-β.
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FIGURE 1 | Antiviral Innate immune response against rotavirus in bovine intestinal epithelial (BIE) cells. Rotavirus double-stranded genomic RNA activates toll-like receptor 3 (TLR3), retinoic acid inducible gene-I (RIG-I), and melanoma differentiation-associated gene-5 (MDA-5), which are pattern recognition receptors (PRRs) expressed in BIE cells. Cellular signaling cascades are activated and converge at the level of interferon (IFN) regulatory factor-3 (IRF3) that upregulate the expression of type I (IFN-α, IFN-β) and type III (IFNλ1, IFNλ2/3) IFN, which in turn induces the synthesis of IFN-stimulated genes with antiviral activities including: myxovirus resistance 1 IFN-inducible protein (Mx1), MxA, ribonuclease L (RNaseL), 2′-5′-oligoadenylate synthetase (OAS), and protein kinase R (PKR). Antiviral PRRs also activate nuclear factor κB (NF-κB) pathway and induce the secretion of proinflammatory cytokines and chemokines including: interleukin 6 (IL-6), IL-8, monocyte chemotactic protein 1 (MCP-1/CCL2), and IFN gamma-induced protein 10 (IP-10/CXCL10).


The, BIE cells have several characteristics that make them extremely interesting for the study of BRV pathogenesis, and the molecular mechanisms involved in the generation of innate immune responses. In addition, this cell line could be of value for the evaluation of treatments aimed to beneficially modulate antiviral defenses and reduce inflammatory-mediated damage.



BOVINE IECs AS A MODEL TO SELECT AND CHARACTERIZE IMMUNOBIOTICS WITH ANTIVIRAL ACTIVITY

The capacity of beneficial microbes to differentially modulate the response of BIE cells to TLR3 stimulation was evaluated by using several lactobacilli and bifidobacteria strains (42, 45) (Figure 2). Some strains such as L. rhamnosus LA-2, S. thermophilus TMC1543 (42), B. infantis MCC12, and B. breve MCC1274 (45) were able to enhance IFN-β levels after poly(I:C) challenge. The improved production of IFN-β by BIE cells after TLR3 activation induced by those probiotic strains may have significant in vivo effects in the protection against enteric viruses. It is well known that IFN-α and IFN-β are important factors of the innate immune response against viral infections. Type I IFNs, after their interaction with the IFN-α/β receptor (IFNAR), upregulate the expression of hundred of antiviral proteins capable to reduce or inhibit viral replication and promote viral clearance. In this regard, transcriptomic analyses of bovine intestinal tissues after the challenge with BRV or BCV have shown that the expression of several IFN-regulated genes is reduced, supporting the conclusion that both viruses have developed mechanism(s) to inhibit immune responses mediated by IFNs (4). Moreover, it has been reported that BVDV is able to impair the induction of type I IFN, which not only affect innate immunity, but in addition interferes with the appropriate development of adaptive immune defenses (5, 50). Based on these findings, immunobiotics that enhance IFN-β production in BIE cells could have a prominent role in the reinforcement of innate and adaptive immune responses against bovine intestinal virus.
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FIGURE 2 | Beneficial effects of immunobiotics on the antiviral innate immune response against rotavirus in bovine intestinal epithelial (BIE) cells. Rotavirus doublestranded genomic RNA activates toll-like receptor 3 (TLR3), retinoic acid inducible gene-I (RIG-I), and melanoma differentiation-associated gene-5 (MDA-5), which are pattern recognition receptors (PRRs) expressed in IECs. Cellular signaling cascades mediated by interferon (IFN) regulatory factor-3 (IRF3) upregulate the expression of type I (IFN-α, IFN-β), and type III (IFNλ1, IFNλ2/3) IFN, which in turn induces the synthesis of IFN-stimulated genes with antiviral activities including: myxovirus resistance 1 IFN-inducible protein (Mx1), MxA, ribonuclease L (RNaseL), 2′-5′-oligoadenylate synthetase (OAS), and protein kinase R (PKR). Antiviral PRRs also activate nuclear factor κB (NF-κB) pathway and induce the secretion of proinflammatory cytokines and chemokines including: interleukin 6 (IL-6), IL-8, monocyte chemotactic protein 1 (MCP-1/CCL2), and IFN gamma-induced protein 10 (IP-10/CXCL10). Preventive treatment of BIE cells with immunobiotics increase the activation of IRF3, improve the production of the antiviral factors and differentially regulate the expression of inflammatory mediators.


As the duration and intensity of proinflammatory factors secretion after TLR3 activation by viral dsRNA can become harmful to the host (51), we also evaluated the levels of key inflammatory cytokines and chemokines in BIE cells including IL-6, IL-8, and MCP-1. Our results indicated that BIE cells pretreated with the probiotic strain L. casei TMC0409 (42) produced lower levels of MCP-1, IL-6, and IL-8 when compared with control cells after stimulation with poly(I:C). It has been well established that the unregulated activation of TLR3 is capable to mediate detrimental inflammatory responses in the intestine, thus contributing to the tissue damage induced by viral infections (6, 52). Therefore, the diminished production of proinflammatory factors after the exposure to immunobiotics may allow a better control of the inflammatory responses and reduce the tissue injury mediated by this mechanism. In this way, beneficial bacteria like the TMC0409 strain may offer a different protection mechanism against bovine viral infection.

In conclusion, the BIE cells in vitro system was of value for the efficient screening of two types of immunomodulatory probiotic strains capable to improve protection against viral intestinal diseases in the bovine host: (i) strains with the ability to increase antiviral defenses like L. rhamnosus LA-2, B. infantis MCC12 and B. breve MCC1274 and (ii) strains with anti-inflammatory capacities like L. casei TMC0409.

Considering the mentioned results and that some recent research indicated that the presence of bifidobacteria in the gut of young calf is associated with a good health status (53), we next aimed to evaluate the capacity of the selected immunobiotic bifidobacteria strains to improve resistance of BIE cells to viral challenge.

Studies with the porcine IPEC-J2 cell line, demonstrated that L. rhamnosus GG reduced the mucin and IL-6 secretion response triggered by porcine rotavirus, diminishing the inflammatory damage (48). Our own studies in PIE cells also demonstrated that selected immunobiotic strains were capable to upregulate IFN-β expression in response to poly(I:C) stimulation (54, 55). Moreover, we recently demonstrated that B. infantis MCC12 and B. breve MCC1274 were capable to significantly improve the resistance of PIE cells to porcine rotavirus infection (49). Both immunobiotic bifidobacteria strains significantly enhanced the expression of IFN-β, MxA and ribonuclease L (RNaseL) in infected PIE cells, reducing viral replication. Therefore, we aimed to determine whether the studies performed in our laboratory using porcine IECs could be reproduced in BIE cells. Then, we evaluated whether immunobiotic B. infantis MCC12 and B. breve MCC1274 were able to protect BIE cells against BRV infection.

We showed that BIE cells treated with bifidobacteria were more resistant to BRVs infection, and that MCC12 and MCC1274 treatments significantly increased IFN-β in BRV-infected BIE cells. This is in line with the observation that BRV replication is restricted in susceptible cells by preventive treatment with recombinant IFN-β (56). Likewise, administration of recombinant IFN-β to newborn calves prior to BRV challenge suppresses virus replication and diminishes disease severity (57). A recent study reported the antiviral activity of bacterial strains in mice and Caco-2 cells, in which the probiotic B. longum SPM1206 and L. ruminis SPM0211 induced the expression of IFN-β in response to human rotavirus (58). Moreover, these probiotic strains had the capacity to inhibit RVs infection through the increase IFN signaling component (STAT1), and IFN-inducible antiviral effectors MXA, protein kinase R (PKR), and OAS in mice. In line with these findings, our recent immunotranscriptomic analysis showed that both B. infantis MCC12 and B. breve MCC1274 are able to improve the expression of several antiviral factors through their capacity to improve IFN-β production. Both bifidobacteria improved the expression of IFN-α and IFN-β as well as the antiviral factors RNASEL, MX1, and MX2 when compared to controls. In addition, bifidobacteria increased the expression of NLRP3 [Albarracin et al. (59), in preparation]. In agreement with the central role of IFN-β in the protection of BIE cells against BRV, we also observed that B. breve MCC1274 induced an earlier and higher activation of TRAF3, higher levels of IFN-β and significantly lower titers of BRV in infected BIE cells when compared with B. infantis MCC12. The mechanism(s) (probiotic molecules and host receptors and signaling pathways) by which these immunobiotic bifidobacteria induce higher expression of IFN-β in BRV-infected BIE cells is an interesting topic for future research.



CONCLUSION

Prophylactic administration of low doses of antibiotics has been historically used to promote the growth and avoid infectious diseases in livestock animals. However, due to the emergence of antibiotic resistant microbes, several governments in countries around the world have prohibited the use of antibiotics as growth promoters for animals.

One of the most important challenges of agricultural immunology therefore is to find alternatives for developing drug-independent safe food production systems by modulating the immune system of animals. The work reviewed here encourages the research of probiotics to beneficially modulate the immune system of the bovine host. This review provides comprehensive information on the innate antiviral immune response of bovine IECs against virus, which can be further studied for the development of strategies aimed to improve antiviral defenses. The analyzed data also suggest that beneficial microbes have a great potential to be used as antiviral alternatives able to reduce severity of infections in the bovine host.

The development of specific in vitro study systems for cattle such as BIE cells as well as the selection and characterization of microbes that exert beneficial functions specifically and efficiently in the bovine host are key points for the successful development of immunomodulatory feeds aimed to protect against infections and reduce or avoid the use of antibiotics.
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This review aims to provide an in depth overview of the current knowledge of the effects of bovine immunoglobulins on the human immune system. The stability and functional effects of orally ingested bovine immunoglobulins in milk products are described and potential mechanisms of action are discussed. Orally ingested bovine IgG (bovine IgG) can be recovered from feces, ranging from very low levels up to 50% of the ingested IgG that has passed through the gastrointestinal tract. In infants the recovered levels are higher than in adults most likely due to differences in stomach and intestinal conditions such as pH. This indicates that bovine IgG can be functionally active throughout the gastrointestinal tract. Indeed, a large number of studies in infants and adults have shown that bovine IgG (or colostrum as a rich source thereof) can prevent gastrointestinal tract infections, upper respiratory tract infections, and LPS-induced inflammation. These studies vary considerably in target group, design, source of bovine IgG, dosage, and endpoints measured making it hard to draw general conclusions on effectiveness of bovine immunoglobulin rich preparations. Typical sources of bovine IgG used in human studies are serum-derived IgG, colostrum, colostrum-derived IgG, or milk-derived immunoglobulins. In addition, many studies have used IgG from vaccinated cows, but studies using IgG from nonimmunized animals have also been reported to be effective. Mechanistically, bovine IgG binds to many human pathogens and allergens, can neutralize experimental infection of human cells, and limits gastrointestinal inflammation. Furthermore, bovine IgG binds to human Fc receptors which, enhances phagocytosis, killing of bacteria and antigen presentation and bovine IgG supports gastrointestinal barrier function in in vitro models. These mechanisms are becoming more and more established and explain why bovine IgG can have immunological effects in vivo. The inclusion of oral bovine immunoglobulins in specialized dairy products and infant nutrition may therefore be a promising approach to support immune function in vulnerable groups such as infants, children, elderly and immunocompromised patients.
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HUMAN IMMUNOGLOBULINS IN MILK

The first year of life is essential for infants to develop their immune system. At the same time the child is exposed to many new and potentially immunogenic stimuli such as dietary components (food) allergens and the microbiota that colonize the gastrointestinal tract. Therefore, during this year, it is crucial to have tightly regulated immune responses to prevent inflammatory responses to these (stimuli) food antigens, allergens, and commensal bacteria.

It is known that human breast milk and bovine milk contain many factors that are involved in immune development. Milk contains immunoglobulins, prebiotic oligosaccharides, extracellular vesicles (e.g., exosomes), antimicrobial proteins such as lysozyme, lactoperoxidase, and lactoferrin, also immunomodulatory cytokines such as IL-10 and TGF-β. In addition, breastfeeding has been shown to provide protection against gastrointestinal and respiratory tract infections (1, 2). It prevents excessive immune responses during immune development in early life (3) which may be attributed to the orchestrated activity of the above mentioned milk components. Most of these components—with the exception of human milk oligosaccharides—are relatively well-conserved between bovine and human milk. Bovine milk and its components have clear functional effects on the human immune system (4). However, as many other immunomodulatory molecules are present in milk, the individual contribution of each of these to disease prevention is difficult to determine (5).

As early as 1892, Paul Ehrlich demonstrated that mouse maternal immunoglobulins confer passive immunity to their murine offspring (6, 7). Immunoglobulins (or antibodies) are glycoproteins produced by plasma/B cells that specifically recognize and bind antigens, that are present on e.g. bacteria and viruses. As the immunoglobulins have a high degree of specificity they assist in the destruction of specific pathogens. In addition to this specific recognition, various human immunoglobulin isotypes (IgM, IgG, IgA), and subclasses (IgG1-4, IgA1-2) differ in their biological features, structure, target specificity and distribution. Whilst IgG is the most predominant antibody in the serum, IgA is the main isotype of the immunoglobulins found in human milk and colostrum, followed by IgG and IgM.

In mature human breast milk, IgA is present at levels around 1 mg/ml, whilst in colostrum levels can reach up to 5–12 mg/ml (8, 9). The specificity of maternal IgA reflects the past exposure of the mother to bacteria and viruses present on mucosal surfaces in the gastrointestinal and respiratory tract and thus there is a transfer of immunological memory of the mother to the infant. Breastmilk IgA and IgG can promote neutralization and killing of pathogens and can also modulate immune function in infants, thereby protecting them against inflammatory responses (10–14). Therefore, the concept of vaccinating mothers against pathogens to optimize the protection of their nursing children has increasing interest (15, 16). Indeed in the UK both influenza and pertussis immunization are recommended during pregnancy and others such as for Group B streptococcal infection are now being tested in vivo (17).

The levels of serum IgA produced by the newborn infant itself are very low (18). At the age of 1 year, secretory (s)IgA is only 20% of the level observed in adults and circulating levels only reach maturity by the age of 4 years (18). Aberrant IgA responses in the gut have been described in several gastrointestinal diseases (19). Furthermore, delayed increases in IgA in the infant and low maternal IgA levels in breast milk have been associated with a higher risk of infection, allergy, and autoimmune diseases (20).

sIgA also has an important role in the development of oral tolerance toward the gut microbiota. Kohler showed that fecal sIgA concentrations peak at 1 month of age in exclusively breastfed infants compared to exclusively formula fed infants and decline to levels observed in formula fed infants around 5 months. From this timepoint onwards, no difference was observed between fecal sIgA concentration between breastfed and formula fed infants (21). In line with this, other studies showed that fecal sIgA concentration in exclusively formula-fed infants were only 33% of breastfed infants' levels at 1 month and only reached comparable levels to breastfed infants at 9 months of age [(21), and reviewed in (22)]. Low levels of fecal IgA in infants have been associated with a higher risk of allergy (23). Thus, the supply of sIgA in breast milk has a potentially pivotal role in enhancing intestinal immunity in early life and help in establishing a healthy outcome (24). However, interpreting the results of human observational studies of birth cohorts in relation to health outcomes is difficult as considerable variability exists in the breast milk content of immune active molecules both between mother/infant pairs and within such pairs at the different sampling points. Numerous genetic and environmental influences affect the levels of immune factors in milk and as yet no study has been able to account for the variability (22). Furthermore, as there are many other immunomodulatory molecules in the milk, the individual contribution of each to disease prevention is unknown (5).

Just as the multiple advantages of breast milk described, cow's milk consumption has also been associated with specific health outcomes. Several epidemiological studies have shown a positive association between the consumption of unprocessed cow's milk and a reduced risk for developing allergy, most prominently allergic asthma (25–27). This association was not found for the consumption of heated farm milk and commercial high heat treated milk (e.g., UHT) (28). The consumption of these different processed cow milk types is consumed on top of regular breastmilk and formula milk consumption and can thus be considered as weaning food. The levels of intact milk protein in these cow's milks correlated with the protective effect on asthma (28), suggesting that intact milk protein confer this effect but not denatured protein which occurs upon heating (29, 30). Several factors that are present in breast milk as well as in cow's milk can be linked to this effect on allergy (4). In addition, raw milk consumption in the first year of life is also associated with decreased risk of upper respiratory tract infections and otitis media (31).

This well-established protective function of immunoglobulins in breast milk, and in neonatal health in farm animals, has meant that bovine immunoglobulins have been studied extensively for their putative effect on human health.



BOVINE IMMUNOGLOBULINS FROM MILK, COLOSTRUM, AND SERUM

Bovine milk contains many components that have immunomodulatory and antimicrobial properties. Bovine immunoglobulins (bIg), in particular bovine IgG, have been studied since the 1970's for their potential effects on immunity and infection in humans.

Bovine IgG can not only bind to a wide range of pathogenic bacteria and viruses (32–40), but also to many allergens (41). In addition, the specificity of the immunoglobulins in the milk or colostrum can be increased by vaccinating the cows before collecting their milk or colostrum. After vaccination hyperimmune colostrum is strongly enriched for IgG1 that recognizes the pathogen included in the vaccine. Indeed, the first studies on the use of oral bovine immunoglobulins to prevent and treat gastrointestinal infections have focused on the use of hyperimmune colostrum containing rotavirus-specific immunoglobulins (40, 42). These were used for the treatment and prophylaxis of rotavirus infection in infants and children and showed good efficacy in several studies (described in section Treatment of Git Infection in Infants and Children and Prevention of Gastrointestinal Tract infection). Since these early studies, many studies have been performed utilizing different in vitro systems, animal models and human studies in order to determine mechanisms of action and their applicability for human health.


Sources and Origin of Bovine IgG

In contrast to humans, in cow's milk IgG is the main isotype present, especially in colostrum, followed by IgA and IgM (43). There are 2 subclasses of IgG known in cows: IgG1 and IgG2. IgG1 is the main isotype of immunoglobulin found in bovine milk and colostrum. In mature milk IgG1 is the dominant isotype, whereas sIgA and IgM are present at ~5–10 fold lower levels. The concentration of IgG1 in mature milk is around 200–500 μg/ml although levels reported in literature differ depending on type of measurement technique used (44, 45).

In colostrum the IgG levels are much higher, reaching up to 50–100 mg/ml in the first days after birth [reviewed in (46)]. These high concentrations are necessary for the calf because cows cannot transfer IgG across the placenta. Calves are thus dependent on the transfer of IgG from colostrum into the blood, and calves that do not receive colostrum after birth are immunocompromised and prone to infection. High levels of colostrum-derived IgG in blood of calves are associated with reduced risks of pneumonia (47). Likewise, colostrum intake by calves is crucial to protect against gastrointestinal tract infections. This uptake of IgG occurs partly via passive transport across the epithelium when it is not yet fully closed, but also actively via FcRn, the neonatal IgG receptor that is expressed on intestinal epithelium in neonatal calves (48, 49).

This high level of IgG in colostrum has meant that many studies have used colostrum as an IgG rich source for studies, rather than purified IgG (1). However, in colostrum—as in mature milk—many other factors are present that can have immunological effects, but compared to IgG their concentrations in colostrum are relatively low. For this reason, colostrum is often regarded as an IgG1 preparation even though additional factors are present. More recently, bovine immunoglobulins isolated from serum—that is also high in IgG and low in IgM and IgA—have been used to study their effects on chronic and severe gastrointestinal disturbances in humans (50).

Maternal serum IgG levels in cows decrease before delivery (51), shown by following labeled IgG1 and IgG2 transfer from blood into colostrum (52). The majority of all maternal IgG in colostrum thus seems to be transported from the serum into colostrum and milk (52, 53). The immunoglobulins in milk and colostrum can therefore be considered as a good reflection of the immunoglobulins in maternal serum.



Digestion of Bovine IgG After Oral Administration

In order to be used as an active, prophylactic ingredient in human food products, a significant amount of bovine immunoglobulins must be able to survive passage through the stomach into the small intestine, or even throughout the entire gastrointestinal (GI) tract. This has been the subject of several studies, reviewed in detail in (54).

An early study by Hilpert et al. showed that Enteropathogenic E. coli (EPEC)-specific IgG or active fragments thereof are present in the stools of infants that received immunoglobulins from cows immunized against EPEC (55). In line with this, in the stools from children with rotavirus that received oral colostral immunoglobulins anti-rotaviral immunoglobulin activity could be detected (56). This data indicate that IgG can survive passage through the GI tract and retain functionality.

In a study of ileostomy patients, a total of 50% of all orally administered IgG1 from an bovine immunoglobulin concentrate could be recovered in ileal fluid (57). Interestingly, no enhanced survival was seen by combining the preparation with antacid or omeprazole (a proton pump inhibitor) to counter the effect of low gastric pH, suggesting that pH regulation in the stomach does not enhance the survival of the IgGs.

Two other studies have shown that up to 10–20% of the immunoglobulins may survive GI passage in infants (58) and adults (59). However another study, showed only 3% of orally ingested bovine IgG could survive the passage through the GI tract in healthy adults (60). Encapsulation of the immunoglobulins in entero-protective capsules that dissolve at pH 6 and higher, increased GI tract survival of bovine IgG from 3 to 30% (60). Similarly, in mice consuming bovine colostrum, 5% of the IgG could be recovered in the colon, which was increased to >20% for encapsulated colostrum (61).

In contrast, two other studies could not recover significant amounts of bovine IgG in stools of healthy adults (36, 62). Bogstedt (62) showed <0.01% of orally ingested bovine IgG recovery in stool in healthy adults. Furthermore, Lissner (36) showed low recovery and only in 3 out of 8 healthy volunteers after ingestion of 15 g of colostrum powder. It was noted that the longer residence time in the large intestine is determining the observed low survival of IgG, especially when compared to other studies in which people with diarrhea were investigated (62). Furthermore, a recent study showed that even though orally ingested bovine IgG can be detected in fecal matter, bovine IgG is not taken up into circulation in adult human volunteers (63). An explanation of the different recoveries of bovine IgG in fecal matter after oral administration by adults could rely on differences in time of fecal matter sampling, the analytical methods used or set up of the study. Kelly et al. (60) who showed the 3% recovery level tracked fecal passage by oral ingestion of carmin red combined witha 3 days stool collection. As the duration of fecel transfer differs per person, and if no tracker is used (36, 62), it is difficult to predict the peak of bovine IgG in feces. The risk is that the peak may be missed. Furthermore, differences in protease inhibitors have been reported therefore a cocktail (60) might be more effective compared to a single trypsin inhibitor (64).

Even though these findings consistently show survival of bovine IgG throughout the GI tract, the amounts recovered in feces vary from trace amounts (0.01%) up to 50% between different studies most likely due to differences in study methodology.

Collectively, the data indicates that a significant amount of orally ingested bovine IgG immunoglobulins are present throughout the GI tract, especially so in infants as they have a higher gastric pH and lower levels of proteolysis in the GI tract. The recent insights in the role of maternal breast milk immunoglobulins and its role in microbiota development in the infant stress the importance of keeping these structures intact. This is further discussed in section Immunological effects of Oral immunoglobulins of other species.



Specificity of Bovine IgG in Normal Milk and Colostrum

The presence of bovine IgG1 against rotavirus in normal cow's milk was first demonstrated in the 1970's by Ellens et al. (37). This was followed by a series of studies on binding of bovine IgG to many human bacterial pathogens including Yersinia enterocolitica, Campylobacter jejuni, Escherichia coli, Klebsiella pneumoniae, Serratia marescens, Salmonella typhimurium, Staphylococcus, Streptococcus, Cryptosporidium, Helicobacter, E.coli EHEC O157:H7, Pseudomonas, and Rotavirus (32–36). Bovine colostrum also contains IgG1 and IgA antibodies directed against Necrotizing enterocolitis (NEC)-associated pathogens such as Klebsiella, Citrobacter, Enterobacter and Serratia (65).

In addition to recognizing gastrointestinal tract associated pathogens, bovine Igs can also bind to respiratory pathogens such as human Respiratory Syncitial Virus (RSV), influenza virus and Streptococcus pneumoniae (38). This may in part explain the finding by Loss et al. that raw milk consumption in the first year of life is also associated with fewer upper respiratory tract infections and otitis media (31).

In addition to immunoglobulins specific for infectious microorganisms, Collins et al. have shown that cow's milk and colostrum can also contain immunoglobulins that are specific for aeroallergens like rye-grass pollen, house dust mite, aspergillus, and wheat allergens (41).

Although bovine milk IgG has been investigated to a larger extent than IgA, it is assumed that the specificities are similar between the two. Furthermore, a recent report compared the specificity between bovine sIgA and human sIgA isolated from milk to pathogenic and commensal bacteria and concluded that the binding characteristics of both human and bovine sIgA from milk were similar (66).

In summary, bovine immunoglobulins can bind to a wide range of human intestinal and respiratory bacterial—as well as viral pathogens, and can also bind to inhalation and some food allergens. Figure 1 shows the proposed effects of bovine IgG along the gastrointestinal tract.
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FIGURE 1. Proposed effects of bovine IgG at various locations in the GI tract. (A) After ingestion bovine IgG can encounter swallowed respiratory pathogens and inhaled allergens. This can lead to partial immune exclusion (especially when milk is regurgitated and enters the nasopharynx) and immune modulation in the tonsils that comprise Waldeyer's ring. (B) In the small intestine IgG can also exclude pathogens by preventing adhesion to epithelial surfaces, but may also promote the uptake of immune complexes of IgG with pathogens via Fc receptors, resulting in regulatory immune responses and induction of IgA. (C) In the colon, IgG prevents leakage of LPS, can modify microbiota composition and short-chain fatty acids (SCFA) production, and can prevent adhesion of pathogens.






IN VIVO STUDIES ON EFFECTS OF BOVINE IGG AND COLOSTRUM ON GASTROINTESTINAL TRACT INFECTIONS

Studies on the effect of bovine immunoglobulins on human immune function and susceptibility to infection have been performed with a wide range of Immunoglobulin rich products which can be categorized in three groups: IgG-isolates from colostrum or milk, IgG-rich colostrum, and serum-derived IgG. These products have either been tested for prophylactic or therapeutic effects in field settings or in controlled challenge models.


Treatment of Git Infection in Infants and Children

A number of studies have been performed in which (hyperimmune) colostrum or immunoglobulins derived thereof were used for treatment in infants and young children and are summarized in Table 1. Four independent studies describe rotavirus-diarrhea treatment with hyperimmune colostrum products. Two studies were double blind, placebo controlled studies (67, 68) performed in Bangladesh and another two were controlled studies in Europe (58, 69). Three of the studies showed significant clinical effects including a reduction in duration of diarrhea (67) and stool frequency (67, 68) the duration of rotavirus excretion (58) and need for oral rehydration solution (ORS) (68). In the fourth study, a trend was noted toward shorter duration and decreased stool frequencies in the actively treated group, but were not significant compared to the control group (69). All these studies on treatment were performed in infants of a similar age (~4–30 months old) but with bovine immunoglobulin doses ranging from 3 g (100 ml colostrum) to 20 g (based on a 10 kg child receiving 2 g/kg body weight).



Table 1. Treatment of GIT infections in infants and children.
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An early treatment study providing a specific milk immunoglobulin concentrate (1 g/kg/day for 10 days) against enteropathogenic E. coli (EPEC) to infants (10 days−18 months old) suffering from enteropathogenic E. coli (EPEC) induced diarrhea showed stool cultures being negative for EPEC in 84% of the cases (70). The control group suffered from diarrhea induced by other E. coli strains that did not receive the milk immunoglobulin concentrate and resulted in negative stool cultures in only 11% (1/9) of the cases. In another, double blind, placebo controlled study, performed in Bangladesh Casswall et al. could not demonstrate a significant effect of an oral bovine immunoglobulin milk concentrate from cows hyperimmunized with enterotoxicogenic E. coli (ETEC) and EPEC strains on the duration, ORS intake, stool frequency or duration of E.coli-induced acute diarrhea (71). Within this study, children (4–24 months of age) that already had E. coli induced diarrhea were included and given 20 g of immunoglobulin concentrate for 4 days. This is a 20-fold higher dose than described in the study by Mietens et al. (70). Since no effects were seen in the Bangladesh study, it was hypothesized that the strains used for vaccination of the cows and the strains that infected the children differed too much.

For other pathogens such as Helicobacter pylori and Shigella, the use of hyperimmune colostrum in treatment has been less successful compared to rotavirus and E. coli induced diarrhea. In a study performed in infants in rural Bangladesh Helicobacter pylori-infected children (4–29 months of age) treatment with purified immunoglobulins from hyperimmune colostrum failed to eradicate H. pylori infection (72). In this double blind, placebo controlled study, children were treated for 1 month with 1 g hyperimmune colostrum containing 0.7 g of immunoglobulins per day. Although hyperimmune colostrum against Helicobacter pylori prevented adhesion of helicobacter in vitro, and treated an infection in vivo in mice (75), an effect in vivo in humans was not observed. Specificity of the strains used for the vaccine or age of the target group are two factors that might be responsible for the differing outcomes. Hyperimmune colostrum of cows immunized with Shighella did not have an effect on Shighella dysenteria-infected children (1–12 years of age) in Bangladesh in a double blind, placebo controlled trial (73). No significant differences were seen in duration of diarrhea, fever, stool frequency and visible blood in the stool between the actively treated (100 ml of hyperimmune colostrum 3 times per day) and the control group. Interestingly, a single placebo controlled study reported that children (0–18 years, mean age of 2) suffering from Shiga toxin-producing E. coli induced diarrhea and treated with a normal (non-hyperimmune) colostrum resulted in significantly reduced stool frequency (74). Yet, no effects were shown on pathogen numbers or complications of infection. One of the factors which might explain the difference in the observed effect was the timing of the start of treatment. In the study that did show a beneficial effect of treatment was started 24–48 h after diarrhea and in the other study only after 48–72 h. Other reasons such as study power cannot be excluded. Intervention studies have been described in literature testing immunoglobulin preparations for treatment and/or prevention of parasites and fungi reviewed by Hammarstrom et al. (76).

Although not all studies discussed above show effects of bovine IgG in the treatment of on-going gastrointestinal tract infections in children and infants, the majority of the studies indicate that bovine IgG, especially after prior bovine vaccination with the specific organism, can help in shortening the duration of gastrointestinal infections.



Treatment of Gastrointestinal Infections in Adults With Hyperimmune Colostrum

In a single, human trial with adult patients suffering from Clostridium difficile associated diarrhea, Van Dissel et al. (77) showed that a whey protein concentrate (WPC40) from Clostridium immunized cows containing a high concentration of specific sIgA might prevent relapsing clostridium-induced diarrhea after antibiotic treatment. The trial was uncontrolled, and should therefore be considered as preliminary. In addition, the study also showed that the hyperimmune WPC40 could prevent lethality in a hamster model of Clostridium infection.

Similarly, in a prospective randomized double blind study to compare treatment of Clostridium difficile associated diarrhea patients were treated with either colostral immunoglobulins or metronidazole. The study showed that colostral immunoglobulins were as effective in the prevention of clostridium difficile-associated diarrhea as treatment with metronidazole (78).

A recent trial treating Helicobacter pylori-infected adults with milk of immunized cows (randomized double-blind trial) showed an increased clearance of intragastric Helicobacter pylori (79). A third gastrointestinal pathogen that has been studied for its' potential to be treated with bovine hyperimmune colostrum is cholera-induced diarrhea. In this paper the results of two randomized, controlled clinical trials were reported but no effect on reducing stool volumes was observed (80).



Prevention of Gastrointestinal Tract Infection Upon a Pathogen Challenge of Healthy Volunteers

To assess the biological activity of new nutritional concepts, studies have been set up that utilize adult human volunteers that were given immunoglobulin preparations derived from hyperimmune colostrum orally before a challenge with live pathogens. These studies are mainly performed with products containing immunoglobulins specific for E.coli to prevent travellers' diarrhea.

In the first study, Tacket et al. (81) showed a clear prophylactic effect of hyperimmune colostrum from cows immunized with a range of E.coli serotypes. In this study volunteers received an oral challenge with 109 enterotoxicogenic E.coli. The volunteers received either hyperimmune colostrum (3 times/day) or a control immunoglobulin concentrate without E. coli-specific immunoglobulins. None of the volunteers in the hyperimmune colostrum, while 9/10 in the control group developed diarrhea. Similar preventive effects of E.coli specific immunoglobulins were reported by Freedman et al. (82). However, in a follow-up study no effect could be seen using an enteric coated E.coli specific immunoglobulin product (83). It could be that the immunoglobulins in enteric capsules were not released until they reached the colon, whilst the infection is initiated in the small intestine (60).

In a placebo controlled challenge study with ETEC H10407, oral hyperimmune bovine IgG isolated from hyperimmune colostrum protected against ETEC-induced diarrhea (84). In a challenge model with an 078 ETEC strain, colostrum protein formulated in tablet form was shown to confer protection against diarrhea in two separate randomized, double blind placebo controlled studies (85).

In a similar challenge study, healthy volunteers were infected with Cryptosporidium parvum and prophylactically treated with a hyperimmune colostrum (86). In this study only a non-significant trend toward less diarrhea was noted in the treated group.

The treatment of GI-tract infections in adults, the prophylactic approach in challenge studies with healthy volunteers indicates that hyperimmune immunoglobulins can alleviate or shorten GI tract infections in a well-controlled challenge setting.



Prevention of Gastrointestinal Tract Infection

It was first shown in the 1960s that bovine colostral immunoglobulins protected calves against gastrointestinal bacterial and viral infections (87, 88). This has prompted researchers to investigate the efficacy of bovine immunoglobulins in humans. Alarge number of studies have now shown efficacy of bovine immunoglobulins in preventing natural infection in humans as well as in animal infection models (76). Studies on prevention of gastrointestinal tract infections in infants are summarized in Table 2. This concept has been tested extensively for anti-rotavirus antibodies. One of the first studies to demonstrate functional effects of bovine immunoglobulins in humans was a study by Ebina et al. (40) showing that bovine colostrum from naturally rotavirus infected cows protected young children against rotavirus diarrhea during a rotavirus epidemic. A similar protective effect of rotavirus-specific bovine colostral immunoglobulins was described by Davidson in a controlled study in hospitalized Australian children aged 3–15 months (42). In a later study, Davidson confirmed this in Hong Kong and India (89). However, an infant formula with a bovine milk immunoglobulin concentrate from cows immunized with E. coli EPEC and Rotavirus did not protect against the development of diarrhea in a controlled study carried out in Chile (91). The reason of the lack of efficacy is not known but the authors speculated that the dose (0.12 g/kg/day) might have been too low. Specificity of the antibodies was in line with the observed pathogens in the study and therefore an unlikely reason for the observed lack of effectivity. Yet, a preventive effect of bovine colostrum immunoglobulins of cows immunized with rotavirus was shown in a study in 3–7 months of old infants in America (90). This was also shown for hyperimmune colostrum against E.coli in a study in 3–6 month old infants in Iraq (92). Infants in the active group had significantly lower incidence in diarrhea and episodes of diarrhea were shorter in duration during a 6 months follow up period. In this study, no effect was seen in children receiving colostrum immunoglobulins from non-immunized cows implying that specific antibodies were needed for the observed benefit. Indeed, rotavirus-specific IgG1 immunoglobulins from bovine milk were shown to protect mice from rotavirus-induced diarrhea (39). Similar findings were reported by others in rotavirus infection models in mice (95, 96), cows (97, 98), and piglets (99). The bovine immunoglobulins were also shown to functionally inhibit the replication of human rotaviruses in in vitro tissue culture experiments. This protective effect of hyperimmune bovine IgG has not only been demonstrated for rotavirus in in vivo animal models but also for other pathogens such as enteropathogenic E. coli bacteria (100) and Helicobacter pylori (72, 75).



Table 2. Prevention of Gastrointestinal tract infections in infants.
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Preventive studies do not always focus on a specific pathogen to induce diarrhea. In fact, scoring disease episodes within a specific time is a commonly used approach to test whether a specific product lowers the incidence of the disease. Two studies from India and Egypt used this approach and have shown decreased diarrhea in children that received (non-hyperimmune) colostrum products (93, 94). Both studies included children with recurrent infections prior to the start of the study, but unfortunately as both were uncontrolled the colostrum products were not compared to a placebo. Therefore, these results should be interpreted with caution.

The strongest evidence on protective effects of bovine immunoglobulins from non-immunized cows comes from studies in HIV patients with recurrent diarrhea (32, 101–106) and are summarized in Table 3. As HIV patients are strongly immunosuppressed as a result of the depletion of CD4+ T cells, they have diminished capacity to resist infections and are highly susceptible to diarrhea, especially induced by Cryptosporidium, Amoeba and Campylobacter. The interest in colostrum for treating HIV infected people came from an initial report that described a positive effect of an immunoglobulin preparation derived from colostrum of non-immunized cows (32, 101). This was confirmed in another study using a colostrum-based porridge (103). Stool frequencies in these studies decreased from ~7 times/24 h period to 1–3 times/24 h. In addition to reduced stool frequency, decreased fatigue scores and increased weight and CD4+ T cell counts were also noted (104–106).



Table 3. prevention of GIT in HIV patients.
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These studies clearly demonstrate that the administration of passive immunity in the form of bovine immunoglobulins can be protective against a range of pathogens and is especially effective in immune compromised individuals. Interestingly, overall it seems that treatment and prevention of rotavirus infection with bovine IgG from vaccinated cows is more effective than the same approach for pathogenic bacteria. However, in bacterial challenge models, bovine IgG of vaccinated cows is more effective against bacterial pathogens than in prevention and treatment of normal infections. In these challenge models the pathogen with which the volunteers are challenged is the very same bacterial strain that is used for vaccination of the cows. As a result it is expected that the “coverage” of bacterial epitopes by the IgG raised in the cows is complete, and therefore effective in subsequent challenge models. In a field trial this coverage might not be always complete with the result that the bacteria still finds a way to resist the limited action of the antibodies. Indeed, bacteria have evolved to escape the immune system (107, 108).

In relation to treatment and prevention of natural infections by rotavirus, we speculate that the virus has fewer surface proteins and (oligo)saccharides involved in adhesion and infection than more complex bacterial pathogens. As the prevention and treatment is done with IgG raised against different strains of rotavirus and bacteria than the ones that may be actually the cause of infection, the chance of cross protection of bovine IgG to other strains of similar pathogens is better for rotavirus than for bacteria. This could be because of the more limited numbers of relevant cell surface antigens that are needed to initiate infection with rotavirus.




IN VIVO STUDIES OF BREASTFEEDING AND BOVINE IGG AND COLOSTRUM ON RESPIRATORY TRACT INFECTIONS AND THE RELATION WITH ALLERGY


Breastfeeding and Prevention of Respiratory Tract Infections: A Link to Asthma?

Respiratory tract infections can be divided into upper respiratory tract infections (URTI) and lower respiratory tract infections (LRTI). Especially URTI are very common in childhood. Likewise, otitis media, which is infection of the middle ear is highly prevalent, and has partial overlap in symptoms with URTI. Multiple cohort studies have shown that breastfed infants have a lower risk to develop respiratory infections and otitis media compared to formula fed infants (1–3, 109, 110). Duijts (111) et al. showed that exclusive breastfeeding up to 6 months tended to be more protective for upper and lower respiratory tract infections compared to 4 months exclusive breastfeeding. Yet for recurrent upper respiratory infections defined as >3 episodes of influenza/cold Chantry (2) et al. did not observe a difference between not breastfed, <1 months, 1–3 months, 4–5 months or >6 months breastfed infants. Interestingly, all groups that were breastfed for <6 months had a 2-fold higher chance to develop recurrent otitis media compared to infants that were breastfed for >6 months. In line with this Ip et al. showed in a meta-analysis of 5 studies that breastfeeding was associated with a reduced risk of otitis media (1). In summary, it is not clear what the optimal duration and amount of breastfeeding is for protection against these infections. The effects found differ between studies and between types of outcome (pneumonia, upper vs. lower respiratory infections, and otitis media). Much of the variation could be attributed to the impact of gene/environment interactions having diverse effects on levels of immune-modulatory molecules in breast milk between study subjects (112, 113).

There is a complex relationship between early respiratory tract infection and the subsequent evolution of allergy [Summarized in (114)]. The previously labeled hygiene hypothesis suggested that early infection was associated with less subsequent allergy and allergic disease, most notably asthma. There is a credible immunological mechanism to explain this mutually exclusive phenomenon in that interferon gamma (IFN-γ) generated during infection down-regulates T-helper lymphocyte-2 (Th2) activity associated with the production of interleukin-4 (IL-4) which promotes IgE production. In addition infection also up-regulates T-regulatory cell (T-reg) activity, which has additional controlling effects on Th2 and Th1 responses. This latter effect would explain why both allergic (Th2) diseases and auto-immune (Th1) diseases have both increased in relatively affluent communities and co-exist more frequently than by chance. However, while in some communities, active infection such as measles, and immunization with live organisms such as BCG, has been associated with less allergy, it is more likely that the commensal human microbiome has the most important influence in promoting normal immune regulation. This has resulted in the more accurate descriptor; “the microbial exposure hypothesis.” It is likely that changes in the commensal normal human microbiome in communities adopting a Western life-style have increased susceptibility to all non-communicable inflammatory diseases (115).

If we consider this microbial exposure hypothesis true, there is a problem with the interpretation of epidemiological cohort studies showing an increased frequency of respiratory infections in children who subsequently develop allergic sensitization and disease. The underlying defects in immune response increasing the risks of infection may be the same that increase the likelihood of allergy. This may thus imply that the infection/allergy association is not cause and effect.

However, there are certain predominantly infant viral infections that have been specifically associated with the later development of asthma. Rhino-virus (RV), the common cold virus (particularly with the RV-C) induced wheezing in infancy predicts a very high probability of later asthma (115). To a lesser extent this process has also been attributed to infant bronchiolitis due to RSV infections, although recent outcomes of the MAKI study in which infants in the first year of life were treated with palivizumab against RSV or not treated suggest that although palivizumab treatment resulted in a significant reduction in wheezing days during the first year of life, the incidence of asthma at 6 years of age did not differ between the groups (116, 117). In addition, it has long been known that acute gastro-enteritis in infancy increases the risk of allergic sensitization to food proteins, most notably from cow's milk, if the exposure to allergenic proteins occurs while there is still intense gut inflammation. The latter provides the co-stimulatory signals to trigger a sensitizing response (115). Thus breast-feeding with its known protective effects against GI and RSV infection will reduce such events. In addition the human milk oligosaccharides that are present in breast milk facilitate the development of a beneficial microbiome which through generation of short-chain fatty acids enhances T-cell regulation amongst a number of other beneficial effects (118).



Bovine IgG and Colostrum: Effects on Respiratory Tract Infections in Preclinical Models

Several in vitro and animal studies have shown effects of bovine IgG and colostrum in viral respiratory tract infections. Bovine immunoglobulins can bind to—and in vitro even neutralize—RSV, a common childhood pathogen resulting in upper respiratory tract infections in infants especially in the first year of life (38). Furthermore, bovine immunoglobulins from non-immunized cows have been shown to be able to bind to human RSV as well as to influenza virus, and are able to prevent the infection of Hep2 cells by human RSV in vitro (38). In addition, dietary bovine colostrum could reduce the severity of infection and viral titers in a murine model of RSV infection (119). Specificity of the antibodies against respiratory viruses might further enhance efficiency in prevention and/or treatment of disease as was discussed above for gastrointestinal pathogens. Indeed, bovine IgG isolated from hyperimmune colostrum, as well as F(ab')2 fragments thereof could prevent infection with influenza PR8 virus after intranasal application in mice (120). This indicates that Fc receptor-independent mechanisms such as neutralization or immune complex formation are the mechanism behind this finding. In a follow up study (non-immunized) oral bovine colostrum reduced the severity of influenza infection, by reducing viral load and preventing loss of body-weight (121). In addition, splenic NK activity, as well as the production of IgA producing B cells in the small intestine and lungs, was noted in the colostrum group. For RSV, however, this non-specific response might be less relevant since the F protein of bovine RSV has great similarities to human RSV (122) which explains the presence of specific antibodies against human RSV in bovine milk of non-immunized cows.



Prevention of Upper Respiratory Tract Infections (Urtis) and Otitis Media (OM) in Children and Infants With Bovine IgG and Colostrum

Epidemiological data previously showed that infants that receive unprocessed (raw) bovine milk as a weaning food in the first year of life had a lower chance to get respiratory infections and otitis media compared to infants that received ultra heat-treated (UHT) milk (28). A hypothesis is that the lack of intact proteins in UHT milk vs. the presence of these proteins in unpasteurized cow's milk explains the observed effect. Indeed, bovine IgG and colostrum have been reported to prevent upper respiratory tract infections in children, adults, elderly people and athletes (93, 94, 123–130) and these studies are summarized in Table 4.



Table 4. Prevention of URTI with bovine IgG and colostrum.
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Five studies have shown a reduced incidence or severity of upper respiratory tract infections in children that received colostrum from non-immunized cows. Of these studies, two were double blind and the other 3 studies were prospective, open or uncontrolled. The first double blind placebo controlled study was performed in IgA-deficient children with viral upper respiratory tract infections that received a sucking tablet containing 14 mg of colostrum three times per day which lowered the infection severity score after 1 week (123). In another study, 195 children of 3–9 years old received either three colostrum or control milk powder chewing tablets per day for 2 months corresponding to 0.5 g colostrum or control milk powder per day (127). The children receiving colostrum tablets, especially in the 3–6 years age group, had a reduced upper respiratory tract infection frequency, compared to placebo, as well as a reduced number of reported sick days. A prospective open, non-controlled, study in children suffering from recurrent episodes of URTI or diarrhea were given powdered colostrum and showed a reduction of these infections compared to baseline (93). In another large, uncontrolled open study, significant decreases in diarrhea and upper respiratory tract infection (URTI) episodes were reported in Indian children receiving an oral colostrum for 12 weeks (94). The same was noted in a retrospective study comparing two groups of children, one that received a product containing colostrum plus a probiotic for 4 months, and the other that received a bacterial extract for 3 months (124). Children that received the colostrum/probiotic combination had a reduction in respiratory tract infections requiring antibiotic therapy compared to the children receiving bacterial extracts.

These studies suggest that bovine colostrum can prevent upper respiratory tract infections although the open, non-controlled prospective studies should be interpreted with care. In line with studies in children, the use of colostrum to prevent respiratory tract infections has also been studied in adults and elderly people. In adults suffering from frequent upper respiratory tract infections, supplementation with a bovine IgG and lactoferrin containing whey protein fraction (600 mg/day for 90 days) showed a reduced incidence of the common cold and cold-associated symptoms compared to the placebo group in a double blind randomized, placebo controlled study (125). Finally, decreased numbers of self-reported upper respiratory tract infections have also been noted after colostrum supplementation in athletes (126, 128, 130, 131), and colostrum prevented influenza infection in elderly volunteers comparable to influenza vaccination (129). In the latter study, colostrum was consumed for 2 months and flu episodes were scored for 3 months. Also, the effect of colostrum supplementation alone, colostrum combined with vaccination or vaccination alone was studied in a high-risk cardiovascular subject group on flu-associated complications in the hospital. Colostrum groups showed significant lower flu-associated complications compared to the vaccination only group.

Intervention studies aiming to reduce otitis media using bovine milk proteins such as immunoglobulins are scarce. Recently, an infant formula containing milk fat globule membrane components (proteins and phospholipids) reduced the incidence of otitis media in infants 2–6 months of age in a double blind placebo controlled study (132). Interestingly, a component of the proteins in this milk fraction are immunoglobulins (133).

Taken together, there is an increasing number of studies that suggest a role for bovine IgG or colostrum in preventing or ameliorating viral respiratory tract infections. To what extent this protective effect against infection will also affect allergy prevalence remains to be established. However, the reduced prevalence of allergic conditions amongst farming families in many countries (134) has been directly associated with the use of unpasteurized milk by pregnant and lactating mothers, and their infants after weaning (27, 135). Maternal consumption of farm dairy products during pregnancy resulted in reduced levels of pro-inflammatory cytokine production from stimulated cord blood mononuclear cells from the very large multinational European study (PASTURE) (136).




BOVINE IMMUNOGLOBULINS: PUTATIVE MECHANISM OF ACTION

Bovine immunoglobulins can exert their effects on several levels: via direct effects on potential pathogens, via enhancing clearance of pathogens, via influencing intestinal barrier function, and via modulating immune function. This section will discuss the mechanistic evidence available to date.


Direct Effects of Immunoglobulins Toward Pathogens

The primary role of immunoglobulins on mucosal surfaces is to bind to pathogens to prevent their entry into the body. This process is termed immune exclusion. During immune exclusion the pathogens as well as the immunoglobulins remain confined to the intestinal lumen and the immunoglobulins prevent adhesion to intestinal epithelium. Hyperimmune bovine immunoglobulins can prevent the adhesion of pathogens to intestinal epithelial cells (75) and even immunoglobulins from non-immunized cows can prevent adhesion of some pathogens (65, 137). As an example, the adhesion of Clostridium difficile to human intestinal epithelium cells (Caco-2 cells) was inhibited dose-dependently by normal bovine colostral whey (137) and spray dried colostrum from normal cows was shown to inhibit the adhesion of several necrotizing enterocolitis-associated pathogens to HT-29 colonic epithelial cells (65).



Effects on Barrier Function and Gastrointestinal Inflammation

At the next level, there are indications that bovine immunoglobulins and colostrum can also support intestinal barrier function. When intestinal barrier function is compromised, bacterial products such as LPS, food allergens, as well as pathogens can passively cross the epithelial layer and cause inflammation and infection in the mucosa. Bovine colostrum can inhibit the NF-κB signaling pathway and induction of pro-inflammatory cytokines in HT29 cells, suggesting colostrum has direct anti-inflammatory effects on intestinal epithelium (138). Furthermore, bovine IgG can also have anti-inflammatory effects by preventing translocation of bacterial components across the epithelial layer. This was investigated in a co-culture model of intestinal epithelial C2BBe1 cells and THP-1 cells. In this model bovine serum derived IgG could prevent the translocation of bacterial components over the epithelium, thus preventing inflammatory responses to bacterial ligands in the underlying THP1 cells (139).

To further investigate the potentially mitigating role of bovine IgG in inflammatory responses, effects of immunoglobulins and colostrum have been addressed in human and animal models for necrotizing enterocolitis (NEC), irritable bowel syndrome (IBS), inflammatory bowel disease (IBD), non-steroid anti-inflammatory drug (NSAID)-induced gut damage and perioperative endotoxemia. IgG purified from hyperimmune colostrum could protect mice against TNBS-induced colitis (140). Mice receiving hyperimmune colostral IgG before colitis induction had reduced weight loss, improved histological score and increased serum IL-10 as well as increased numbers of Tregs compared to controls. Similar findings were reported for bovine serum IgG from non-immunized cows in a bacterial-induced colitis model (141), a chemotherapy-induced mucositis model (142) and a pathogen infection model (143). Likewise, serum-derived bovine IgG reduced mucosal expression of pro-inflammatory cytokines and prevented reduction of barrier function through preventing reduction of tight junction proteins ZO-1 in a mouse model for IBD (144). Bovine IgG has also been studied in IBS, where it improved symptom scores in IBS patients with recurrent diarrhea (145). In addition, oral bovine immunoglobulin induced some improvement in a subgroup of IBD patients (146).

Animal models indicate that colostrum may prevent NEC. Preterm piglets fed normal bovine colostrum had better growth and lower NEC incidence, NEC severity and intestinal cytokine production compared to piglets fed formula feeding (147, 148). The use of bovine colostrum is under investigation in preterm infants. In the safety phase of a pilot study bovine colostrum was well-tolerated in the pre-term infants, and further studies are ongoing (149).

Two studies have addressed the effect of immunoglobulin-enriched non-immune colostrum on peri-operative endotoxaemia as a measure for peri-operative infections. In the first study by Bölke et al. a reduced peri-operative endotoxaemia was noted after abdominal surgery, suggesting a stabilization of gut barrier function and neutralization of endotoxins by colostrum (150). A second study, however, could not confirm this effect after coronary bypass surgery, possibly because the dose used was lower (151). Finally, non-steroidal anti-inflammatory drugs (NSAID)-induced intestinal damage has been shown to be reduced after colostrum treatment in animal experiments (152) and NSAID-induced increases in intestinal permeability were reduced in human volunteers receiving colostrum (153). However, these effects are probably not mediated by bovine IgG but by TGF-β that is also present in colostrum (152).

These findings indicate that bovine IgG (probably in concert with additional colostrum components) prevents bacterial transfer and leakage of LPS over intestinal epithelium, modulates the expression of epithelial tight junction proteins and inhibits intestinal inflammation. This is comparable to findings in studies on the role of IgA in breastfeeding in animal models (154–157), suggesting that oral immunoglobulins from cows may have a similar mode of action as breastmilk-derived IgA.



Immune Effects

Immunoglobulins consist of an antigen binding domain (in the variable region of the molecule) and a constant region. This constant region is essential for inducing effector functions of immunoglobulins such as phagocytosis and clearance of pathogens, complement fixation, antigen presentation and immune regulation. These downstream effector functions of immunoglobulins are dependent on binding of the constant region to immunoglobulin Fc receptors (Fc receptors). These receptors are primarily expressed on the cell surface of immune cells. Secretory IgA (sIgA) does not have these effector functions because it is a dimer containing a secretory component, and therefore the constant part is not available for binding to receptors.

Interestingly, bovine IgG is able to bind to Fcγ receptors on human cells. bovine IgG was shown to bind to human monocytes, neutrophils and macrophages, as well as to B cells (158, 159). Coating (opsonisation) of Streptococcus mutans with bovine IgG induced phagocytosis and killing of the bacteria by human leucocytes (160). Similar findings were reported for S. epidermidis and RSV (38).

Bovine IgG inhibited pokeweed mitogen-induced secretion of immunoglobulins in PBMC cultures, probably mediated by FcγR as F(ab')2 fragments had no effect (161). This was later confirmed by another group, who suggested that bovine IgG binds to FcγRII, the only FcR expressed on B cells (159). Indeed, also binding of bovine IgG1 to FcγRII on phagocytes (monocytes and PMN) was shown by Jungi in 1989 and to be dependent on immune complexes (158). Now it is known that two types of FcγRII exist: The activating FcγRIIa, expressed on monocytes, dendritic cells and neutrophils, and the inhibitory FcγRIIb, mainly expressed on B cells and mast cells (162–164). Whereas, activating FcR contain an ITAM (immunoreceptor tyrosin activation motif), the inhibitory FcγRIIb contains an ITIM (immunoreceptor tyrosin based inhibitory motif) in its intracellular tail. When FcγRIIb is crosslinked, the downstream signaling of the ITIM leads to a inhibition of activating signals, resulting in dampening of the immune response, i.e. antibody production. On the other hand, binding of immune complexes or opsonized pathogens to activating FcR on phagocytes will lead to activation: phagocytosis, antigen presentation and cytokine production. The homology of the extracellular part of FcγRIIa and FcγRIIb is very high: 92%. However, human IgG2 binds to FcgRIIa but not to FcgRIIb (165).

The fact that bovine IgG can bind to human FcγRII was confirmed more recently (38, 166). These two research groups demonstrated directly that bovine IgG is able to form immune complexes with bacterial and viral pathogens, mediates FcγR-mediated uptake and antigen presentation, as well as phagocytosis and killing in phagocytes.

Less is known on the interaction of bovine IgG with other receptors. Bovine IgG1 can also bind to a non-classical receptor for IgG, the human neonatal Fc receptor FcRn, albeit with lower affinity compared to human IgG (167). FcRn is expressed on intestinal epithelium in humans throughout life (168, 169). However, evidence suggests that bovine IgG is not taken up into circulation of adult human volunteers (36, 63) and unpublished observations). It is therefore not clear at present if and what the consequence of binding of bovine IgG to FcRn is.

In contrast to short-lived passive immunity, adaptive immune responses occur during the lifetime of an individual as an adaptive response to specific infecting pathogens on subsequent exposures and in many cases, confer lifelong protective immunity to reinfection with the same pathogens. An adaptive immune response involves activation, selection, and clonal proliferation of T and B cells. After encountering an antigen, T cells proliferate and differentiate into antigen-specific effector cells, while B cells proliferate and differentiate into antibody-secreting cells.

Adaptive immune responses are initiated by activation of CD4+ T helper cells after antigen presentation by antigen presenting cells (APC). APC take up exogenous (protein) antigens from their environment via pinocytosis or receptor-mediated endocytosis, degrade them into peptides, and present these peptides in the context of MHC class II molecules to the T-cell receptor (CD3) on antigen-specific T cells (170).

Facilitated antigen presentation has been described for cell surface expressed Fc receptors on professional antigen presenting cells. Fc receptors can internalize bacteria and viruses as well as protein antigens that are bound by circulating serum immunoglobulins, resulting in killing of pathogenic microorganisms, and antigen presentation to initiate immune responses.

Low- and intermediate affinity Fc receptors have a low affinity for monomeric immunoglobulins, but have a high affinity for immune complexes. As a result, these receptors will only bind immunoglobulins when they are in complexes together with the antigens they recognize. Indeed, for Fcγ receptors (171, 172), Fcα receptors (173) and Fcε receptors (174, 175) it has been shown that immune complexes are taken up more efficiently by antigen presenting cells than the antigens alone. These studies demonstrate that antigen-specific responses of CD4+ T helper cells are facilitated strongly by specific antigen uptake via Fc receptors on antigen-presenting cells, resulting in more efficient immune responses. This is especially relevant when low antigen doses are present.

In line with this a recent study shows increased CD8+ T cell activation in mice infected with RSV when they received bovine colostrum orally (119). Therefore, in addition to immune exclusion by direct binding of bovine IgG to pathogens, FcγRII mediated pathogen clearance and killing by macrophages and neutrophils, bovine IgG may also play a role in enhancing adaptive immune responses by increasing T and B cell responses to pathogens.

Experiments in murine animal models have also found increased NKT in mice that ingested colostrum containing LPS-specific bovine IgGs (176). Similarly, increased NK activity was reported in spleen and Peyer's patch of mice that ingested bovine hyperimmune colostrum (121, 143, 177). It is not clear at present if these NK cells are induced by IgG or by other factors present in colostrum.In summary, Figure 2 shows the mechanism of action of bovine IgG on the immune system.
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FIGURE 2. Immunological mechanisms of bovine immunoglobulins. Bovine immunoglobulins can modify innate as well as adaptive immunity. By binding directly to pathogens, bovine immunoglobulins can bind to FcγR bearing innate immune cells, leading to phagocytosis and killing. In some cases, as for RSV, bovine IgG may also fully neutralize human pathogens as demonstrated for RSV in vitro (38). Other mechanisms of pathogen elimination may be complement mediated pore formation and killing, and ADCC. On the other hand, as bovine IgG-pathogen immune complexes bind to FcγR, receptor mediated uptake and antigen processing is enhanced, resulting in increased T, and ultimately B-cell responses to the pathogens.





Immunological Effects of Oral Immunoglobulins of Other Species

In addition to oral bovine immunoglobulins, several studies with murine, porcine and human oral immunoglobulins have elucidated mechanisms that may also occur after ingestion of bovine immunoglobulins.

A series of recent studies in mice have shown yet another potential mechanism for the presence of immunoglobulins in the intestinal lumen. These studies have shown that locally produced intestinal IgA can bind to intestinal bacteria and modify the microbiota composition as well as immune responses toward bacteria in the gut (178–184). These studies suggest that oral immunoglobulins may also have an effect on microbiota development and composition.

Indeed, maternal sIgA in breast milk was shown to significantly modify microbiota composition at weaning and later in life, limit translocation of pathogens in suckling pups and ameliorated DSS induced colitis (154). In addition, IgG2 and IgG3 as well as sIgA in breast milk were shown to bind to commensal bacteria, dampen mucosal T cell activation, and prevent bacterial translocation to the mesenteric lymph nodes (155). Similar findings were reported previously, showing that both sIgA and IgG in breast milk can play a role in immune exclusion as well as in dampening T cell responses to intestinal bacteria (156, 157).

Similar effects of IgG in breast milk of mice have been obtained in a study in which immune complexes of murine breast milk IgG and allergens prevented the development of experimentally induced asthma (185). IgG-allergen immune complexes were transferred from breast milk into the suckling pups via FcRn, and induced FoxP3+ regulatory T cells that were needed for the protective effect on asthma development. This was recently confirmed in another study (186). Interestingly, in humans this process also occurs, but in humans it occurs when IgG-allergen complexes cross the placenta. This results in much lower rates of infant sensitization to that allergen (187).

As described above, bovine milk contains IgG directed against inhalation allergens (41). The functional relevance and possible applications of such allergen-specific bovine immunoglobulins are not clear at this time, but they may play a role in the protective association of raw milk consumption with reduced prevalence of allergies (4).

Immune complexes of maternal breast milk immunoglobulins with maternal GI microbiota components have been shown to be crucial for delivering tryptophan-derived AhR ligands that promote barrier function in the suckling pups in an IL-22 and Innate Lymphocytic Cell type 3 (ILC3)-dependent manner (188).

Oral ingestion of porcine immunoglobulin also contributes to prevention of inflammatory tissue damage in LPS-induced acute lung inflammation in mice. Oral IgG enhanced the expression of IL-10 producing Treg, decreasing Th1 and Th2 cytokines and decreasing chemokine production in the lung in response to LPS (189).

These studies indicate that oral immunoglobulins may help to regulate immune responses to the microbiota as well as allergens—on the one hand promoting immune exclusion of pathogens, and on the other hand preventing excessive immune responses to commensal bacteria. Studies on effects of bovine Ig and colostrum ingestion on fecal microbiota composition in infants during colonization of the GI tract have not been performed to date, but based on these findings it may be expected that oral intake of bovine IgG may similarly affect microbiota composition, allergy and immune development in humans.




CONCLUDING REMARKS

The protective role of IgA in breast milk is well-documented. IgA protects infants against infection, shapes the microbiota and creates a non-inflammatory response against the microbiota, thus preventing intestinal inflammation.

As described above, bovine IgG has a number of similar effects: binding to human-relevant pathogens, effects on phagocytosis mediated through Fc receptors for human IgG and prevention of infection in human studies. So functionally, bovine IgG does have effects on the human immune system beyond just binding to potential pathogens. In addition, especially in young infants, IgG does seem to pass through the gastrointestinal tract without being fully degraded by digestion, thus leaving its functional aspects intact. As the fine specificity as well as the effector functions of bovine IgG are not identical to breast milk IgA (and IgG), one question that remains to be answered in clinical studies is if inclusion of functionally active bovine immunoglobulins in infant nutrition can fully restore the lack of maternal IgA in bottle fed children.

Immune support by bovine immunoglobulins as an alternative for breast milk-derived IgA is especially relevant in the period just after birth in case the mother cannot breastfeed her child and is dependent on bottle feeding, but also in the weaning period at around 4–6 months when respiratory and gastrointestinal infections are known to increase as the passively acquired maternal IgG in serum, as well as the maternal breast milk-derived IgA in the gastrointestinal tract of the infant, have decreased to very low levels.

It should be stated though, that the increased prevalence of infections after weaning is not completely related to deprivation of IgA but is also linked to the introduction of new foods, an increased exposure to the outside world and in part by the absence of additional protective factors in breast milk.

Currently, formula fed children receive no or very low levels of functionally active bovine immunoglobulins. This is because current foods processing technologies as well as legislation strongly depend on heating as the technique of choice to achieve microbiological safety. Overcoming these challenges by applying novel food processing technologies may enable the application of bovine immunoglobulins in infant nutrition.

Future research will be needed to confirm if this will indeed result in a reduction in gastrointestinal and respiratory infections, and if this will also be associated with a decreased prevalence of asthma that is linked to early respiratory tract infections in infants.
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The mucosal immune system is a compartmentalized part of the immune system that provides local immunity in the mucosa of the respiratory, gastrointestinal, and digestive tracts. It possesses secondary lymphoid tissues, which contain immune cells, such as T, B, and dendritic cells. Once the cells of the mucosal immune system are stimulated by luminal antigens, including microorganisms, they infiltrate into diffuse areas of mucosal tissues (e.g., respiratory mucosa and lamina propria of intestinal villi) and exhibit immune effector functions. Inducing the antigen-specific immune responses in mucosal tissues by mucosal vaccination would be an ideal strategy for not only humans, but also mammals and birds, to protect against infectious diseases occurring in mucosal tissues (e.g., pneumonia and diarrhea). Infectious diseases cause huge economic losses in agriculture, such as livestock and poultry industries. Since most infectious diseases occur in mucosal tissues, vaccines that are capable of inducing immune responses in mucosal tissues are in high need. In this review, we discuss the current understanding of mucosal immunity in mammals and birds, and recent progress in the development of mucosal vaccines.
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THE MUCOSAL IMMUNE SYSTEM IN MAMMALS AND BIRDS

The mucosa-associated lymphoid tissues, which are lymphoid structures in the mucosal tissues, form the first line of defense against pathogens that enter the body through the mucosal surfaces lining the respiratory, digestive, and reproduction tracts (Figure 1). Fundamentally, the mucosal immune system has evolved to tolerate commensal microbes, while responding quickly and effectively to pathogenic challenges. Although the mucosal immune systems of mammals and birds share many features, which are fundamental to the functioning of mucosa-associated lymphoid tissues, the avian mucosal immune response has unique features. A fundamental difference between mammals and birds is the absence of encapsulated lymph nodes but the presence of diffuse lymphoid tissue in birds.
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FIGURE 1. Unique structure of mucosa-associated lymphoid (MALTs). MALTs contain mature B cells that differentiate into antibody-producing plasma cells present in diffuse areas of mucosal tissues, such as lamia propria.



The mucosal tissue of the nose is the first to come into contact with particles and pathogens upon inhalation. In chickens, a major characteristic of the nasal-associated lymphoid tissue (NALT) is the formation of defined areas of B cells with caps composed of CD4+ T cells. Immunoglobulin-producing (Ig+) B cells are found both within the NALT structures and distributed throughout the epithelium, and are mostly IgY+ in chickens (1). In mammals, immunoglobulin class-switching from IgM to IgA occurs in the NALT and IgA-producing plasma cells are abundantly present in the nasal cavity. In chickens, closely related to the mucosal tissue of the nose are the head-associated lymphoid tissues, which include the Harderian gland and the conjunctiva-associated lymphoid tissue (CALT). The Harderian gland is located in the orbit of the eye and has the structure of a typical secondary lymphoid organ, with many B cells and plasma cells, germinal centers, and T cell-dependent interfollicular regions with scattered T cells and macrophages (2, 3). It plays an important role in the adaptive mucosal immune response upon ocular exposure to avian pathogens (4, 5). CALT is located on the inner surfaces of the eyelids and is observable in 1-week-old chickens (6). Based on the composition of CALT lymphocytes, the induction of antigen-specific IgA antibody-secreting cells after ocular exposure, the expansion of polymeric immunoglobulin receptors, and the production of IFNγ by lacrimal fluids suggests that CALT plays important roles in the avian mucosal immune response (7). It should be noted that most mammals (e.g., cats, dogs, and humans) also develop CALT. A recent study found that mice possess a similar lymphoid structure in the lacrimal sac, the so-called tear duct-associated lymphoid tissue, which plays an important role in the induction of an immune response by the ocular immunosurveillance system (8).

The chicken respiratory tract is very different from that of mammalians. For example, the avian lung has a unidirectional airflow (9) in contrast to the bidirectional airflow in the human lung. Furthermore, the bird lung is ventilated via air sacs, since birds do not have a diaphragm. A consequence of a unidirectional airflow is that particles are primarily deposited at the caudal regions of the lung (10), which is the part of the lung containing bronchus-associated lymphoid tissue (BALT). These highly organized lymphoid structures together with diffusely distributed cells were described for the first time in 1973 (11). Avian BALT structures are observed around 3–4 weeks post hatching and are fully developed in some birds at the age of 6 weeks (12). Both age and environmental stimuli influence BALT development (13). Furthermore, the number of BALT nodules increases significantly upon infection with pathogenic microorganisms (14). Another difference between the mammalian and chicken lung is the lack of alveolar macrophages at the surface of the air capillaries in chickens (14). Interestingly, a large network of macrophages and dendritic cells (DCs) is present in the mucosa of the larger airways, the linings of the parabronchi (15), and the connective tissue (9). Thus, phagocytic cells are strategically localized at the start of the gas-exchange areas to clear the air of inhaled particles before it reaches the thin and vulnerable air capillaries. Since chickens lack draining lymph nodes, the location where phagocytic cells present the particles to the immune system remains unclear. Presentation of particles may occur locally in the BALT, in the interstitial follicles between parabronchi, and/or in the spleen.

Gut-associated lymphoid tissues (GALTs) are well developed in birds (16). It consists of lymphoid cells located in the epithelial lining and the lamina propria as well as specialized lymphoid structures such as Peyer's patches and cecal tonsils. Peyer's patches in chicken are clearly visible at 2 weeks of age, and they increase in number with age. Like in mammals, they seem to consist of specialized epithelium with M cells that overlay structured follicles with defined T and B cell areas (17). Cecal tonsils, which are located in the neck region of each ceca, are structurally similar to Peyer's patches (18). Together, the GALT structures play an important role in the induction of immune responses (19).



MUCOSAL VACCINATION IN BIRDS

Vaccination through the mucosa itself is frequently used in the poultry industry, as an economical, efficient, and reliable method to vaccinate large numbers of birds. However, a successful mucosal vaccine must elicit both local and systemic immune responses (20, 21). Poultry vaccines against viral infections consist of either live attenuated viruses or inactivated viruses formulated with a suitable adjuvant. Most live vaccines are applied mucosally via the oculo-nasal route or with a spray, so that the vaccine enters the respiratory tract or is taken up by the head-associated lymphoid tissues where it is recognized and taken up by antigen-presenting cells. The use of a spray is the preferred method for vaccination of birds against respiratory viruses, such as infectious bronchitis virus (22), Newcastle Disease virus, and avian metapneumovirus. However, although deposition patterns after aerosol or spray vaccination are conventionally studied using beads, the deposition pattern of beads is dependent on the bead size, the droplet size of the bead solution, and the age of the chickens. Larger beads (>3.7 μM) are mainly deposited in the upper respiratory tract, while smaller beads are distributed throughout the entire respiratory tract (23–25). The highest accumulation of beads occurs at the bifurcations primary to secondary bronchi (24), similar to that observed upon spray vaccination with avian influenza virus (AIV) (10), suggesting that particulate antigens are also taken up in the respiratory tract at these junctions. After entering the respiratory tract, particles are taken up by antigen-presenting cells (26) and are then presented to the immune system.

In addition to spray vaccination, vaccines can be delivered via drinking water. Vaccines dispensed through drinking water end up in the oral cavity with rapid transit to the esophagus and digestive tract. In this case, antigens will be taken up by cells in GALTs and presented to the immune system. Although oral vaccination has been reported to result in protection against Salmonella and reduction in necrotic enteritis lesions (27), other reports show less positive results (28). This may be related to the pathogen, type of vaccine, or age of the birds.

Inactivated vaccines are often poorly immunogenic and require additional components (adjuvants) for the induction of a protective immune response (29). These vaccines are formulated with a high antigenic mass of bacterial or viral origin conveyed in a suitable adjuvant, which renders these substances unsuitable for spray vaccination. Therefore, alternative strategies are needed for mucosal application of inactivated vaccines, such as specialized delivery systems or adjuvants with mucoadhesive properties. Several mucosal adjuvants have been employed in chickens and can be divided in two classes based on the mode of action: stimulation of the immune system and/or efficient delivery of vaccine materials. An important group of potential immune stimulators are the toll-like receptor (TLR)-based adjuvants (30). TLRs are pattern recognition receptors, a group of receptors present on immune cells that recognize the conserved molecular structures of pathogens, the so-called microbe-associated molecular patterns. The recognition of pathogens by TLRs results in the immediate activation of the immune system (31). CpG oligodeoxynucleotides (CpG ODNs), the ligand of chicken TLR21, have been reported as potential vaccine adjuvants in chickens. For example, vaccination with NDV and CpG resulted in the induction of specific immune responses and protection (32), and in vivo administration of CpG ODNs by itself suppressed the replication of IBV in the chicken embryo (33). Enhanced protection upon CpG ODN administration has also been reported for Marek's disease virus (34), as well as infection with Salmonella enterica (35) and Escherichia coli (36). Other potential immune stimulators include oligopeptides complexed with an agonistic anti-chicken CD40 monoclonal antibody (37) and the immune potentiator CVCVA5, which induces enhanced immune responses and protection against AIV upon vaccination (38, 39).

Mucoadhesive adjuvants, such as chitosan, have been suggested to increase the mucosal residence time, which results in increased antigen uptake and presentation (40). Rauw and colleagues investigated the effect of chitosan on the mucosal delivery of NDV vaccines in 1-day-old birds and found an enhanced cell mediated immunity in the spleen (41). Also, particulate deliverable systems, such as poly lactic-co-glycolic acid (PLGA) nanoparticles, invoke mechanisms that influence vaccine immunogenicity via enhanced antigen processing (42). Interestingly, vaccinating chickens with PLGA particles encapsulated with inactivated AIV vaccine adjuvanted with CpG ODNs resulted in enhanced antibody responses and a reduction in virus shedding (43). Furthermore, intranasal administration of NDV DNA vaccine-encapsulated nanoparticles in specific-pathogen-free chickens resulted in enhanced humoral and cellular immune responses and protection against challenge with a highly virulent NDV strain (44).



ASPECTS OF ANTIGEN DELIVERY FOR MUCOSAL VACCINES

Approaches of mucosal vaccination, with delivery systems as developed for mammals, may turn out to be similarly effective in birds. In the case of mammals, it is well known that the function of Peyer's patches in the gut immune system is totally distinct from that of the lamina propria lymphoid tissues of intestinal villi (45). Fundamentally, antigen-specific intestinal immune responses to luminal substances are initiated in Peyer's patches, whereas the actual immune reactions (e.g., IgA production) take place in the intestinal villi (45). Therefore, DCs that prime mature naïve T cells by antigen presentation are frequently found in Peyer's patches; however, DCs are also abundantly distributed in the lamina propria (LP) of the gut intestinal villi, in mammals, despite the absence of lymphoid follicular structures, such as Peyer's patches (46). In birds, the presence of tissue DCs has not been well demonstrated due to the lack of specific antibodies. A first step was made by showing the presence of cells that express the C type lectin receptor DEC205+ in tissues, including bursa and spleen (47). Expression of chicken DEC205 reflects the unique structure and function of the avian immune system (47). In mammals, a subset of the LP DCs, which are monocyte-derived and express CX3CR1 (a receptor for CX3CL1), can access the intestinal lumen to directly sample luminal microorganisms by extending their dendrites to regulate immunological tolerance and inflammation (48). A recent study demonstrated that goblet cells, whose primary function is to produce mucus that covers intestinal epithelial surface, have an additional function to deliver luminal antigens to another subset of LP DCs that have differentiated from conventional myeloid DC precursors and express αE integrin, known as CD103 (49). Among the two DC populations (i.e., CX3CR1+ DCs and CD103+ DCs) found in the LP of the gut, CD103+ DCs migrate into the mesenteric lymph nodes that drain the gastrointestinal tract to prime mature T cells for initiation of antigen-specific mucosal immune responses (50). Thus, a strategy that is capable of delivering the vaccine antigen to CD103+ DCs in the LP should be considered as a potential approach to increase the efficacy of mucosal vaccines (50). It should be noted, however, that chickens do not have mesenteric lymph nodes. Therefore, other routes for the delivery of antigens are present in chickens. Interestingly, it was demonstrated that a 12-mer peptide, which was discovered with the use of phage display technology, possesses broad targeting specificity for DCs of humans and mice (51). Moreover, the efficacy of orally administered lactic acid bacteria (LAB) that express the vaccine antigen together with the DC-specific peptide has been confirmed (52). Specifically, oral administration of DC-specific peptide-expressing LAB was shown to effectively induce antigen-specific immune responses in the gastrointestinal tract upon delivery to intestinal DCs (52). However, it is important to note that the mucosal tissues are lined by a tight epithelial barrier and also covered by a thick mucus layer (53). Moreover, CD103+ DCs present in the LP, which is located within intestinal tissues, are still far from the mucosal lumen in which the vaccine antigens are administered (46). Therefore, mucosal vaccines need to cross the physiological barrier (e.g., mucus layer and epithelial layer) to reach CD103+ DCs for initiation of intestinal immune responses. Although markers such as CD103+ are still lacking in birds, it seems reasonable to assume the presence of similar gut antigen-presenting cells in these species.

Another possible vaccine delivery system is with liposomes. More than 50 years ago, the British biophysicist Alec Bangham discovered spherical lipid bilayer structures, so-called liposomes, when testing a new electron microscope introduced in his research institution using dry phospholipid samples that were negatively stained (54). Liposomes are basically formed by phospholipids, which are composed of a hydrophilic head group linked to a hydrophobic tail by a glycerol backbone (55). The size of liposomes varies from small (nanoscale) to large (micro-scale) (55). A well-known biological characteristic of liposomes in vaccine development is the capability of enclosing several different biomaterials, such as protein antigens and nucleic adjuvants, regardless of solubility since liposomes possess amphiphilic features (55). The activity of liposomes can be freely modulated by chemical modification of the surface of the structure. For example, coating of liposomes with polyethylene glycol increases the retention effect in blood, compared with bare liposomes, because the coating allows the liposome to escape from capture by the reticuloendothelial system in the liver and spleen, etc. Another potential modification is to endow liposomes with tropism by conjugating cell-specific antibodies or potential ligand molecules that bind to specific receptors expressed by the target tissues or cells (56). Moreover, recent studies have succeeded in the development of heat-, pH-, enzyme-, and light-dependent liposomes as delivery vehicles that respond to certain stimuli in vivo (57). These liposomes have been also used for mucosal vaccine development (55). For example, cationic liposomes that are generated from cationic lipids, such as dimethyldioctadecylammonium bromide (58), 3β-[N-(N′,N′-dimethylaminoethane)-carbamoyl], and N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate (59), can be retained in the mucosal epithelium when administered via the mucosal route. To this end, the vaccine antigens and/or adjuvants enclosed in cationic liposomes are successfully released in the mucosal tissues, which results in immediate processing by DCs and subsequent induction of effective immune responses. Amphiphilic nanometer-sized gels, so-called nanogels, are effective biomaterials that can be used for not only drug delivery but also vaccine development (60). Pullulan, which is a polymer composed of regularly repeating glucose units, described as α(1-4)Glu-α(1-4)Glu-α(1-6)Glu, was first utilized to generate self-assembled nanogels by the addition of multihydrophobic domains consisting of 1.6 cholesteryl groups per 100 glucose units (61). One of the most attractive features of cholesterol-bearing pullulan (CHP) nanogels is the trapping of proteins in the nanoscale matrix, which contains a large amount of water (62, 63). So far, several bioactive proteins, including insulin (64), bovine serum albumin (62), α-chymotrypsin (65), and myoglobin (63), have been successfully encapsulated in CHP nanogels while maintaining activity. Similar to liposomes, the characteristics of CHP nanogels, such as electrical charge, can be freely altered by chemical modification (66). Recent studies of cationic CHP nanogels with encapsulation of several prototypes of vaccine antigens demonstrated that the antigen was effectively sampled by DCs present in the nasal mucosa and subsequent antigen-specific mucosal immune responses were effectively induced in not only mice, but also non-human primates, when administered intranasally (67–69). Because of the high potency of cationic CHP nanogel-based nasal vaccine, co-administration of a mucosal adjuvant is not required (67–69). Moreover, it should be noted that nasally administered cationic CHP nanogels and encapsulated vaccine antigens do not accumulate in the brain or olfactory bulb (67), suggesting that a strategy for nasal vaccine development using cationic CHP nanogels would be safe without the risk of undesired side effects, such as Bell's palsy (67).



THE POSSIBLE NEGATIVELY INTERFERING EFFECTS OF NUTRIENTS ON MUCOSAL VACCINATION

The mucosal immune system has exquisite qualities for maintaining immunological tolerance and the control of undesirable and counterproductive responses to nutrients. Therefore, successful mucosal vaccination would require overcoming mechanisms of mucosal tolerance. The vaccination effects of LAB illustrate the versatile characteristics of mucosal immune systems. However, intranasal administration of LAB, both live and killed, has been shown to produce an effective vaccination effect leading to protection against infection, oral administration was not effective. To reach any effect, frequent dosing for several weeks or novel delivery or adjuvant strategies was needed. Moreover, tolerization to antigens secreted by orally administered LAB has been reported (70).

Nutrients, such as the dietary antioxidant vitamin A, impact the tolerance of the mucosal immune system to a great extent. CD103+ DCs in the LP can convert vitamin A into retinoic acid, which, in combination with TGFβ, is one of the driving forces in the production of regulatory T cells (Tregs) in the mesenteric lymph nodes (71). Interestingly, vitamin A supplementation during lactation was shown to reduce allergic sensitization in the offspring of mice. Furthermore, through different mechanisms, dietary supplementation with probiotics, prebiotics, and n-3 polyunsaturated fatty acids, is suggested to support oral tolerance and to prevent allergy in early childhood (72). Also, in combination with certain members of the gut microbiota, nutrients are known to promote tolerance. Fermentation of non-digestible dietary carbohydrates (fibers) by the gut microbiota leads to production of short-chain fatty acids, such as acetate, propionate, and butyrate, which also have the capacity to stimulate the expansion and immuno-suppressive capacity of Tregs in the gut (73). L-arginine promotes lymphocyte proliferation, balances pro-inflammatory (IFN-γ and IL-2) and anti-inflammatory (IL-4 and IL-10) cytokines, and increases the secretory IgA (sIgA) level in burn-injured mice (74). In this regard, L-arginine supplementation inhibits Clostridium perfringens overgrowth and alleviates intestinal mucosal injury by modulating innate immune responses in chickens by enhancing barrier function and producing NO (75). Another study also suggests that L-arginine supplementation attenuates intestinal mucosal disruption in coccidiosis-challenged chickens probably through suppressing TLR4 and activating mTOR complex 1 pathways (76). Probiotic feeding is also appropriate to manipulate mucosal immunity. After 21 days of treatment with Lactobacillus acidophilus as a probiotic on T cells in chicken, the percentages of blood CD4+, CD8+, and TCR1+ cells were significantly higher in the probiotic-fed group than in the control group. After 14 days of the probiotic, a significantly greater number of CD4+ T cells were found in the ileum of probiotic-fed chickens, and this difference was even greater after 21 days. The findings indicated that probiotics may alter the distribution of T cells in the blood and lymphoid tissues in young chickens; however, transient changes in lymphoid tissues, indicating that probiotics likely do not permanently affect mucosal immunity (77). The effects of Saccharomyces boulardii and Bacillus subtilis on cytokine expression responses via Toll-like receptors (TLRs) by intestinal epithelial cells were to decrease the expression levels of INF-γ and IL-8 and to increase the levels of serum IgA and sIgA in mucosa (78). These results indicated that Saccharomyces boulardii and Bacillus subtilis have a role in inducing mucosal innate immunity in chickens (78).

Some dietary products have the capacity to co-induce stress proteins in gut-associated cells. Oral administration of carvacrol, essential oil of oregano, was found to inhibit experimental autoimmune arthritis in mice. Upon further analysis, this compound actually co-induced the expression of heat shock protein 70 (HSP70) in cells in Peyer's patches. Subsequently, the enhanced HSP70 expression in PPs led to the activation and expansion of HSP70-specific T cells with regulatory, IL-10-producing capacities (79). Taken together, these findings suggest that dietary components may promote tolerance by various underlying mechanisms. However, the identity of such dietary factors that impact the efficacy of mucosal vaccination remains to be further elucidated.



CONCLUSION

Immune protection against infection is considered to be the most efficient when localized at the sites of entry of the infectious agent. Since most infections occur at mucosal surfaces, mucosal vaccination is an actively sought research goal in many species, including mammals and birds. Despite successes, such as with polio and rotavirus vaccination in humans, the scientific challenges in this area are still manifold. And this is, partly, due to the fact that oral administration of proteins induces tolerance, and not immune activation. Given the existing similarities between the mucosal immune systems of mammals and birds, it is possible to effectively use in birds some of the successful mucosal vaccination strategies as developed for mammals.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This work was supported by the Core-to-Core Program (Advanced Research Networks) of the Japan Society for the Promotion of Science (Establishment of international agricultural immunology research-core for a quantum improvement in food safety).



REFERENCES

 1. Ohshima K, Hiramatsu K. Distribution of T-cell subsets and immunoglobulin-containing cells in nasal-associated lymphoid tissue (NALT) of chickens. Histol Histopathol. (2000) 15:713–20. doi: 10.14670/HH-15.713

 2. Jeurissen SH, Janse EM, Koch G, De Boer GF. Postnatal development of mucosa-associated lymphoid tissues in chickens. Cell Tissue Res. (1989) 258:119–24.

 3. Savage ML, Olah I, Scott TR. Plasma cell proliferation in the chicken harderian gland. Cell Prolif. (1992) 25:337–44.

 4. Burns RB. Specific antibody production against a soluble antigen in the Harderian gland of the domestic fowl. Clin Exp Immunol. (1976) 26:371–4.

 5. van Ginkel FW, van Santen VL, Gulley SL, Toro H. Infectious bronchitis virus in the chicken Harderian gland and lachrymal fluid: viral load, infectivity, immune cell responses, and effects of viral immunodeficiency. Avian Dis. (2008) 52:608–17. doi: 10.1637/8349-050908-Reg.1

 6. Fix AS, Arp LH. Quantification of particle uptake by conjunctiva-associated lymphoid tissue (CALT) in chickens. Avian Dis. (1991) 35:174–9.

 7. van Ginkel FW, Gulley SL, Lammers A, Hoerr FJ, Gurjar R, Toro H. Conjunctiva-associated lymphoid tissue in avian mucosal immunity. Dev Comp Immunol. (2012) 36:289–97. doi: 10.1016/j.dci.2011.04.012S0145-305X(11)00127-3

 8. Nagatake T, Fukuyama S, Kim DY, Goda K, Igarashi O, Sato S, et al. Id2-, RORgammat-, and LTbetaR-independent initiation of lymphoid organogenesis in ocular immunity. J Exp Med. (2009) 206:2351–64. doi: 10.1084/jem.20091436jem.20091436

 9. Reese S, Dalamani G, Kaspers B. The avian lung-associated immune system: a review. Vet Res. (2006) 37:311–24. doi: 10.1051/vetres:2006003v6021

 10. Reemers SS, van Haarlem DA, Groot Koerkamp MJ, Vervelde L. Differential gene-expression and host-response profiles against avian influenza virus within the chicken lung due to anatomy and airflow. J Gen Virol. (2009) 90:2134–46. doi: 10.1099/vir.0.012401-0vir.0.012401-0

 11. Bienenstock J, Johnston N, Perey DY. Bronchial lymphoid tissue. I. Morphologic characteristics. Lab Invest. (1973) 28:686–92.

 12. Fagerland JA, Arp LH. Structure and development of bronchus-associated lymphoid tissue in conventionally reared broiler chickens. Avian Dis. (1993) 37:10–18.

 13. Jeurissen SHM, Vervelde L, Janse EM. Structure and function of lymphoid tissues of the chicken. Poultry Sci Rev. (1994) 5:183–207.

 14. Van Alstine WG, Arp LH. Histologic evaluation of lung and bronchus-associated lymphoid tissue in young turkeys infected with Bordetella avium. Am J Vet Res. (1988) 49:835–39.

 15. Maina JN. Development, structure, and function of a novel respiratory organ, the lung-air sac system of birds: to go where no other vertebrate has gone. Biol Rev Camb Philos Soc. (2006) 81:545–79. doi: 10.1017/S1464793106007111

 16. Casteleyn C, Doom M, Lambrechts E, Van den Broeck W, Simoens P, Cornillie P. Locations of gut-associated lymphoid tissue in the 3-month-old chicken: a review. Avian Pathol. (2010) 39:143–50. doi: 10.1080/03079451003786105922993774

 17. Befus AD, Johnston N, Leslie GA, Bienenstock J. Gut-associated lymphoid tissue in the chicken. I. Morphology, ontogeny, and some functional characteristics of Peyer's patches. J Immunol. (1980) 125:2626–32.

 18. Kitagawa H, Hiratsuka Y, Imagawa T, Uehara M. Distribution of lymphoid tissue in the caecal mucosa of chickens. J Anat.(1998) 192(Pt. 2): 293–8.

 19. Bar-Shira E, Sklan D, Friedman A. Establishment of immune competence in the avian GALT during the immediate post-hatch period. Dev Comp Immunol. (2003) 27:147–57.

 20. Ryan EJ, Daly LM, Mills KH. Immunomodulators and delivery systems for vaccination by mucosal routes. Trends Biotechnol. (2001) 19:293–304.

 21. van Ginkel FW, Nguyen HH, McGhee JR. Vaccines for mucosal immunity to combat emerging infectious diseases. Emerg Infect Dis. (2000) 6:123–32. doi: 10.3201/eid0602.000204

 22. De Wit JJ, Swart WA, Fabri TH. Efficacy of infectious bronchitis virus vaccinations in the field: association between the alpha-IBV IgM response, protection and vaccine application parameters. Avian Pathol. (2010) 39:123–31. doi: 10.1080/03079451003604639921016407

 23. Hayter RB, Besch EL. Airborne-particle deposition in the respiratory tract of chickens. Poult Sci. (1974) 53:1507–11. doi: 10.3382/ps.0531507

 24. Tell LA, Smiley-Jewell S, Hinds D, Stephens KE, Teague SV, Plopper CG, et al. An aerosolized fluorescent microsphere technique for evaluating particle deposition in the avian respiratory tract. Avian Dis. (2006) 50:238–44. doi: 10.1637/7427-082605R.1

 25. Corbanie EA, Matthijs MG, van Eck JH, Remon JP, Landman WJ, Vervaet C. Deposition of differently sized airborne microspheres in the respiratory tract of chickens. Avian Pathol. (2006) 35:475–85. doi: 10.1080/03079450601028845

 26. de Geus ED, Jansen CA, Vervelde L. Uptake of particulate antigens in a nonmammalian lung: phenotypic and functional characterization of avian respiratory phagocytes using bacterial or viral antigens. J Immunol. (2012) 188:4516–26. doi: 10.4049/jimmunol.1200092jimmunol.1200092

 27. Eeckhaut V, Haesebrouck F, Ducatelle R, Van Immerseel F. Oral vaccination with a live Salmonella Enteritidis/Typhimurium bivalent vaccine in layers induces cross-protection against caecal and internal organ colonization by a Salmonella Infantis strain. Vet Microbiol. (2018) 218:7–12. doi: 10.1016/j.vetmic.2018.03.022

 28. Leigh SA, Evans JD, Collier SD, Branton SL. The impact of vaccination route on Mycoplasma gallisepticum vaccine efficacy. Poult Sci. (2018) doi: 10.3382/ps/pey1884999283. [Epub ahead of print].

 29. Meeusen EN, Walker J, Peters A, Pastoret PP, Jungersen G. Current status of veterinary vaccines. Clin Microbiol Rev. (2007) 20:489–510. doi: 10.1128/CMR.00005-07

 30. Gupta SK, Deb R, Dey S, Chellappa MM. Toll-like receptor-based adjuvants: enhancing the immune response to vaccines against infectious diseases of chicken. Expert Rev Vaccines (2014) 13:909–25. doi: 10.1586/14760584.2014.920236

 31. Akira S, Takeda K, Kaisho T. Toll-like receptors: critical proteins linking innate and acquired immunity. Nat Immunol. (2001) 2:675–80. doi: 10.1038/9060990609

 32. Linghua Z, Xingshan T, Fengzhen Z. Vaccination with Newcastle disease vaccine and CpG oligodeoxynucleotides induces specific immunity and protection against Newcastle disease virus in SPF chicken. Vet Immunol Immunopathol. (2007) 115:216–22. doi: 10.1016/j.vetimm.2006.10.017

 33. Dar A, Potter A, Tikoo S, Gerdts V, Lai K, Babiuk LA, et al. CpG oligodeoxynucleotides activate innate immune response that suppresses infectious bronchitis virus replication in chicken embryos. Avian Dis. (2009) 53:261–7. doi: 10.1637/8560-121808-Reg.1

 34. Parvizi P, Mallick AI, Haq K, Haghighi HR, Orouji S, Thanthrige-Don N, et al. A toll-like receptor 3 ligand enhances protective effects of vaccination against Marek's disease virus and hinders tumor development in chickens. Viral Immunol. (2012) 25:394–401. doi: 10.1089/vim.2012.0033

 35. He H, Genovese KJ, Swaggerty CL, Nisbet DJ, Kogut MH. In vivo priming heterophil innate immune functions and increasing resistance to Salmonella enteritidis infection in neonatal chickens by immune stimulatory CpG oligodeoxynucleotides. Vet Immunol Immunopathol. (2007) 117:275–83. doi: 10.1016/j.vetimm.2007.03.002

 36. Gomis S, Babiuk L, Allan B, Willson P, Waters E, Hecker R, et al. Protection of chickens against a lethal challenge of Escherichia coli by a vaccine containing CpG oligodeoxynucleotides as an adjuvant. Avian Dis. (2007) 51:78–83. doi: 10.1637/0005-2086(2007).051[0078:POCAAL]2.0.CO;2

 37. Chou WK, Chen CH, Vuong CN, Abi-Ghanem D, Waghela SD, Mwangi W, et al. Significant mucosal sIgA production after a single oral or parenteral administration using in vivo CD40 targeting in the chicken. Res Vet Sci. (2016) 108:112–5. doi: 10.1016/j.rvsc.2016.08.013S0034-5288(16)30257-0

 38. Tang Y, Lu J, Wu P, Liu Z, Tian Z, Zha G, et al. Inactivated vaccine with adjuvants consisting of pattern recognition receptor agonists confers protection against avian influenza viruses in chickens. Vet Microbiol. (2014) 172:120–8. doi: 10.1016/j.vetmic.2014.05.007S0378-1135(14)00243-0

 39. Lu J, Wu P, Zhang X, Feng L, Dong B, Chu X, et al. Immunopotentiators improve the efficacy of oil-emulsion-inactivated avian influenza vaccine in chickens, ducks and geese. PLoS ONE (2016) 11:e0156573. doi: 10.1371/journal.pone.0156573PONE-D-15-27158

 40. O'Hagan DT, Valiante NM. Recent advances in the discovery and delivery of vaccine adjuvants. Nat Rev Drug Discov. (2003) 2:727–35. doi: 10.1038/nrd1176nrd1176

 41. Rauw F, Gardin Y, Palya V, Anbari S, Gonze M, Lemaire S, et al. The positive adjuvant effect of chitosan on antigen-specific cell-mediated immunity after chickens vaccination with live Newcastle disease vaccine. Vet Immunol Immunopathol. (2010) 134:249–58. doi: 10.1016/j.vetimm.2009.10.028S0165-2427(09)00354-7

 42. Men Y, Audran R, Thomasin C, Eberl G, Demotz S, Merkle HP, et al. MHC class I- and class II-restricted processing and presentation of microencapsulated antigens. Vaccine (1999) 17:1047–56.

 43. Singh SM, Alkie TN, Nagy E, Kulkarni RR, Hodgins DC, Sharif S. Delivery of an inactivated avian influenza virus vaccine adjuvanted with poly(D,L-lactic-co-glycolic acid) encapsulated CpG ODN induces protective immune responses in chickens. Vaccine (2016) 34:4807–13. doi: 10.1016/j.vaccine.2016.08.009S0264-410X(16)30666-1

 44. Zhao K, Rong G, Hao Y, Yu L, Kang H, Wang X, et al. IgA response and protection following nasal vaccination of chickens with Newcastle disease virus DNA vaccine nanoencapsulated with Ag@SiO2 hollow nanoparticles. Sci Rep. (2016) 6:25720. doi: 10.1038/srep25720srep25720

 45. Neutra MR, Kozlowski PA. Mucosal vaccines: the promise and the challenge. Nat Rev Immunol. (2006) 6:148–58. doi: 10.1038/nri1777

 46. Schiavi E, Smolinska S, O'Mahony L. Intestinal dendritic cells. Curr Opin Gastroenterol. (2015) 31:98–103. doi: 10.1097/MOG.000000000000015500001574-201503000-00004

 47. Staines K, Young JR, Butter C. Expression of chicken DEC205 reflects the unique structure and function of the avian immune system. PLoS ONE (2013) 8:e51799. doi: 10.1371/journal.pone.0051799PONE-D-11-21674

 48. Niess JH, Brand S, Gu X, Landsman L, Jung S, McCormick BA, et al. CX3CR1-mediated dendritic cell access to the intestinal lumen and bacterial clearance. Science (2005) 307:254–8. doi: 10.1126/science.1102901

 49. McDole JR, Wheeler LW, McDonald KG, Wang B, Konjufca V, Knoop KA, et al. Goblet cells deliver luminal antigen to CD103+ dendritic cells in the small intestine. Nature (2012) 483:345–9. doi: 10.1038/nature10863nature10863

 50. Owen JL, Sahay B, Mohamadzadeh M. New generation of oral mucosal vaccines targeting dendritic cells. Curr Opin Chem Biol. (2013) 17:918–24. doi: 10.1016/j.cbpa.2013.06.013S1367-5931(13)00115-4

 51. Curiel TJ, Morris C, Brumlik M, Landry SJ, Finstad K, Nelson A, et al. Peptides identified through phage display direct immunogenic antigen to dendritic cells. J Immunol. (2004) 172:7425–31. doi: 10.4049/jimmunol.172.12.7425

 52. Mohamadzadeh M, Durmaz E, Zadeh M, Pakanati KC, Gramarossa M, Cohran V, et al. Targeted expression of anthrax protective antigen by Lactobacillus gasseri as an anthrax vaccine. Future Microbiol. (2010) 5:1289–96. doi: 10.2217/fmb.10.78

 53. Nochi T, Kiyono H. Innate immunity in the mucosal immune system. Curr Pharm Des. (2006) 12:4203–13.

 54. Bangham AD, Standish MM, Watkins JC. Diffusion of univalent ions across the lamellae of swollen phospholipids. J Mol Biol. (1965) 13:238–52.

 55. Bernasconi V, Norling K, Bally M, Hook F, Lycke NY. Mucosal vaccine development based on liposome technology. J Immunol. Res. (2016) 2016:5482087. doi: 10.1155/2016/5482087

 56. Suk JS, Xu Q, Kim N, Hanes J, Ensign LM. PEGylation as a strategy for improving nanoparticle-based drug and gene delivery. Adv Drug Deliv Rev. (2016) 99:28–51. doi: 10.1016/j.addr.2015.09.012

 57. Mura S, Nicolas J, Couvreur P. Stimuli-responsive nanocarriers for drug delivery. Nat. Mater (2013) 12:991–1003. doi: 10.1038/nmat3776nmat3776

 58. Ghaffar KA, Marasini N, Giddam AK, Batzloff MR, Good MF, Skwarczynski M, et al. Liposome-based intranasal delivery of lipopeptide vaccine candidates against group A streptococcus. Acta Biomater. (2016) 41:161–8. doi: 10.1016/j.actbio.2016.04.012S1742-7061(16)30165-9

 59. Tada R, Muto S, Iwata T, Hidaka A, Kiyono H, Kunisawa J, et al. Attachment of class B CpG ODN onto DOTAP/DC-chol liposome in nasal vaccine formulations augments antigen-specific immune responses in mice. BMC Res Notes (2017) 10:68. doi: 10.1186/s13104-017-2380-810.1186/s13104-017-2380-8

 60. Terech P, Weiss RG. Low molecular mass gelators of organic liquids and the properties of their gels. Chem Rev. (1997) 97:3133–60.

 61. Akiyoshi K, Deguchi S, Moriguchi N, Yamaguchi S, Sunamoto J. Self-aggregates of hydrophobized polysaccharides in water. Formation and characteristics of nanoparticles. Macromolecules (1993) 26:3062–8. doi: 10.1021/ma00064a011

 62. Nishikawa T, Akiyoshi K, Sunamoto J. Macromolecular complexation between bovine serum albumin and the self-assembled hydrogel nanoparticle of hydrophobized polysaccharides. J Am Chem Soc. (1996) 118:6110–5. doi: 10.1021/ja953843c

 63. Akiyoshi K, Nagai K, Nishikawa T, Sunamoto J. Self-aggregates of Hydrophobized Polysaccharide as a Host for Macromolecular Guests. Chem Lett. (1992) 21:1727–30. doi: 10.1158/1078-0432.CCR-06-1546

 64. Akiyoshi K, Kobayashi S, Shichibe S, Mix D, Baudys M, Kim SW, et al. Self-assembled hydrogel nanoparticle of cholesterol-bearing pullulan as a carrier of protein drugs: complexation and stabilization of insulin. J Control Release (1998) 54:313–20.

 65. Nishikawa T, Akiyoshi K, Sunamoto J. Supramolecular assembly between nanoparticles of hydrophobized polysaccharide and soluble protein complexation between the self-aggregate of cholesterol-bearing pullulan and alpha-chymotrypsin. Macromolecules (1994) 27:7654–9. doi: 10.1006/jmbi.1998.1881

 66. Ayame H, Morimoto N, Akiyoshi K. Self-assembled cationic nanogels for intracellular protein delivery. Bioconjug Chem. (2008) 19:882–90. doi: 10.1021/bc700422s

 67. Nochi T, Yuki Y, Takahashi H, Sawada S, Mejima M, Kohda T, et al. Nanogel antigenic protein-delivery system for adjuvant-free intranasal vaccines. Nat Mater. (2010) 9:572–8. doi: 10.1038/nmat2784nmat2784

 68. Kong IG, Sato A, Yuki Y, Nochi T, Takahashi H, Sawada S, et al. Nanogel-based PspA intranasal vaccine prevents invasive disease and nasal colonization by Streptococcus pneumoniae. Infect Immun. (2013) 81:1625–34. doi: 10.1128/IAI.00240-13IAI.00240-13

 69. Fukuyama Y, Yuki Y, Katakai Y, Harada N, Takahashi H, Takeda S, et al. Nanogel-based pneumococcal surface protein A nasal vaccine induces microRNA-associated Th17 cell responses with neutralizing antibodies against Streptococcus pneumoniae in macaques. Mucosal Immunol. (2015) 8:1144–53. doi: 10.1038/mi.2015.5mi20155

 70. Wells J. Mucosal vaccination and therapy with genetically modified lactic acid bacteria. Annu Rev Food Sci Technol. (2011) 2:423–45. doi: 10.1146/annurev-food-022510-133640

 71. Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J, Sun CM, Belkaid Y, et al. A functionally specialized population of mucosal CD103+ DCs induces Foxp3+ regulatory T cells via a TGF-beta and retinoic acid-dependent mechanism. J Exp Med. (2007) 204:1757–64. doi: 10.1084/jem.20070590

 72. Kostadinova AI, Pablos-Tanarro A, Diks MAP, van Esch B, Garssen J, Knippels LMJ, et al. Dietary intervention with beta-lactoglobulin-derived peptides and a specific mixture of fructo-oligosaccharides and bifidobacterium breve M-16V facilitates the prevention of whey-induced allergy in mice by supporting a tolerance-prone immune environment. Front Immunol. (2017) 8:1303. doi: 10.3389/fimmu.2017.01303

 73. Bollrath J, Powrie F. Immunology. feed your tregs more fiber. Science (2013) 341:463–4. doi: 10.1126/science.1242674341/6145/463

 74. Fan J, Meng Q, Guo G, Xie Y, Li X, Xiu Y, et al. (2010). Effects of early enteral nutrition supplemented with arginine on intestinal mucosal immunity in severely burned mice. Clin. Nutr. (2013) 29:124–30. doi: 10.1016/j.clnu.2009.07.005

 75. Zhang B, Lv Z, Li H, Guo S, Liu D, Guo Y. Dietary l-arginine inhibits intestinal Clostridium perfringens colonisation and attenuates intestinal mucosal injury in broiler chickens. Br J. Nutr. (2017) 118:321–32. doi: 10.1017/S0007114517002094

 76. Tan J, Applegate TJ, Liu S, Guo Y, Eicher SD. Supplemental dietary L-arginine attenuates intestinal mucosal disruption during a coccidial vaccine challenge in broiler chickens. Br J Nutr. (2014) 112:1098–109. doi: 10.1017/S0007114514001846S0007114514001846

 77. Asgari F, Madjd Z, Falak R, Bahar MA, Nasrabadi MH, Raiani M, et al. Probiotic feeding affects T cell populations in blood and lymphoid organs in chickens. Benef Microbes (2016) 7:669–75. doi: 10.3920/BM2016.0014

 78. Rajput IR, Ying H, Yajing S, Arain MA, Weifen L, Ping L, et al. Saccharomyces boulardii and Bacillus subtilis B10 modulate TLRs and cytokines expression patterns in jejunum and ileum of broilers. PLoS ONE (2017) 12:e0173917. doi: 10.1371/journal.pone.0173917PONE-D-16-49094

 79. Wieten L, van der Zee R, Spiering R, Wagenaar-Hilbers J, van Kooten P, Broere F, et al. A novel heat-shock protein coinducer boosts stress protein Hsp70 to activate T cell regulation of inflammation in autoimmune arthritis. Arthritis Rheum. (2010). 62:1026–35. doi: 10.1002/art.27344

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Nochi, Jansen, Toyomizu and Eden. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 07 August 2018
doi: 10.3389/fimmu.2018.01824






[image: image1]

Therapeutic Effect of Intestinal Autochthonous Lactobacillus reuteri P16 Against Waterborne Lead Toxicity in Cyprinus carpio

Sib Sankar Giri1,2‡, Saekil Yun1‡, Jin Woo Jun1, Hyoun Joong Kim1, Sang Guen Kim1, Jeong Woo Kang1, Sang Wha Kim1, Se Jin Han1, V. Sukumaran2*† and Se Chang Park1*

1 Laboratory of Aquatic Biomedicine, College of Veterinary Medicine, Research Institute for Veterinary Science, Seoul National University, Seoul, South Korea

2 Department of Biotechnology, Periyar Maniammai University, Thanjavur, India

OPEN ACCESS

Edited by:

Tomonori Nochi, Tohoku University, Japan

Reviewed by:

Zhenquan Jia, University of North Carolina at Greensboro, United States
Wei Chen, Jiangnan University, China

*Correspondence:

V. Sukumaran
drvsukumar@gmail.com;
Se Chang Park
parksec@snu.ac.kr

†Present address:

V. Sukumaran, Department of Zoology, Kundavai Nachiyar Government Arts College for Women (Autonomous), Thanjavur, Tamil Nadu, India

‡These authors have contributed equally to this work.

Specialty section:

This article was submitted to Comparative Immunology, a section of the journal Frontiers in Immunology

Received: 29 December 2017
Accepted: 24 July 2018
Published: 07 August 2018

Citation:

Giri SS, Yun S, Jun JW, Kim HJ, Kim SG, Kang JW, Kim SW, Han SJ, Sukumaran V and Park SC (2018) Therapeutic Effect of Intestinal Autochthonous Lactobacillus reuteri P16 Against Waterborne Lead Toxicity in Cyprinus carpio. Front. Immunol. 9:1824. doi: 10.3389/fimmu.2018.01824

Harmful effects of heavy metals are myriad. Lead (Pb) from soil and atmosphere contaminates water bodies and affects the aquatic animals. Our previous study confirmed the in vitro probiotic potential of Lactobacillus reuteri against Pb toxicity, but further investigation is necessary for gaining insights into the related protection mode. Therefore, in this study, we investigated the protective effects of the potential probiotic L. reuteri P16 against waterborne Pb exposure-induced toxicity in the freshwater fish Cyprinus carpio. Fish (average weight: 23.16 ± 0.73 g) were allocated to four groups (control, Pb only, Pb + L. reuteri P16, and L. reuteri P16 only) and Pb groups were exposed to waterborne Pb (1 mg L−1) for 6 weeks. L. reuteri P16 (108 CFU g−1) supplemented diet was provided twice daily. Growth performances, hemato-biochemical parameters, innate immune responses, intestinal microbiota, and Pb accumulation in tissues were measured at the end of the trial. When the fish were exposed to Pb, dietary supplementation of L. reuteri P16 effectively decreased mortality and accumulation of Pb in tissues, and improved the growth performance. Co-treatment with Pb and L. reuteri P16 alleviated Pb exposure-induced oxidative stress, reversed alterations in hemato-biochemical parameters, improved innate immune parameters, and restored intestinal enzymatic activities. Moreover, L. reuteri P16 supplementation reversed the changes in intestinal microbiota in Pb-exposed fish. Furthermore, Pb exposure decreased the expressions of pro-inflammatory cytokines (TNF-α, IL-1β). However, the expression of heat shock proteins (HSP70 and HSP90) increased, which might have increased the cellular stress. Interestingly, the Pb-induced alterations of gene expressions were reversed by L. reuteri P16 supplementation. Thus, dietary administration of the potential probiotic L. reuteri P16 had several beneficial effects on growth performance and immune responses, decreased Pb accumulation in tissues, and reversed alterations in hematological responses of C. carpio. Furthermore, it offered direct protection against Pb-induced oxidative stress. Therefore, L. reuteri P16 may be a novel dietary supplement for enhancing growth performance and preventing Pb-exposure-induced toxicity in fish in aquaculture and aquatic products.

Keywords: probiotics, lactic acid bacteria, Pb, common carp, oxidative stress, immune parameters, gene expression


INTRODUCTION

In recent years, contamination of aquatic environments by heavy metals is increasing rapidly. These heavy metals have caused lot of problems due to their toxicity, and it poses threat to both aquaculture and food safety (1). The natural aquatic systems are being extensively contaminated with heavy metals released from industrial and other anthropogenic activities. Among the various heavy metals, lead (Pb) is one of the most toxic and occupies the second place in Priority List of Hazardous Substances (2). Due to higher levels in the food web, fish can accumulate many metals, and the accumulation patterns in fish rely on uptake and elimination rates (3). Pb accumulation in fish tissues depends on the type of metal, exposure duration, and concentration, salinity, temperature, water quality, fish species, and metabolic activity of fish (4). Pb is mutagenic and teratogenic in humans and animals (5). Prolonged Pb exposure can produce adverse effects on pituitary function, gonadosomatic index, and oocyte growth, chromosomal aberrations, and causes neurological disorders, DNA damage, and scoliosis in freshwater fish (6–8). Furthermore, Pb showed deleterious effects on gut-associated lymphoid tissues of Channa punctatus (8). In addition to economic loss to aquaculture, heavy metal contamination in aquaculture poses great risks to human health because it can accumulate and enter the food chain (9). Therefore, eco-friendly and affordable strategies of controlling heavy metal (Pb) contamination in aquaculture is increasing in importance.

Until date, no treatment method for chronic Pb poisoning has been developed. Although chelation therapy has been used to promote heavy metal excretion, chelators for Pb toxicity have been reported to be deficient in terms of safety and efficacy (10). Gut microbiota of fish play important roles in metabolism, immunity, and pathogen resistance (11). Allochthonous (transient) and autochthonous (adherent) microbes normally reside in gastrointestinal (GI) tract of fish, and the latter type has been well investigated for their numerous beneficial effects on the host (11). Colonization of the GI tract of fish larvae completes within few hours after hatching. The colonization by normal or protective microbes prevents colonization by potential invaders and maintains the overall health of fish (12). Lactic acid bacteria (LAB) are classified as “generally regarded as safe” and have been widely used in aquaculture (13). LAB with potential heavy metal adsorption capacity have been isolated and identified earlier (14–16). They remove heavy metals in vivo and in vitro (14, 17, 18). Recently, Yu et al. (13) demonstrated that dietary Lactobacillus plantarum could alleviates the waterborne aluminum toxicity in tilapia. In another study, Zhai et al. (14) demonstrated that dietary probiotic L. plantarum CCFM8610 has potential to prevent cadmium-exposure induced problems in tilapia aquaculture. Therefore, LAB could be exploited further for their possible role in alleviating heavy metal toxicity in aquaculture.

Immunostimulants and other biological factors, such as probiotics, can trigger the defense system, even under stressful conditions, thereby reducing the deleterious effects caused by various biological, chemical, and physiological stresses (19). Until date, numerous studies have demonstrated that probiotics can stimulate immunity in teleosts both under in vivo and in vitro conditions. Available literature indicates that several probiotics either individually or in combination can enhance both systemic and local immunity in fish (20, 21). Probiotic activities of LAB and other bacteria isolated from the GI tract of fish have been demonstrated in several studies (22–25). However, protective effect of those autochthonous probiotic bacteria against heavy metal-induced toxicity in fish has not been reported yet. Various microorganisms have been studied and strategically used for bioremediation of water polluted with heavy metals (26, 27). Recently, it has been found that LAB, such as L. plantarum, Lactobacillus rhamnosus, Lactobacillus reuteri, and Bifidobacterium lactis can bind and remove heavy metals in vitro from water and environment (15, 27). Yi et al. (17) demonstrated that Leuconostoc mesenteroides isolated from fermented kimchi has strong lead resistance and removal capacity. It has been reported that dietary supplementation of L. plantarum CCFM8611 (at 108 CFU g−1) isolated from environmental samples alleviated Pb-induced oxidative stress, reversed digestive enzyme activities and innate immune status, and ameliorated the growth performance in Pb-induced fish (18). Hematological parameters are reliable indicators of physiological status of aquatic animals under stress due to metal exposure.

Recently, we have isolated Pb-resistant LAB from the gut content of carp Cyprinus carpio (28). Among those isolates, L. reuteri P16 was found to exhibit strong Pb-binding and tolerance abilities. L. reuteri P16 exhibited various probiotic properties, such as a high level of tolerance to both acid (pH 2.0 and 3.0) and bile (0.3% Oxgall) exposure, good adhesion to intestinal mucosa, strong inhibition of fish-pathogen growth in vitro, and susceptibility to several clinically effective antibiotics (28). Furthermore, “intact cells” and cell-free supernatants of P16 had stronger antioxidant abilities. Those results indicated that it is important to investigate efficacy of L. reuteri P16 in providing protection against toxicity caused by Pb-exposure in aquaculture. C. carpio is an important aquaculture species worldwide. It is the third most widely cultivated and commercially important freshwater fish species in the world. In addition, it is recognized as a good biological model because it is easy to handle, culture, and maintain in the laboratory. Therefore, this study was aimed to investigate the effect of dietary supplementation of intestinal autochthonous L. reuteri P16 on the growth performance, hematological, and blood biochemical parameters, and intestinal enzymatic activities of the carp C. carpio exposed to waterborne Pb. In addition, effects of P16 on cytokine gene expression, and Pb accumulation in tissues of carp were investigated.



MATERIALS AND METHODS


Potential Probiotic Strain

Lactobacillus reuteri P16 isolated from the gut content of C. carpio, exhibited in vitro probiotic properties, and excellent Pb-binding and Pb-tolerance capacities (28). This strain was cultured in de Man, Rosaga, and Sharpe (MRS) broth for 24 h at 37°C.



Preparation of Diet for Fish

The basal diet containing 28.8% protein, 7.16% lipid, and 12.36% ash was prepared as described in a previous study (29). The culture broth was centrifuged at 8,000 × g for 15 min at 4°C to precipitate the cells. The initial bacterial concentration (1.32 × 109 cells mL−1) was diluted to the desired concentration using the phosphate buffer saline (pH 7.4). P16 was added to the basal diet at a final concentration of 1 × 108 CFU g−1 (approximately). Based on a preliminary study, P16 concentration was chosen as 1 × 108 CFU g−1 (unpublished data). The number of viable bacterial cells in the diet was determined via plate counting on MRS agar plates. The ingredients were blended thoroughly into a mixture that and then pelleted, air-dried, ground, and sieved into appropriate pellet sizes. The experimental feed was prepared weekly and stored at 4°C.



Experimental Design

Cyprinus carpio (average body length: 11.2 ± 0.8 cm; average weight: 23.16 ± 0.73 g; approximate age: 105 days) obtained from a local fish farm were acclimatized to laboratory conditions in 500 L quarantine tanks for 2 weeks at 24 ± 2°C and fed a basal diet (29). Approximately 20% of the water in all the tanks was replaced daily, and 100% of the water was replaced weekly. Basic physicochemical parameters of the water were monitored weekly; oxygen and ammonia concentrations were 6.1–7.3 and 0.03–0.06 mg L–1, respectively, and pH ranged from 7.0 to 7.6. This study was conducted in accordance with the “Guidelines on the Regulation of Scientific Experiments on Animals,” CPCSEA (http://cpcsea.nic.in), Govt. of India and the experimental protocols were approved by the bioethical committee of the Periyar Maniammai University (PMU/Biotech/10.01.2009).

In total, 180 fish were randomly distributed into the four experimental groups. In each independent experimental group, 45 fish were divided into three tanks (15 fish per tank), and each tank held 200 L water. The following groups were maintained:

I. Control group: the fishes were fed with basal diet and kept in Pb-free water.

II. Pb-only group: the fishes were exposed to waterborne Pb (1 mg L−1) and fed with the basal diet.

III. Pb + P16 group: the fishes were exposed to waterborne Pb and fed on diet supplemented with L. reuteri P16.

IV. P16 group: the fishes were fed on diet containing 108 CFU g−1 of L. reuteri P16, and kept in Pb-free water.

The experimental feeding period selected was 6 weeks. The sublethal Pb dose (1 mg L−1) was chosen based on earlier reports (14, 18). The fishes were fed experimental diets at 3−5% of body weight two times daily (09:00 and 18:00 h). For Pb-treated groups, water was exchanged with Pb-containing water every 2 days to maintain a constant Pb level. For other groups, 20% of the water was exchanged daily, and 100% of the water was exchanged once in a week. Water samples were collected daily for Pb level determination using a flame atomic absorption spectrophotometer.



Growth Performance and Sample Collection

The fishes were weighed at the beginning and end of the 6-week feeding trial. Growth performance [i.e., percent weight gain (PWG; grams per fish), specific growth rate (SGR), and feed conversion ratio (FCR)] and survival rates of fish were calculated using the following formula:
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where, Wt and W0 are the final and initial weight of the fishes, respectively, t is the duration of feeding (in days); and FI is the feed intake.

At the end of the feeding trial, the fish were starved for 24 h before sampling. Ten fish were collected from each tank (i.e., 10 fish × 3 tanks = 30 fish per group) and euthanized with 200 mg L−1 of MS-222 (Ethyl 3-aminobenzoate methanesulfonate; Sigma-Aldrich, St. Louis, MO, USA). Immediately, blood samples were collected from the caudal vein using a 2-mL syringe. Pooled blood samples were divided into two aliquots: one was centrifuged (4,000 × g, 10 min, 4°C) to collect serum and the other was stored in anti-coagulative tubes (EDTA-2K).

Tissue samples from gills, spleen, liver, brain, and kidney were collected from those fishes and stored in metal-free Eppendorf tubes at −20°C. Furthermore, intestinal samples from nine fish per group (3 fish × 3 tanks = 9 fish) were used for the quantification of intestinal microbiota.



Hematological Parameters

Hematological parameters, including white blood cell (WBC) count, red blood cell (RBC) count, hematocrit value (Hct, %), and hemoglobin (Hb) level, were measured using standard techniques. Serum total protein was estimated using a commercial kit (Abcam, India). Cholesterol level was measured calorimetrically using a commercial kit (Sigma-Aldrich, USA).



Blood Biochemical Parameters

Malondialdehyde (MDA) content was measured via barbituric acid reaction chronometry (30). Total myeloperoxidase (MPO) content in blood serum was measured using a commercial kit (Abcam, USA). Serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP) activities were determined using the Hitachi 912 clinical chemistry automatic analyzer. Superoxide dismutase (SOD) activity was determined with an enzymatic assay method using a commercial kit (Randox, Crumlin, UK). Blood creatinine level was measured using commercial assay kit (Sigma-Aldrich, USA). Glutathione peroxidase (GPx) was measured with an enzymatic assay using commercial kit (Abcam, USA). Serum lysozyme activity was measured with commercial assay kit (Sigma-Aldrich). Leukocyte phagocytic activity was measured according to the method described by Dotta et al. (31).



Intestinal Enzymatic Activities and Quantification of Intestinal Microbiotia

For this experiment, whole intestines from six fish of each group were sampled aseptically and rinsed with distilled water. Intestines were homogenized and the activity of digestive enzymes was determined. Amylase and protease activities were measured as described by Pavasovic et al. (32), and lipase activity was evaluated by using a commercial kit (Sigma-Aldrich).

The entire intestinal tract was removed aseptically (n = 9) from the sampled fish, washed thoroughly with sterile saline (0.85% NaCl), and homogenized (Potter–Elvehjem Tissue Homogenizer, NW Kennesaw, GA, USA) to isolate the intestinal microbiological communities (33). The homogenate was serially diluted to 10−7 with sterile saline. Dilutions (100 μL) were spread in triplicate onto plate count agar (PCA) and MRS agar plates. MRS cultures were incubated anaerobically (5% CO2) at 37°C for 72 h, while PCA cultures were incubated at 37°C for 24–72 h, aerobically, for determining the total count. The viability was recorded as colony-forming units (CFU) per milliliter and cell concentration was expressed as log (CFU mL−1).



Determination of Pb Level in Tissues

Tissue samples were transferred to metal-free vessels and digested in concentrated HNO3 and H2O2 (3:1; v/v) using a microwave digestion system (Microwave 3000; Anton Paar GmbH, Austria) (14). The Pb concentrations in all the tissue samples were determined using atomic absorption spectrophotometer (PerkinElmer, USA) (Figure 1).
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FIGURE 1 | Transfer system of tissue samples for the determination of the Pb level.




Immune Gene Expression Analysis

Head-kidney were dissected from six fish per group after they were anesthetized with MS-222, and total RNA was isolated from those tissues using TRIZOL reagent (Invitrogen, USA) according to the manufacturer’s instructions. Real-time polymerase chain reaction analysis of IL-1β, TNF-α, HSP70, HSP90, and the housekeeping gene β-actin were carried out following standard protocols (29). The primer sequences and thermo cycling conditions are shown in Table 1. After amplification, melting curve analysis was performed to verify the accuracy of each amplicon. All the samples were run in parallel with the β-actin to normalize cDNA loading. Gene expression results were analyzed using the 2−ΔΔCT method after verification that the primers amplified with an efficiency of approximately 100% (34).


TABLE 1 | Real-time primer sequences and thermocycling conditions.
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Statistical Analyses

Independent data were obtained and statistical significance testing were performed. The homogeneity of variance was checked by analysis of variance, and chi-square test was used to analyze the data. Multiple comparisons were performed with Tukey’s test to analyze the differences between independent experimental groups and treatments. All statistical analyses were performed using the OriginPro software (version 8; OriginLab Corporation, Northampton, MA, USA). Significance level was set at P < 0.05.




RESULTS


Growth Performance

Sublethal exposure to waterborne Pb resulted in the inhibition of growth performance and increased the mortality of C. carpio (Table 2). Survival in the Pb-exposed group was 91.1%, but that in other groups was 100% and this shown by plotting Kaplan–Meier survival curve (Figure 2). Typical symptoms include spinal deformity and blackening of the caudal region were observed in fish exposed to Pb only. Final weight gain (FWG), PWG, and SGR were significantly lowered in the Pb-only group than in the control group or the group fed with L. reuteri P16 alone. The FCR value was significantly higher in Pb-only group, but dietary supplementation with L. reuteri P16 decreased the FCR value, and it was the lowest in the group fed with L. reuteri P16 only. Supplementation with L. reuteri P16 prevented death caused by Pb exposure, as revealed by 100% survival in the Pb + P16 group. Growth performance (FWG, PWG, and SGR) in the Pb + P16 group was not significantly higher than that of the Pb-only group. However, administration of L. reuteri P16 alone significantly increased the FG, PWG, and SGR of the fishes, when compared with the other groups. FCR was the lowest in the P16 group (Table 2).


TABLE 2 | Effect of dietary supplementation on growth performance of Cyprinus carpio during 6-week trial.
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FIGURE 2 | Kaplan–Meier survival curve [cumulative survival (%) over time (weeks)] of Cyprinus carpio exposed waterborne Pb.




Hematological Parameters

Pb exposure significantly decreased the RBC, WBC, Hct, Hb, and total protein level in blood, when compared with those in the control (Table 3). However, decreases of those parameters were reversed by L. reuteri P16 supplementation. Levels of RBC, WBC, Hb, Hct, and total protein recovered in the Pb + P16 group, and the differences with the control group were not significant. Furthermore, blood cholesterol level, which increased significantly under Pb-exposure stress, was recovered by probiotic feeding (Table 3). However, supplementation with L. reuteri P16 alone had no significant effect on these parameters, except total protein level, which was significantly increased by probiotic supplementation.


TABLE 3 | Effect of Lactobacillus reuteri P16 supplementation on the hematological parameters of Cyprinus carpio.
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Blood Biochemical Parameters

Among biochemical parameters, levels of AST (163.1 ± 4.7 U mL−1), ALT (68.41 ± 2.12 U mL−1), and creatinine (0.37 ± 0.07 U mL−1) increased significantly in (P < 0.05) in Pb-only group, but these alterations were reversed to the normal level in Pb + P16 group (Table 4). However, feeding with L. reuteri P16 alone had no significant effect on those parameters, except AST level, which decreased significantly in this group, as compared with that in the control. Furthermore, serum ALP and MPO levels, which decreased significantly in Pb-only group, were recovered in the Pb + P16 group, but these levels were slightly lower than those in the control group. However, L. reuteri P16 treatment alone significantly increased the MPO level than that in the control or other groups. In case of MPO level, L. reuteri P16 treatment alone had no significant effect on it.


TABLE 4 | Effect of Lactobacillus reuteri P16 supplementation on the blood biochemical parameters of Cyprinus carpio.
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Serum Oxidative Parameters

Malondialdehyde level was increased significantly (P < 0.05) in the Pb-only group, but L. reuteri P16 treatment reversed the MDA level to the normal range (Figure 3). Pb exposure reduced the level of GPx and SOD in fish significantly (P < 0.05), but levels of GPx and SOD recovered in the Pb + P16 group. However, dietary supplementation of L. reuteri P16 alone had no significant effect on those parameters, except SOD level, which increased significantly than that in the others.
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FIGURE 3 | Influence of Lactobacillus reuteri P16 supplementation on the oxidative parameters in the blood of Cyprinus carpio. Significant differences between groups are indicated with different superscript letters. Results are presented as mean ± SEM (n = 30).




Lysozyme and Phagocytic Activities

Pb exposure caused a profound decline in innate immune parameters, such as serum lysozyme and phagocytic activities (Figure 4). However, dietary administration of L. reuteri P16 helped in recovering lysozyme and phagocytic activities, as evident in the Pb + P16 group. Moreover, dietary administration of L. reuteri P16 only markedly increased (P < 0.05) lysozyme (27.5 U mL−1) and phagocytic activities (18.68%), when compared with those in the control or any other group (Figure 4).
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FIGURE 4 | Effect of Lactobacillus reuteri P16 supplementation on the serum lysozyme and leukocyte phagocytoc activities of Cyprinus carpio. Significant differences between groups are indicated with different superscript letters. Results are presented as mean ± SEM (n = 30).




Intestinal Enzymatic Activities

Intestinal enzymatic activities are shown in Figure 5. Activities of amylase, protease, and lipase declined in the Pb-exposed group, and the differences were significant only in case of amylase activity. The alterations of amylase and protease activities were significantly reversed in the Pb + P16 group. The lipase activity was slightly recovered in Pb + P16 group. Furthermore, dietary administration of L. reuteri P16 only resulted in significantly higher amylase (1.49 U mg−1 protein) and protease (3.43 U mg−1 protein) activities, when compared with that in the control group. However, L. reuteri P16 only had no significant effects on lipase activity.
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FIGURE 5 | Influence of Lactobacillus reuteri P16 supplementation on the intestinal enzymatic activities of Cyprinus carpio. Significant differences between groups are indicated with different superscript letters. Results are presented as mean ± SEM (n = 6).




Quantification of Intestinal Microbiota

Pb exposure caused a profound decline in gut microbial diversity (Figure 6). Population of total bacteria and LAB counts decreased significantly in Pb-only group, as compared with that of the other groups. However, probiotic treatment had considerable effect on intestinal microbiota. Alterations of bacterial population were reversed in the Pb + P16 group. Moreover, L. reuteri P16 treatment increased the LAB population significantly in L. reuteri P16-treated group.
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FIGURE 6 | Effect of waterborne Pb exposure and dietary Lactobacillus reuteri P16 on gut bacterial population of Cyprinus carpio. The different superscript letters indicate statistically significant differences between groups. Results are expressed as mean ± SD (n = 6).




Pb Levels in Tissues

Pb levels detected in various tissues of carps are shown in Table 5. Pb exposure significantly increased the level of Pb in gills (5.17 μg g−1), spleen (3.86 μg g−1), liver (8.92 μg g−1), kidney (26.33 μg g−1), and intestines (10.27 μg g−1), when compared with those in the control group. Supplementation with L. reuteri P16 significantly decreased Pb accumulation in all tissue, except the intestine, when compared with the Pb-only group. But, the level of Pb accumulation in the Pb + P16 group was higher (P < 0.05) than that in the control group. Furthermore, Pb accumulation in the gills, spleen, liver, kidney, and intestine of the P16 group was 0.011, 0.05, 0.19, 0.28, and 0.09 μg g−1, respectively, which were significantly lower than those in the Pb + P16 group, but no significant differences were observed with those in the control group.


TABLE 5 | Effect of Lactobacillus reuteri P16 supplementation on the Pb levels in the tissues of Cyprinus carpio.
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Immune Gene Expression

Expression profiles of TNF-α, IL-1β, HSP70, and HSP90 in the head-kidney of the fishes at the end of the trial (Figure 7) showed that the expression of the pro-inflammatory cytokine TNF-α was significantly lower than that in the group exposed to Pb only, but it reversed in the Pb + P16 group. Similarly, IL-1β expression, which was lower in Pb-only group, was reversed in the Pb + P16 group. However, expression of TNF-α was significantly higher in the P16 group when compared with that in any other group.
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FIGURE 7 | Effects of dietary administration of Lactobacillus reuteri P16 on the relative mRNA expression levels of TNF-α, IL-1β, HSP70, and HSP90 in the head-kidney of Cyprinus carpio.


The mRNA expression of heat shock proteins (HSP70 and HSP90) was increased drastically in Pb-only exposed group, but probiotic supplementation reversed the expression to the normal level (Figure 7). Interestingly, dietary administration of L. reuteri P16 only decreased the expression of both HSPs, but the differences remained significant in case of HSP70.




DISCUSSION

Physiological status of fishes is an important factor for determining their ability to resist pathogen attacks. Fish growth performance is affected by various external factors, such as temperature, nutrition, and toxicants. Inhibition of fish growth could be induced by physiological stress during exposure to toxic substances, because stress can reduce food consumption or assimilation (35). L. reuteri P16 supplementation reversed the Pb-exposure induced adverse effects on growth performance and survival of C. carpio. Recently, Zhai et al. (18) demonstrated that dietary supplementation with L. plantarum ameliorated the growth performance and prevented the death of Pb-exposed Nile tilapia (Oreochromis niloticus). Moreover, dietary supplementation with L. plantarum CCFM8610 increased the growth rate, decreased the FCR, and completely prevented the death of Cd-exposed fish (14). Also, significantly lower FCR in the P16 group reveals the fact that carp consumed dietary nutrients more efficiently when feed was supplemented with L. reuteri, which was consistent with numerous studies that reported significantly higher growth performances in fish fed with diet supplemented with the probiotic Lactobacillus (24).

Hematology has been widely used to evaluate the health status of animals exposed to environmental toxicants, and it provides information on digestive function, nutrient status, and metabolic activity of fish (36). The significant reduction in hematological parameters, such as RBC, WBC, Hct, and Hb concentration after waterborne Pb exposure was consistent with earlier reports (4). Heavy metal exposure generally induces lysis of erythrocytes in aquatic animals, leading to the depletion of Hct and Hb (37). Lead directly inhibits the synthesis of Hb by inhibiting various key enzymes involved in the heme synthesis pathway and reduces the life span of RBCs by increasing the fragility of cell membranes. The combined effect of these two processes leads to anemia (38). However, dietary L. reuteri P16 was effective in recovering those hematological parameters. The increased of RBC and WBC may be attributed to the effective antioxidant role of L. reuteri P16 (discussed below). Serum total protein, an important indicator of humoral immune system and health status of fish, was recovered in Pb + P16 group. Increase in serum protein level might be partially related with higher WBC, which is a major source of serum protein production (36). Furthermore, improved protein level in the group fed with L. reuteri P16 only indicated improved health status of fishes owing to probiotic supplementation.

Hepatocellular injury in fish may be attributed to stress, nutrition imbalance, diseases, or pollutants. AST and ALT levels are biological indicators of hepatic health status (39). The restoration of serum AST and ALT levels in the Pb + P16 group indicated the protective effect of L. reuteri P16 against Pb-induced damage of liver and heart in C. carpio (40). Recently, Zhai et al. (14, 18) demonstrated that dietary administration of L. plantarum could restore alterations of AST and ALT in Nile tilapia. Similarly, changes in ALP activity, which an indicator of environmental stress, was restored in Pb + P16 group. However, diet-borne Pb exposure had no significant effect on ALP activity in rockfish (Sebastes schlegelii) (4). Cholesterol is a critical structural component of membranes and a precursor of all steroid hormones. The increase in cholesterol level in the Pb exposure group may be a sensitive indicator for metal-induced environmental stress (41). The blood cholesterol level was revered by dietary L. reuteri P16 supplementation. A considerable increase in the cholesterol of Nile tilapia (42) and rockfish (4) exposed to Pb was reported. Furthermore, creatinine level, which is an indicator of kidney function, is normally presents in low quantities in fishes (43). However, higher levels were present in the Pb-only group. Therefore, the higher cholesterol level in blood may be due to liver and kidney damage.

Malondialdehyde, GPx, and SOD are biomarkers of heavy metal-induced oxidative stress in aquatic animals. MDA, the main component of lipid peroxides, has strong biotoxicity and can damage the structure and function of cells (44). The first line of defense against oxidative stress consists of the antioxidant enzymes SOD, CAT, and GPx, which convert superoxide radicals into hydrogen peroxide and then into water and molecular oxygen (45). SOD comprises a group of metalloenzymes that catalyzes the dismutation of superoxide to hydrogen peroxide and plays a crucial role against the toxic effects of superoxide radicals in aerobic organisms (46). In this study, higher oxidative stress in the Pb exposure group was manifested by higher (P < 0.05) MDA levels and lower (P < 0.05) GPx and SOD levels. However, L. reuteri P16 supplementation reduced oxidative stress in carp. This study indicates that L. reuteri P16 can directly mitigate Pb-induced oxidative stress. Recently, Zhai et al. (14, 18) demonstrated that dietary supplementation of L. plantarum could reduce waterborne Pb-induced oxidative stress in Nile tilapia. Those results, together with those of the present study, indicate that probiotic lactobacilli have protective effects against Pb-induced oxidative damage in fish. MPOs are known to play an important role in cellular defenses against various bacterial infections and can generates oxidants from H2O2 and a range of co-substrates (47). Recently, Paul et al. (8) reported that exposure to lead acetate could significantly reduce MPO levels in the macrophages of the freshwater fish C. punctatus. Dietary L. reuteri P16 supplementation was effective in recovering the MPO level in Pb-exposed fish and thereby improving host defense mechanisms.

Fish generally depend on non-specific immune responses. Lysozymes constitute the first line of defense following immune challenge to inhibit the adhesion and colonization of microorganisms (36); they split the β-1,4 glycosidic linkages between the N-acetyl glucosamine and N-acetyl muramic acid of the peptidoglycan in the bacterial cell wall, causing bacteriolysis and thereby controlling infection. By contrast, phagocytosis is responsible for early activation of the inflammatory response before antibody production and is mediated by phagocytic cells, such as neutrophils, monocytes, and macrophages, in fish (48). Significantly lower phagocytic and lysozyme activity r in the Pb-exposed group was in line with earlier reports (8, 18). But, those activities were recovered in the Pb + L. reuteri P16 supplementation group. Several studies have demonstrated that probiotic feeding could significantly improve various innate immune parameters in fish (22, 24, 25).

Another possible explanation for the stimulation of growth by potential probiotic L. reuteri P16 may be related to the induction of the expression of digestive enzymes in carp intestines by dietary P16, which boosts the natural digestive enzyme activity, and thereby the growth performance, of the host (49). This increased digestive enzymatic activity might be a means of protection against the adverse effects of Pb on fish. Very recently, Zhai et al. (18) reported that dietary administration of probiotic L. plantarum increased amylase and protease activity in Nile tilapia exposed to waterborne Pb. Better feed consumption (as revealed by reduced FCR) and digestion in L. reuteri P16 supplemented groups may be related to increased digestive enzyme activity and thereby increased appetite in fish. The gut microbiota is in direct contact with the intestinal mucosa constantly and plays a vital role in maintaining fish health (50). Pb exposure decreased LAB counts and total gut microbial populations. Pb-induced alterations in the gut microbiota may cause dysbiosis in carps, which can be related to the adverse effects on growth performance, antioxidant defense system, and hematological parameters of Pb-exposed fish. However, dietary supplementation with L. reuteri P16 moderately restored the gut dysbiosis. L. reuteri P16 supplementation increased LAB population in Pb-exposed fish. Alleviation of heavy metal-induced toxicities in fish through dietary administration of lactobacilli strains has been reported (13, 14, 18). Moreover, increased population of LAB may enhance Pb sequestration in gut, owing to its cellular accumulation and bioremoval.

Tissue-specific accumulation can be a sensitive indicator of metal exposure in aquatic toxicology. Exposure to waterborne Pb causes significant accumulation of Pb in various tissues of carp, with highest accumulation in kidney. Exposure of S. schlegelii to dietary Pb revealed that the highest Pb accumulation took place in the kidney (8). Similarly, varying Pb accumulation was recorded in tissues of Nile tilapia exposed to waterborne Pb (18). Differences in the extent of metal accumulation between tissues are considerably related to ecological needs and metabolic activity (51). The uptake of toxic heavy metals in aquatic animals generally occurs via two major routes: waterborne and diet borne. Waterborne Pb can be taken up by gills of fish, and it may contaminate food and be absorbed via intestines, then accumulate in tissues including the kidneys and liver (52). L. reuteri P16 used in this study has been reported to bind effectively to Pb in vitro (28). Therefore, intestinal L. reuteri P16 could bind secreted Pb before re-absorption from intestines, which increases Pb excretion through the feces of fish and inhibits intestinal absorption (22). This may a reason for the reduction in Pb levels in the Pb + L. reuteri P16 group.

The inflammatory response is a key element in the innate immune response system and is primarily mediated by cytokines (53). Very little is known about the immunotoxicology of heavy metals at the genetic level in fish. The cytokines IL-1β and TNF-α are primarily produced by monocytes and macrophages and regulate multiple aspects of the immune response. TNF-α affects tissue vasculature in inflammation and also induces acute phase proteins from the liver (54). The observed downregulation of TNF-α and IL-1β implicates NF-κB signaling pathway. However, L. reuteri P16 supplementation had a positive on TNF-α and IL-1β expression. In a previous study, Paul et al. (8) recorded decreased TNF-α level in sera and cell lysates of freshwater fish C. punctatus exposed to lead acetate. Based on the results of this study, it can be stated that Pb renders the fish in an immunocompromised and inflammatory state. Thus, TNF-α and IL-1β are downregulated, probably by the action of the heavy metal (8), but probiotic supplementation reversed these effects on the expression of those genes.

The synthesis of heat shock proteins (Hsps) increases in response to various physical and chemical stressors, including temperature and metal stress, and consequently these proteins can be good environmental stress biomarkers (55). Expression of HSPs which increased in Pb-exposure group, was further decreased in the L. reuteri P16 supplementation group and thus alleviated stress condition in fish. In agreement with the results of our study, Mohapatra et al. (19) demonstrated that dietary supplementation of a probiotic mixture consisting of Bacillus subtilis, Lactococcus lactis, and Saccharomyces cerevisiae decreased the expression of HSP70 in Labeo rohita. Stress-reducing factors produced by probiotics might have lowered the HSP levels in fish, reduced Pb-induced stress, and resulted in better growth and immunity.

Interestingly, co-treatment with Pb and L. reuteri P16 reversed Pb-induced adverse effects on the carp species studied. The potential beneficial effects and protection by probiotics against Pb toxicity in carp has been shown in Figure 8. The hematological parameters indicated the ability of L. reuteri P16 to stimulate erythropoiesis, thereby increasing the oxygen transport, and a similar result had been reported earlier (13). Previously, we have demonstrated the excellent Pb-binding ability of this strain (28). Therefore, supplementing diets with this strain can reduce intestinal absorption of Pb and reduce Pb accumulation in other tissues. The strain L. reuteri P16 possess strong antioxidant abilities (28). In this study, co-treatment with Pb and L. reuteri P16 reduced production of MDA and increased the activities of antioxidant enzymes (SOD and GPx). Thus, L. reuteri P16 alleviates the Pb-induced oxidative stress in carps. However, the underlying role of antioxidative activity of this strain against Pb-induced oxidative stress and dysfunction of the gut barrier need to be investigated further. In addition, co-treatment with Pb and L. reuteri P16 reversed the expressions of pro-inflammatory cytokines (TNF-α and IL-1β), which are associated with the NF-κB signaling pathway and subsequent decreases in reactive oxygen species production and prevents Pb-induced cellular apoptosis. However, comprehensive Pb tolerance mechanisms in LAB strains have not been investigated. Therefore, Pb stress response network in LAB strains are yet to be elucidated. Furthermore, key proteins and pathways involved in Pb tolerance of lactobacilli strains are unknown. Hence, isobaric tags for relative and absolute quantification (iTRAQ)-based comparative and functional proteomic approaches could be utilized to explore Pb-tolerance related to key proteins and pathways in L. reuteri strains. Moreover, at this early stage of research, we do not know how probiotics repair the metabolic damages occurring in fish exposed to heavy metals; therefore, efforts should be made in the future to incorporate multiple targets (genes, proteins, and metabolites) for exploring heavy metal defense mechanisms of probiotics in hosts.


[image: image1]
FIGURE 8 | Potential beneficial effects and protective mechanism of probiotics against Pb toxicity in Cyprinus carpio.


Notably, treatment with L. reuteri P16 alone did not exert any adverse effects on growth performance, hematological and blood biochemical parameters, intestinal enzymatic activities, and intestinal microbiota. In addition, growth rate and feed utilization was greater in the group fed with only L. reuteri P16. This finding is in agreement with that of several earlier reports, which demonstrated that probiotics could boost the growth performance of fish. Furthermore, this strain exhibited higher Pb-removing antioxidant potential in vitro (28). Results of the present study suggest that L. reuteri P16 supplementation is safe for the carp species studied.



CONCLUSION

Lead has deleterious effect on physiological and immune functions in fish. Exposure of fish to sublethal concentrations resulted in significant Pb accumulation in specific tissues, whereas L. reuteri P16 supplementation strongly reduced this. This strain significantly increased the feed utilization, growth performance, and survival of Pb-exposed fish. L. reuteri P16 supplementations recovered Pb toxicity related biochemical parameters, alleviated oxidative stress, and re-established gut microbial population and intestinal enzymatic activities. Furthermore, L. reuteri P16 supplementation was effective in reducing the Pb-exposure-induced expression of heat shock proteins. Overall, L. reuteri P16 supplementation showed considerable effectiveness in attenuating the changes caused by Pb-induced toxicity. Furthermore, administration of L. reuteri P16 by itself did not exert any adverse effects on fish health, suggesting that the dietary supplementation of this strain is sage. Results of the study indicate that L. reuteri P16 can cope with heavy metal stress owing to induction of cellular defense and repair system, but the underlying mechanisms of Pb tolerance of this strain yet to be explored. Therefore, these results suggest that L. reuteri P16 has potency as a novel dietary supplement to prevent safety problems induced by lead pollution in carp aquaculture. Therefore, Lactobacillus strains with both good Pb-binding and antioxidative capacities, such as L. reuteri P16, can be considered for utilization as dietary supplement for the prevention of Pb contamination aquaculture.
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During recent years the impact of microbial communities on the health of their host (being plants, fish, and terrestrial animals including humans) has received increasing attention. The microbiota provides the host with nutrients, induces host immune development and metabolism, and protects the host against invading pathogens (1–6). Through millions of years of co-evolution bacteria and hosts have developed intimate relationships. Microbial colonization shapes the host immune system that in turn can shape the microbial composition (7–9). However, with the large scale use of antibiotics in agriculture and human medicine over the last decades an increase of diseases associated with so-called dysbiosis has emerged. Dysbiosis refers to either a disturbed microbial composition (outgrowth of possible pathogenic species) or a disturbed interaction between bacteria and the host (10). Instead of using more antibiotics to treat dysbiosis there is a need to develop alternative strategies to combat disturbed microbial control. To this end, we can learn from nature itself. For example, the plant root (or “rhizosphere”) microbiome of sugar beet contains several bacterial species that suppress the fungal root pathogen Rhizoctonia solani, an economically important fungal pathogen of this crop (11). Likewise, commensal bacteria present on healthy human skin produce antimicrobial molecules that selectively kill skin pathogen Staphylococcus aureus. Interestingly, patients with atopic dermatitis (inflammation of the skin) lacked antimicrobial peptide secreting commensal skin bacteria (12). In this review, we will give an overview of microbial manipulation in fish, plants, and terrestrial animals including humans to uncover conserved mechanisms and learn how we might restore microbial balance increasing the resilience of the host species.

Keywords: probiotics, prebiotics, comparative, microbiota, fish, livestock, plants, human


THE IMPACT OF THE MICROBIOTA ON HOST HEALTH

Each organism on earth needs to interact with the vast amount of microbes in its environment. From the moment of exposure both microbes and host interact and react to each other's presence. The current dogma holds that in early life the composition of the microbiota successively leads to the most optimal, healthy, and stable community that strengthens itself and the host. However, when disturbances occur in early life, for example due to antibiotic use, host's inability to interact properly with the microbiota, a mismatch between the environment of parent and offspring, non-optimized feeding conditions or infections, organisms might be more susceptible to disease early and later in life (Figure 1). In this same issue of Frontiers in Microbiology, Ikeda-Ohtsubo et al. describe what is currently known to be the most optimal microbiota in different species and will describe how microbes influence the host in more detail. In this section, we briefly highlight the impact of the microbial composition in relation to host health and continue to discuss manipulation of this composition in subsequent sections. In this review, we decided to focus on less well-reviewed species and did not include studies on rodents. For detailed reviews on (human and) mouse studies we would kindly refer to other reviews (1, 2, 13–15).
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FIGURE 1. Early life establishment of the microbiota and possible disturbances.




Fish

Since most fish develop from eggs, fish are exposed to the microbial world around them from the moment of hatching. Members of the commensal microbiota present on the outside of the eggs can protect against pathogens, such as Saprolegnia (an oomycete that can infect eggs as well as the skin of fish) (16). Furthermore, colonization of the skin and gills by beneficial bacteria prevents colonization of pathogens through competitive exclusion and their ability to produce antimicrobial compounds specifically targeting certain pathogens (17, 18). An important recent contribution to the field of fish microbiology was made by Sullam et al. They assessed 25 bacterial 16S rRNA data sets from the intestines of several fish species and co-referenced these to free-living and host-associated bacterial communities to understand what factors determine composition (19). In this study Aeromonadales was found to be most abundant in the gut of freshwater species, while Vibrionales dominated salt water species, suggesting that salinity influences microbiota composition. Interestingly, the microbiota of fish herbivores are closely related to those of mammals suggesting that trophic level is of importance. In comparison with free-living bacteria the authors showed that fish gut communities bear resemblance to vertebrate and invertebrate communities strongly suggesting that the intestinal habitat selects those species from the environment that feed of luminal content (specialists).

Upon colonization of the intestines, bacteria increase the renewal rate of the epithelial cell layer lining the gut, and induce a transcriptional program that includes genes involved in nutrient metabolism and immunity (20). Interestingly, several of these induced genes observed in zebrafish upon colonization, are also found when mice are colonized, indicating that the response to bacterial colonization is evolutionary very conserved. Activation of immune cell responses can in turn shape the microbiota. For example, in a small study, it was observed that upon development of adaptive immunity in zebrafish, Vibrionales were specifically repressed by T lymphocytes (8). Research into effects of host genetics on the composition of the microbiota is still in its infancy. However, recent studies performed in zebrafish reveals that host factors can act as an ecological filter, but this can be overwhelmed by other factors, including transmission of microbes among hosts (21, 22).

Several recent studies have made the case that changes in microbial composition (due to antibiotic treatment or changes in feed) might cause disturbance of the microbial community and increase the susceptibility of fish to different pathogens or chemically/feed-induced inflammation (23–26). For example, zebrafish that were pretreated with either colistin sulfate or vancomycine displayed a difference in susceptibility toward chemically-induced intestinal inflammation. Fish that harbored an abundance of Fusobacterial species due to vancomycin pretreatment showed low histological damage to the gut and decreased recruitment of neutrophils to the intestines (23). Piazzon et al. showed that vegetable oil diets fed to gilthead sea bream induced high parasite infection levels decreased growth performance, and decreased intestinal microbiota diversity, while addition of butyrate slightly decreased cumulative mortality after bacterial challenge, did not show the decrease in growth and increased intestinal microbiota diversity (26). Likewise, exposure of catfish to potassium permanganate (PP), a disinfectants used to treat external infections, disturbed the external microbiomes (skin and gills), and increased catfish mortality following experimental challenge with Flavobacterium columnare (Columnaris disease) (24). Since, the microbial community of fish appears to be so closely linked to disease resistance and the aquaculture industry is growing rapidly, more research on the influence of microbial populations on fish health is expected to be performed in the near future.



Plants

The microbiota associated with plants originate from the soil in which the seed germinates and seedlings start to grow (27), but also the seed itself harbors microbes that will colonize the emerging plant (28). Compared to the soil microbiome, the so called rhizosphere microbiome that is associated with the plant roots, contains much higher microbial cell densities and shows higher activity, a phenomenon known as the rhizosphere effect (29). Root exudates create this hotspot for microbial activity (30). The plant microbiome is extremely diverse and the four main associated bacterial phyla are the Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria (31). The functional repertoire of plants is greatly extended by the rhizosphere microbiota, including vital functions like increasing nutrient availability, improvement of root architecture, and protection against biotic and abiotic stresses (32). Specific members of the rhizosphere microbiota can protect plants against infectious diseases and mechanisms involved are the production of antimicrobial metabolites and eliciting induced systemic resistance (ISR), in which the plant is primed for enhanced defense (33, 34). The protective effect of the root microbiome against infectious diseases is most obvious in so called disease suppressive soils in which susceptible plants remain healthy despite the presence of a virulent pathogen (35). It was recently demonstrated that the rhizosphere of disease resistant common bean is enriched for plant beneficial bacteria and bacterial biosynthetic genes that encode antifungal traits as compared to disease susceptible bean (36), suggesting that a first line of defense in resistant cultivars is based on the microbiome that they assemble.



Livestock

Pigs

Pork meat is the most consumed meat worldwide with 40,000 tons produced in 2017 (source: OECD, https://data.oecd.org/agroutput/meat-consumption.htm). Raising healthy piglets is of great economic importance. In neonatal piglets before weaning Firmicutes (54%), Bacteroidetes (39%), and Proteobacteria (4%) dominate the fecal microbiota (37). Weaning is a critical period in the piglets life, in which stress and sudden change in diet suppresses their health or can even lead to disease (38, 39). Pigs are generally weaned between 3 and 4 weeks of age (which is much shorter than the natural weaning which occurs around 17 weeks of age). As extensively reviewed by Gresse et al. most studies report a general decrease in diversity as well as a specific decrease in Lactobacilli and increase of Clostridium, Prevotella, and Proteobacteriacaea around weaning-associated with dietary changes (39). Low levels of antibiotics in feed have been used as growth promotors which also impact the microbiota around this critical weaning period and thereafter (40). Additionally, antibiotic resistance genes derived from phages within the pig microbiota pose a serious problem not only for pig health but also that of humans (41). Post-weaning diarrhea caused by Enterotoxigenic Escherichia coli (ETEC) as well as Salmonella enterica serovar Typhimurium is a major cause of death of piglets. Outgrowth of these pathogenic species coincides with the reduced diversity of the microbiota observed around weaning possibly enabling pathogens to take up the available niches. Furthermore, increased permeability of the intestines observed around weaning, supplying pathogens with an opportunity to infect (42). Preventing pathogens from colonizing, by providing beneficial bacterial at early age, might improve health of piglets.

Ruminants

In ruminants such as cows, a lot of research into microbial manipulation has been geared toward modifying the microbiota to reduce methane emission. Methane emission, partly responsible for climate change, results from digestion of plant-material by methanogenic archaea in the ruminants intestines. Changing the microbiota to increase bacteria that can utilize the methane (such as Methanobrevibacter species) might reduce emission (43). The intestinal community of calves changes rapidly after birth and is dynamic during the first 12 weeks of life. Bacteroides–Prevotella and Clostridium coccoides–Eubacterium rectale species dominate the calves microbiota in this period (44, 45). After weaning, the microbiota changes, and this unstable populations has to cope with a sudden change in diet. As in pigs and other mammals, weaning is considered a critical period, where numerous factors can affect the microbiota as well as health. In calves it was shown that upon weaning Bacteroidetes decreased (still remaining the dominant phyla), while Proteobacteria and Firmicutes increased (46). A change in diet and subsequent change in microbiota has been associated with development of sub-acute ruminal acidosis (SARA) (47). SARA (a reduced ruminal pH; < 5.6 for more than 3 h/day) is the result of dietary shifts, leading to accumulation of volatile fatty acids generated by microbial digestive processes (48, 49).

Poultry

The ceca are the gastrointestinal organs that contain the highest microbial density and perform most of the fermentation in chicken. Mainly Firmicutes, Bacteroides, and Proteobacteria (Clostridial species) are found in the ceca of chicken [reviewed in Oakley et al. (50)]. Since eggs are separated from the hens before hatching the specific farm environment in which the eggs hatch supplies the environmental microbes for colonization. Already in the 70s and 80s of the last century it was shown that chicks receiving adult microbiota were resistant toward colonization by Salmonella (51). This competitive exclusion concept has helped our understanding of colonization processes of possible pathogenic (pathobionts) species, although fundamental knowledge on the mechanisms are still unclear. Other pathogens in chicken broilers are Eimeria and Clostridium perfringes. Clostridium perfringes is the causative agent in necrotic enteritis (NE) in poultry. Necrotic enteritis causes tremendous losses in the poultry industry (52). As holds true for most pathobionts like C. perfringens, it is clearly involved in the onset of NE, but development of the disease is a multifactorial, multistep process (53). Studies report that co-infection with Eimeria increases the chance of NE, since Eimeria induce mucogenesis, providing C. perfringens with a substrate on which it can grow (54, 55).



Humans

The human gut microbiota, composed of trillions of individual microbes, is a complex and dynamic system crucial for the development and maturation of both systemic and mucosal immune responses. The early postnatal life is an important period for the colonization of the host microbiota impacting on host health during infancy and even throughout the entire lifespan (56–58). Colonization even starts before birth, possibly via prenatal maternal microbial transmission (59). This initial colonization does not only influence immune development, but also gut maturation, brain, and metabolic development (1).

The development and composition of the infant gut microbiota is shaped by host genetics and different environmental factors, including gestational age, delivery mode (cesarean vs. vaginal delivery), antibiotic use, stress, and diet (breast vs. formula) (60).

Dysbiosis, may drive predisposition to diseases later in life and has been linked to the pathogenesis of several gastrointestinal diseases, like irritable bowel syndrome, inflammatory bowel disease, and celiac disease, indicating that a balanced and diverse microbial community is essential for human health (61). A variety of other inflammatory or immune-mediated diseases, including diabetes, obesity, atopic diseases, and chronic kidney diseases, might largely originate from changes in gut microbiota as well (62, 63).

The microbiota and the immune system are involved in a complex crosstalk and the importance of the elaboration of gut microbiota-generated metabolites and recognition of bacterial epitopes by both intestinal epithelial and mucosal immune cells is clearly described. However, the complete mechanisms by which intestinal microbiota regulates host immunity remain undefined (64, 65).




PRO- AND PREBIOTICS

Probiotics are defined by the World Health Organization's (WHO) to be live micro-organisms that when administered in adequate amounts, confer a health benefit to the host. Prebiotics are ingredients in food such as fibers and oligosaccharides that induce the growth or activity of beneficial microorganisms. In the following section, we will give some highlights of the use of pre- and probiotics in fish, plants, live-stock animals, and humans.


Fish

Prebiotics

Prebiotics are indigestible fibers that are mainly fermented by the microbes in the intestines. The effect of mannan-oligosaccharides (MOS), derived from the cell wall of yeast (Saccharomyces cerevisiae) has been studied in different fish species. In common carp fingerlings, feed containing different inclusion levels of MOS (0, 0.05, 0.10, and 0.20%) were evaluated. Total intestinal bacterial counts were not affected, however, there was an increased abundance of lactic acid bacteria levels in fish fed with MOS supplemented feed at the 0.20% inclusion level after 8 weeks of feeding, which might be beneficial to the fish (66). In European sea bass, inclusion of 0.40% of MOS reduced mortality after anally inoculated V. anguillarum from 66 to 12.5%, compared to fish fed control diet (67). Likewise, MOS enhanced innate immune responses, led to increased gut mucus production and increased the density of eosinophils in the gut mucosa of European sea bass (68, 69). A study performed in hybrid striped bass revealed that supplementation with MOS changed the microbiota. This study, although small and DGGE based, showed that the dominant species detected in control fish is Clostridium botulinum which was not detected in fish fed MOS and other prebiotics, which indicates that prebiotics can reduce the abundance of a specific pathogens (70). Furthermore, 0.2% MOS supplementation in juvenile trout significantly reduced the levels of health threatening Aeromonas/Vibrio spp. (from 37 to 9%) (71). For an extensive review of studies on the use of MOS and Galacto-oligosaccharide (GOS) in Gilthead seabream and European seabass we refer to Carbone and Faggio (72).

Artemia (live feed for fish larvae) fed a combination of Fructo-oligosaccharide (FOS) with probiotic Pediococcus acidilactici (synbiotics: Pre + Pro), also increased the abundance of lactic acid bacteria in Angelfish after 7 weeks of feeding (73). Likewise, Hoseinifar et al. observed an increase in the heterotrophic aerobic bacteria and lactic acid bacteria in fish fed diets supplemented with 2 and 3% FOS (74). An increase in Lactobacillus levels was also observed in stellate sturgeon fed diets containing 1% FOS (75).

Some essential oils from plants might have an impact on the microbiota and host health and might therefore also be termed prebiotic. For example, when juvenile hybrid tilapia were fed 200 mg/kg Next Enhance feed 150 (NE) containing equal levels of thymol and carvacrol (essential oils of oregano) for 6 weeks, the phagocytosis activity of head kidney macrophages was enhanced as well as plasma lysozyme activity (76). Interestingly, when germ free zebrafish were colonized with the microbiota from these NE fed tilapia, they showed attenuated induction of immune response marker genes serum amyloid a, interleukin 1β, and interleukin 8, indicating that these essential oils might change the microbiota and subsequently influence host' immune responses.

Probiotics

Although most studies associate the change in microbiota levels (increased Lactobacillus abundance) with improved health outcomes, the mechanism by which increases in Lactobacilli ameliorate fish health still needs to be demonstrated. However, most probiotics currently used in aquaculture belong to the lactic acid bacteria group such as Lactobacillus plantarum, Lactobacillus rhamnosis, and Lactobacillus lactis [reviewed in Banerjee and Ray (77)]. Interestingly, Phaeobacter inhibens fed Artemia decrease mortality in sea bass larvae, and the probiotic fed sea bass larvae were more resistant toward Vibrio harveyi infection (78, 79). Phaeobacter produces Tropodithietic Acid (TDA), which in vitro has been shown to inhibit the growth of several pathogenic bacteria, such as Pseudomonas and Aeromonas. In vivo, P. inhibens appears to specifically inhibit Vibrio species in the aforementioned sea bass larvae, but also in copepod cultures (78, 79).

In conclusion, pre- and probiotic supplementation of fish feed is a promising alternative for antibiotic treatment in aquaculture. However, a cautionary note on these data are the findings of Cerezuela et al. showing that diets supplemented with probiotic Bacteroides subtilis together with prebiotic inulin caused intestinal edema and inflammation in gilthead sea bream (80). This last example, clearly shows the need for in depth studies into the effects of known pro- and prebiotics in the different (aquaculture and model) fish species.



Plants

Prebiotics

The use of organic soil amendments to promote plant growth is common practice in agriculture (81). Apart from adding nutrients that are essential for plant growth, microbiota associated with these amendments and effects of the amendments on the resident microflora are suggested to govern beneficial effects of such additives (82). In a recent study it was demonstrated that addition of broccoli residues or crab meal amendments to soil resulted in a transition of disease conducive to suppressive soil (83). Eggplant is susceptible to wilting caused by the fungus Verticillium dahliae, but when grown in soil amended with green manure (broccoli residues) or the chitin containing crab shell meal, it was protected against the disease. In the amended soils bacterial genera with antifungal activity were more abundant and chitinase activity was increased (83). These results show that organic amendments can modify the soil microbiome and support microbiome activities that effectively suppress soil borne disease.

Thermal degradation of organic material by pyrolysis results in the production of biochar, a possible means to sequester carbon and to mitigate climate change (84). Soil amendment with biochar can improve soil fertility and has been reported to influence diseases caused by soil borne plant pathogens. Addition of biochar significantly impacts the soil microbiome and functions (85), suggesting that it may modulate the rhizosphere microbiome of plants grown on this soil and thereby affect disease incidence and severity. Indeed biochar amendments have been shown to reduce disease, but if this is due to the ISR eliciting activity of biochar itself or if it results from modulation of the microbiome remains to be elucidated (86).

Thus, addition of prebiotics to control plant diseases follows as yet a trial and error approach. Discovering new prebiotics may result from studies in which effects of specific plant produced compounds on beneficial microbes are recorded. Recently it was suggested that scopoletin, a compound excreted by Arabidopsis roots upon colonization by beneficial bacteria, can support the beneficial bacteria (87). Application of such plant derived prebiotics may lead to stimulation of beneficial microbes within the resident microbiota or may be used to sustain populations and activities of introduced biocontrol agents.

Probiotics

A wealth of literature is available of studies on application of so called biological control agents that can benefit plant growth by suppressing diseases, and their modes of action have been studied in detail (88, 89). The best studied bacterial biological control agents are Bacillus and Pseudomonas. When applied to seed or as a soil drench, specific strains of Bacillus and Pseudomonas spp. can protect plants against soil borne pathogens (33, 90–92) Effects of these biological control agents can be based on direct inhibition of the pathogen through the production of antimicrobial compounds, eliciting ISR, or a combination of both modes of action (33, 34). The ability of the bacteria to colonize the plant root, also referred to as rhizosphere competence, is crucial for their biocontrol efficacy (93). Inconsistency in the performance of biological control agents is often related to poor establishment of the bacteria in the rhizosphere, resulting in population densities that are below the threshold levels needed for effective biocontrol. As a result many potential biological control agents have been identified over the last decades but relatively few have been developed into commercial products. Commercialized bacterial biocontrol agents include well-studied Bacillus and Pseudomonas spp. (94). In view of the urgent need of alternatives for chemical control of plant diseases companies have great interest in developing new and innovative commercial products. Recent insights from metagenomic studies suggest that microbial consortia are involved in soil suppressiveness (11, 95, 96), and thus mixed inocula are more likely to be effective in plant protection than single inocula. Moreover, it has been hypothesized that domestication of our crop plants has resulted in degradation of their root microbiome composition and function (5, 97) and thus breeding programs that also focus on a healthy microbiome are crucial to further develop sustainable crop production.



Livestock

Pigs

Prebiotics

Especially with realization that use of in-feed antibiotics as growth promotors can greatly disturb the microbiota in post-wean piglets, studies are aimed at providing prebiotics that can restore beneficial microbes in the gut of piglets. As with most species studied, prebiotics used in pigs are GOS, FOS, MOS, and Cello-oligosaccharides (COS). It was shown that COS increased lactobacilli in jejunal and colonic contents (98). Furthermore, COS increased epithelial barrier function shown by decreased leakage of fluorescein isothiocyanate (FITC-) dextran 4 kDa in jejunum and colon and increased trans-epithelial electrical resistance (TEER) in Ussing chamber experiments. In line with this several tight junction proteins were increased (98).

Alizadeh et al. investigated the effect of GOS in early life. Piglets received a milk replacer with or without the addition of GOS for 3 or 26 days. Dietary GOS increased Lactobacilli and Bifidobacteria numbers at day 26. Addition of GOS to the diet of piglets increased defensin porcine β-defensin-2 in the colon and secretory IgA levels in saliva (99). In contrast, in another study were neonatal piglets were given formula supplemented with GOS and polydextrose (PDX) Lactobacillus spp. were not increased (100). In all of these studies age of the piglets and duration of the supplementation is different, therefore it is difficult to compare the outcomes. Interestingly, a recent study evaluated the effects of maternal prebiotic consumption on offspring intestinal defenses and immune system responsiveness. The authors showed that maternal short chain FOS supplementation improved ileal cytokine secretions and increased IgA vaccine response to Lawsonia intracellularis in the serum and ileal mucosa (101).

In a study assessing the synbiotic effect of FOS and Bifidobacterium animalis, Trevisi et al. observed in 21–35 day old piglets that B. animalis fed together with FOS (2%) increased TLR2 expression in the lymph node, but did not reduce bacterial translocation (102).

Probiotics

In order to reverse deleterious effects of weaning on microbiota stability there have been numerous studies performed using probiotics in post-weaning piglets. The most frequently used probiotics are members of Lactobacillus, Bifidobacterium, Enterococcus, or Streptococcus. However, studies are difficult to compare and results may differ from farm to farm. For a comprehensive review on probiotic use and its challenges in pigs we refer to Barba-Vidal et al. that critically reviews the most recent literature on this topic (103).

Ruminants

Prebiotics

Similar to pigs, in calves several types of oligosaccharides have been tested for their health increasing or disease preventing activities (by prevention of pathogen binding to epithelial cells). MOS addition to the diet of 5 day old calves (4 g/calf/day up to 2 months of age) improved growth and decreased the number of coliforms in feces (104). GOS added to the diet of calves promoted Lactobacillus and Bifidobacteria, but due to its laxative effects had lower growth performance (105). Addition of short chain fructo-oligosaccharides (scFOS) to the diet of 8–10 day old calves increased butyrate production while reducing acetate production, which might have health effects, although only growth was assessed in this study (106). Few studies assessed immunological parameters to investigate whether prebiotics convey health effects. Fleige et al. assessed whether long-term lactulose feeding combined with Enterococcus faecium affected immune cell activation markers, cytokine responses and IgA Fc-receptor (107). Supplementation of calf feed with 3% lactulose increased the number of blood lymphocytes. Also a small increase in the expression of IgA Fc-receptor was observed in the ileal mucosa in male calves receiving 1% lactulose, but this was not significantly different in the 3% group. Furthermore, the authors report effects on CD4+ (lower in ileum in lactulose group) and CD8+ (higher in blood of females) T cells as well as decreased levels of IL10 and Interferon gamma in the ileum. Feeding calves COS increased the proportion of C. coccoides–E. rectale group, while it had no effect on Bifidobacteria and Lactobacilli, but did increase butyrate levels, which could have beneficial effects (108, 109).

Probiotics

To counteract low ruminal pH that might cause SARA, species that keep lactate levels stable such as Enterococcus and Lactobacillus, or that feed on lactate (Megasphaella or Propionibacteria) are used (110–113). In addition yeast is given to aid the digestion of cellulose. Besides studies that show a beneficial effects of pre- or probiotics on the health of calves, there is an equal amount not showing effects [summarized in Uyeno et al. (114)]. This discrepancy in the data might result from farm to farm differences and the health status of the calves at baseline.

Poultry

Prebiotics and probiotics

For an overview on the effects of prebiotic supplementation on the microbiota and health of chicken we refer to an excellent recent review by Pourabedin and Zhao (115). In summary, research has been done on the prebiotic effects of MOS, FOS, XOS (xylooligosaccharides; degradation products of lignocellulose materials), GOS, SMO (soybean meal oligosacchahides), and mainly found, or investigated effects on Lactobacillus and Bifidobacteria. Future research will focus more on metabolites such as short chain fatty acids (SCFAs) and other possible beneficial microbes that can be discovered as more in depth sequencing of chicken microbiota is undertaken.



Humans

Prebiotics

There is growing recognition of the role of nutritional and therapeutic strategies, including pro- and prebiotics, in targeting the composition and the metabolic activity of the gut microbiota, which can in turn impact human health.

Human milk oligosaccharides (HMO) are the first prebiotics in humans that are essential for postnatal growth and development of the gastrointestinal and immune system as demonstrated by comparing breast-fed infants with formula-fed infants (116). HMO facilitate the establishment of the microbiota, stimulate intestinal development, promote intestinal development and prevent pathogenic infections, as reviewed by Donovan and Comstock (117). Alternatives for HMO, including GOS and FOS, are used in infant formula. These non-digestible oligosaccharides (NDO) have several beneficial health effects. NDO are known to reduce the incidence of allergic manifestations (118–120), stimulate the vaccine-specific immune response (121) and protect against infections (122, 123). GOS are also effective in alleviating symptoms of chronic inflammatory diseases, like irritable bowel syndrome (124) and reduce the prevalence of diarrhea (125), while FOS can promote satiety and weight loss in obese patients (126). There is also evidence that prebiotics can impact various biomarkers of colorectal cancer (127, 128) and Abrams et al., showed that inulin-type fructans enhances mineral absorption, including calcium, and bone mineralization [Abrams et al. (129), also reviewed by Slavin (130)].

These health effects were related to their prebiotic effect, including changes in microbiota composition and stimulation of growth and activity of health-promoting Lactobacilli and Bifidobacteria (131–134), but can also be caused by fermentation products of these bacteria, such as SCFAs (135–137). Moreover, oligosaccharides inhibit the adhesion of pathogens on the epithelial surface (138–140).

The impact of prebiotics on the microbiota influence immune signaling as shown by beneficial effects on the mucosal immune system and gut-associated lymphoid tissue (GALT), increased secretory IgA and mucosal Ig, increasing anti-inflammatory cytokines, decreasing pro-inflammatory cytokines and altering lymphocyte expression [reviewed by Shokryazdan et al. (141) and Wilson and Whelan (142)]. However, there are also microbiota-independent effects of NDOs. Epithelial cells and immune cells can directly interact with oligosaccharides to modulate an immune response, for example via activation of peptidoglycan recognition protein 3 (PGlyRP3) and peroxisome proliferator-activated receptor γ (PPARγ), carbohydrate receptors, such as C-type lectin or Toll-like receptors (TLRs), including TLR4, nucleotide oligomerization domain containing proteins (NODs), 2 and via galectins (143–145). Although, one should take care that, when investigating receptor-mediated signaling of oligosaccharides that the preparations are devoid of LPS contamination, since already small amounts can have effects on immune cells (146). In addition, prebiotics have stabilizing effects on the intestinal barrier and protect against barrier impairment (147–150). The structure, chain length, solubility, fermentability, and viscosity of oligosaccharides are important characteristics that possibly determine the health effect in the host (150–152). Among different dietary compounds, omega-3 (n-3) polyunsaturated fatty acids (PUFA) in the diet have demonstrated a beneficial impact on the intestinal microbiota composition and development (153–155). Polyphenols (e.g., flavonols and quercetin) are a hot topic for future nutritional strategies related to their biological activities, including antimicrobial, antioxidant, or anticarcinogenic activities, and modulation of the gut microbiota by stimulation of beneficial bacteria (156–158). Besides polyphenols, other minor food compounds, including zinc, conjugated linoleic acid, L-carnitine, choline, sphingomyelin, or ellagitannins have been reviewed by Roca-Saavedra et al. (159) to modify the intestinal microbiota and consequently, impact human health.

Probiotics

The complex microbial communities that colonize the human gastrointestinal tract are important in human health and modulation of the intestinal microbiota composition is one of the potential health-beneficial effects of probiotics (160). Probiotics are not only used to maintain and stimulate a healthy microbiota in healthy individuals, but there is increasing scientific evidence that probiotics can be used for prevention and treatment of a large number of disease states and intestinal disorders associated with an unbalanced intestinal microbiota (dysbiosis). The efficacy of probiotics have been demonstrated in diarrhea induced by antibiotics or infections, neonatal necrotizing enterocolitis, inflammatory bowel disease, and irritable bowel syndrome, Helicobacter pylori infection, lactose intolerance, and metabolic syndromes (161–163). Various meta-analyses and systematic reviews indicate encouraging effects of probiotics on allergy, atopic diseases, and respiratory infections (164, 165). There is strong evidence that there are interactions between the gut microbiota and the nervous system, therefore the use of pre- and probiotics in preventing or treating neurologic diseases is a topic of great interest (166, 167).

Since clinical benefits of probiotics depend on strain selection, delivery method, dosage, and duration of administration, as well as their ability to survive the stomach pH and reach the the GI tract (168) discrepancies between studies are observed.

Bifidobacterium, Lactobacillus, and Saccharomyces are well-known probiotics widely used and studied for improving human health. Probiotics do not always colonize the intestinal tract to exert their benefits, but can also remodel or influence the existing microbiota. Plausible mechanisms, by which probiotics are able to modify the intestinal microbiota and/or induce responses potentially beneficial to the host are: competition for nutrients (and prebiotics), reduction of the luminal pH, induction, and secretion of antimicrobial factors (e.g., bacteriocins, defensins), SCFA production, prevention of pathogen adhesion to epithelial cells, improvement of intestinal barrier function (e.g., via decreased apoptosis of epithelial cells, increased mucin production, and/or modulation of tight junction proteins), modulation of immune responses (e.g., via increasing mucosal immunity, regulating Thelper cell responses, and release of cytokines) (160, 162, 169, 170). Probiotics and/or their soluble factors can communicate with intestinal epithelial cells via TLRs, and in addition, can be transported across the intestinal epithelium by M cells and may elicit the immunomodulatory effects by activating the APCs, influencing the systemic immune responses (171).




MICROBIOTA TRANSFER


Fish

Studies performed in zebrafish and mice revealed that microbial communities are assembled in predictable ways. Rawls et al. transplanted mouse intestinal content into zebrafish and vice versa to investigate whether microbial communities are shaped by the host. It was found that the transplanted community resembled its community of origin (donor) in terms of the species that were present, but the relative abundance of these species changed to resemble the normal gut microbial community composition of the recipient host. This means that microbial communities arise in part from distinct selective pressures imposed within the gut habitat of each host (7). Recent studies using large numbers of zebrafish showed that host factors can act as an ecological filter, but this can be overwhelmed by other factors, including transmission of microbes among hosts (21, 22). This suggests that microbial management in fish must be targeted at group level and that microbial transplants in fish might be a little more challenging.



Plants

A classic experiment in studies on disease suppressive soils is the transfer of tiny amounts of suppressive soil to a disease conducive soil, leading to the transfer of disease suppressiveness. One of the first documented transfer experiments was published in 1931 by Henry. In this study an amount of microbially active soil that adhered to the tip of a moist sterile platinum needle was transferred to 50 g of sterilized soil and resulted in almost complete suppression of Helminthosporium foot rot of wheat. Such transfer experiments have since then been used to study the involvement of microbes in disease suppressive soils. In disease suppressive fields plants are protected against disease, whereas in adjacent fields with similar chemical and physical soil conditions plants become diseased. The best studied example is take-all decline of wheat, in which soil that is cultivated to wheat continuously develops suppressiveness against the take-all pathogen Gaeumannomyces graminis var. tritici (35). Upon mixing take-all suppressive into conducive soil in a 1:9 ratio, the resulting mix was suppressive to the disease (172). Similar experiments have been reported for Rhizoctonia solani suppressive sugar beet fields (11) and Fusarium oxysporum suppressive strawberry fields (173). Using both cultivation dependent and sequencing based cultivation independent methods, microbes and functions involved in the control of the disease were identified in the above mentioned studies. Obviously transferring 10% suppressive soil into a conducive soil is unrealistic in practice, but elucidating the mechanisms underlying suppressiveness and especially deciphering how plants assemble their disease suppressive microbiomes will be instrumental in sustaining healthy plant microbiomes. For many suppressive soils a severe disease outbreak is needed for suppressiveness to develop, suggesting that both the plant and the pathogen need to be present to assemble a protective microbiome. Thus, it was postulated that plants can “cry for help” upon pathogen attack resulting in specific changes in their microbiomes. In Arabidopsis thaliana it was demonstrated that aboveground infection with the downy mildew pathogen Hyaloperonospora arabidopsidis results in the assemblage of a plant beneficial bacterial consortium, and effects of the disease induced changes can protect a new population of plants growing in the same soil (96). Uncovering plant cues that govern this disease induced microbiome assemblage will facilitate directed manipulation of the rhizosphere microbiome in a sensible manner.



Livestock

In ruminants, transfaunation of ruminal contents, which contains protozoa, bacteria, and methanogenic archaea as major components, has been a common treatment to improve rumen functions and milk production (174). Studies have shown that the ciliated protozoa responsible for digestion of plant materials, can be successfully transferred, but bacterial community seems to be more resistant, which may be due to high host-specific properties (175). While an early study has shown that inoculation of fecal microbiota of healthy adult broilers could reduce the number of Salmonella infantis in newly hatched chickens (51), fecal microbiota transplantation (FMT) from chickens with good feed efficiency has not been proved to be effective for modulating the feed efficiently of recipient chickens (176). Similarly in pigs, both positive and negative effects of FMT have been reported. Weight gain and improved innate immunity as well as low rate of diarrhea of piglets orally inoculated with fecal microbiota suspension of healthy adult have been reported (177). In contrast, McCormack et al., have reported that FMT from highly feed-efficient pigs have not been able to deliver the donor phenotype but rather had detrimental effects on recipient sows and their piglets, while increased innate host defense signaling has also been observed, which can be attributed to the altered intestinal microbiota as has been shown in the Hu's study (178). Ribeiro et al. have made an interesting attempt to transfer rumen contents of bison, which may be efficient at digesting low-quality forages, to cattle and found increased protein digestibility and nitrogen retention, while fiber digestibility was not improved (179). This kind of wild-to-domestic microbiota transplant would be an intriguing strategy to regain “extinct” microbial members through domestication, but microbial transfer between genetically different animals should be carefully conducted, since the treatment could be resulted in disturbance of original microbiota (180). In general, the major obstacle of FMT in young livestock animals for meat production may be that FMT can interrupt normal microbial acquisition such as parental transfer. Therefore, understanding the developmental timeline of intestinal microbial community assemblage of the targeted animals would be crucial for contriving future FMT strategies (181).



Humans

In order to restore a healthy balance between human host and microbes, there has been growing interest in the use of FMT, which entails stool transfer from a healthy donor into a patient's intestine. This technique durably alters the gut microbiota of the recipient. The introduced bacterial strains are easily accepted and persist in an established microbial community in the intestine, however, individual differences of microbiota resistance and donor-recipient compatibilities are indicated after FMT (182).

The microbial community for transplantation can be instilled by various methods, including nasogastric or nasointestinal tubes, endoscopy, colonoscopy, rectal tubes, sigmoidoscopy, enema, or encapsulated formulations, or a combined approach, but there is no clear consensus regarding the optimal instillation method (183). To date, most clinical experience has focused on the use of fecal transplants in patients with recurrent Clostridium difficile infection and FMT has become established as a highly efficacious and safe treatment method for these patients (183, 184). It is actively studied as treatment option in inflammatory bowel disease, irritable bowel syndrome and metabolic syndromes, however, evidence is still limited and more randomized controlled trials are needed (184–187). FMT may also have potential applications in a variety of other conditions associated with intestinal dysbiosis, including neuropsychiatric disorders, allergic disorders, and auto-immune disorders as reviewed by Xu et al. (188).

Future work will focus on the standardization of donor screening/selection, feces preparation, clinical application, microbiome analysis, obtaining more robust (long-term) safety data, excluding unwanted co-transfer of pathogenic microbes, the understanding of the exact microbial recovery mechanism (183, 186, 189, 190). Especially, determining what constitutes a healthy microbiota that can be safely transferred will still needs more fundamental research.




CONCLUSION

Antibiotic resistance is on the rise, due to many years of large-scale use of antibiotics as growth enhancers in livestock and aquaculture. This poses a threat not only to the health of our production animals but to the human population as well. Legislation preventing overuse of antibiotics has led to the rapid emergence of studies into the use of pre- and probiotics in fish, plants, livestock animals, and humans. As we have tried to illustrate in this review, a lot of progress has been made. Pre- and probiotics are used to increase early life health and help reach a stable healthy microbiota and fecal transplants have been shown to successfully restore health (Figure 2). Whether pre- and probiotics can enhance health when a stable microbiota is in place still remains an open question. Although from the above mentioned studies it has emerged that oligosaccharides may stimulate certain beneficial microbes to persist or even become dominant, most of the time we do not understand the mechanism by which these species influence the health of their host, if at all. Dosing, duration, and age at which pre- and probiotics are given might all determine whether one observes effects or not. As for the effect of probiotics, are these effects transient, or do Lactobacilli and Bifidobacteria need to persist for a long time to elicit their health effects. Furthermore, what determines whether a microbe is beneficial within the genera of Lactobacilli and Bifidobacteria? This might as well be host-specific. Considering the interplay between the host and members of the microbiota selecting a “healthy microbiota” for fecal transplantation may not be as straightforward as we now believe. Depending on the genetic make-up of the individual, microbes might behave different in different hosts. Specifically, we need to make sure we are not copying that what works in one species directly to other species without understanding the effects. In fish for example, the ratio Bacteroidetes/Proteobacteria increases upon inflammation (191), while in humans and mice a decrease of this ratio is associated with inflammation (mainly due to an increase of gamma-Proteobacteria) (192, 193) and in plants Pseudomonas (a gamma-Proteobacterium) is considered to be beneficial (94). Furthermore, some experiments are performed in vitro in which the tissue context and immune system of the entire organism is lacking, while others are performed in vivo in which one is limited by the read-out parameters that can be investigated or controlled. However, the fact that we know that all hosts select certain species that can protect them from colonization or infection with pathogens is a strong lesson from nature we can exploit in our artificial rearing and culturing conditions in agriculture and human medicine. Furthermore, in an exciting new paper published in Science in 2018 Manfredo Vieira et al. (194) showed that translocation of the gut pathobiont, Enterococcus gallinarum, to the liver and other systemic tissues triggers autoimmune responses in a genetic background predisposing to autoimmunity in mice. This illustrates nicely, that we are still in the beginning of understanding host-microbe interaction. Therefore, more fundamental species specific research is needed to fully understand the vast network of interactions between the microbial world and their hosts. Dissecting the intimate relationship between the host and its microbial community can uncover novel mechanisms that might be exploited to restore microbial community structure in those plants and animals that suffer from dysbiosis.
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FIGURE 2. Restoration or improvement of microbial homeostasis in disturbed (A: by pro- or prebiotics or B: Fecal Microbiota Transplant) or undisturbed states (C).
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The immune system provides host protection to infection with pathogenic organisms, while at the same time providing tolerance upon exposure to harmless antigens. Thus, an impaired immune function is associated with increased susceptibility to infections with increased disease severity and thereby necessitating the therapeutic use of antibiotics. Livestock performance and feed efficiency, in addition to their health status, are dependent on the microbial load of their gut, the barrier function of the intestinal epithelium and the activity of the mucosal immune system, all of which can be modulated by dietary components. The majority of feeds that are consumed in pets and livestock have been processed. Processing promotes a non-enzymatic reaction between proteins and sugars called Maillard reaction (MR). Maillard reaction products (MRPs) and advanced Maillard reaction products (AGEs) determine taste, smell, and color of many food products therefore the MR is highly relevant for the feed industry. MRPs interact with different types of immune receptors, including the receptor for advanced glycation end products (RAGE) and immunomodulatory potential of feed proteins can be modified by Maillard reaction. This MR has become an important concern since MRPs/AGEs have been shown to contribute to increasing prevalence of diet-related chronic inflammatory states in the gut with negative health consequences and performance. The immunomodulatory effects of dietary MRPs and AGEs in livestock and pet animals are far less well-described, but widely considered to be similar to the relevant concepts and mechanisms obtained in the human field. This review will highlight immunological mechanisms underlying initiation of the innate and adaptive immune responses by MRPs/AGEs present in animal feeds, which are currently not completely understood. Bridging this knowledge gap, and taking advantage of progress in the human field, will significantly improve nutritional quality of feed and increase the prevention of diet-mediated inflammation in animals.
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INTRODUCTION


Protein Quality of Animal Feeds

Dietary proteins are a source of amino acids and the ability to absorb amino acids and use them for protein synthesis determines their quality and their required dose to meet the requirement (1). The efficiency with which individual amino acids are utilized for e.g., development, growth, immunocompetence, and lactation depends not only on the concentration of amino acids and their bioavailability in foods, but also on the relative proportions to each other. Protein quality and synthesis decrease when the amino acids in the food are imbalanced or even absent, e.g., tryptophan is the least abundant amino acid in foods, while lysine is often the limiting essential amino acid in animal feeds (2, 3). Proteins are essential in foods, not only for its nutritional value, but they also determine food structure, perception, and immunomodulatory capacity. These functional characteristics are dependent on physico-chemical conditions like pH, ionic strength, temperature, or pressure, and the individual behavior of protein and their amino acids are largely unknown and unpredictable. There is a need to better understand these parameters in food production as they, have a significant effect on food quality. Often enzymes are part of these dietary proteins and these include proteases, hydrolyzing large protein molecules into smaller peptides, and peptidases, releasing single amino acids from terminal ends of proteins and peptides. Mainly proteases are used in processing to improve visual appeal, taste, yield, nutritional value, and physical properties of dietary proteins. Processing technologies affect the quality of protein foods and thereby also its safety and for this reason novel processing technologies, e.g., high pressure processing, pulsed electric field, radiofrequency and cold plasma, have been developed.

Amino acids contained within the dietary protein can undergo crosslinking and glycation reactions, including the “Maillard reaction” (MR) or glycation, which is named after the French physician and chemist, Louis Camile Maillard, who in 1912 described this reaction for the first time (4). It was, however, John Hobbs in 1953 who proposed the mechanism for the chemistry of the Maillard reaction as know it today (5). The MR is also known as the non-enzymatic browning reaction and typically involves amino acids (e.g., lysine, arginine) and reducing sugars (e.g., fructose, glucose) that progresses via a series of chemical rearrangements resulting in the formation of MR products (MRPs). MRPs include Schiff bases, Amadori products and consequently advanced glycation end products (AGEs) as the final products. The advanced products are produced via either an oxidative or non-oxidative pathway. Pentosidine and N-(carboxymethyl)lysine (CML) are examples of glycoxidation (glycation and oxidation) and pyrraline is a product of a non-oxidative pathway (6). The MR is positively correlated with the temperature and the duration of heating of proteins in the presence of reducing compounds predominantly sugars. Higher temperatures increase the reactions where long-term thermal processing with relatively lower temperatures may result in comparable results. The type and concentration of available sugars in the environment are linked to the progression of the reaction with, for instance, glucose-rich products showing a slower glycation rate in comparison with those rich in fructose (6). Of the 20 amino acids naturally occurring in food proteins, lysine due to its ε-amino acids and arginine because of its guanidine side group are the most susceptible amino acids but also histidine and tryptophan can be involved in the MR as well as the α-amino or N-terminal amino group of any amino acid or peptide, respectively (7).

As lysine is the most reactive amino acid, modification produces modified lysine derivatives (8), including formation of a Schiff's base, which is a reversible but unstable compound. Subsequently, this base rearranges into the Amadori compound, ε-N-deoxyketosyllysine (9). The latter reaction is irreversible and can proceed further into advanced Maillard reaction products, and ultimately give rise to melanoidins, leading to brown coloring of processed feeds. Because amino groups are involved in several steps of the Maillard reaction, a strong decrease of the availability of amino acids can occur. Amadori products and AGEs resulting from the MR may absorbed, metabolized by gastrointestinal bacteria to other components or leave unaltered via the feces. Once absorbed AGEs may be metabolized to other components, retained in the body or leave unaltered via the urine. Melanoidins are only partially digested and absorbed by the intestines and may be retained in the kidneys. In contrast to high molecular weight melanoidins, low molecular weight non-absorbed melanoidins are degraded in the intestines (10).



Food Processing

Food processing has been a routine procedure for increasing the taste, safety, texture, longevity, and bioavailability of nutritional components (11). Humans have long been utilizing different methods such as salting, fermenting, smoke processing, and heating in order to get to conserve food and obtain desirable product features. Among all the above-mentioned procedures, thermal processing is the most commonly used method of our modern time. Ever since the exploration of fire, cooking raw materials improved the taste and digestibility of food. High temperatures have been widely used by the food industry with a number of these processes involving product temperature reaches up to 250°C to changes the appearance and occasionally the structure of the food. Food processing may result in products of similar composition, but with markedly different physiological effects, due to differences in structure and physicochemical properties. In general, food processing has a major influence on its nutritional components and modifies biological properties of biomolecules resulting in various effects on consumer's body once ingested (2, 12). Some of these modifications have a direct and instant effect on the user such as improved olfaction and gustation as well as digestibility of dietary components (e.g., starch, amino acids). Other modifications may show their influence even years after processed foods have been consumed. The latter is mainly the results of the accumulation of modified components in the body and their gradual effects on cells and tissues over time. The accumulation of AGE-modified proteins correlates with the pathogenesis of several chronic inflammatory diseases including diabetes, rheumatoid arthritis, and Alzheimer's disease (13–17). The focus of this review is on immunomodulatory effects of dietary MRPs and AGEs in livestock and pets as this is far less well-known than in the human situation and have therefore used relevant knowledge from the human field. Immunomodulatory activity of MRPs and AGEs in feeds are based on concepts and mechanisms that are equally relevant and applicable in humans and animals.



Advanced Glycation end Products (AGEs)

The final glycated products of the MR are commonly referred to as glycation end-products (AGEs). In laboratory animals and humans, consumption of large quantities of such AGEs were shown to induce pathological alterations and therefore AGEs are increasingly subject of safety studies (18). Advanced glycation end products are either produced endogenously (in vivo) due to physiological processes such as oxidative stress and aging or are formed exogenously (in food) following the progression of the MR (19). Glycation changes protein structures and this may result in malformation and malfunction of affected proteins. Small endogenously formed glycated and misfolded proteins are targets for intracellular degradation by the 20S proteasome of the Ubiquitin-proteasome-system (UPS) (20). However, these small proteins when oxidized further and following cross-linking reactions, may form larger structures. The formation of big and bulky glycated proteins blocks the activity of proteasomes and makes them resistant to degradation leading to the accumulation of such molecules in the cells and tissues (13). Another mechanism for eliminating AGE-modified proteins is via the lysosomal system. Cellular receptors recognize these modified proteins (especially from exogenous sources) and internalize them into endosomes. The AGE-containing endosomes are then fused to cytosolic lysosomes where lysosomal proteases process and break down these modified proteins (21). The degraded peptides are then cleared from the body through the urinary system with a, hitherto, poorly defined mechanism.




ADVANCED MAILLARD REACTION PRODUCTS AND THEIR POSSIBLE EFFECTS ON HEALTH


MR and Damaged Dietary Proteins

The most common form of dietary AGEs are protein-bound, while some are either in free state of bound to peptides. These protein-AGEs are enzymatically hydrolyzed into small fractions that can either be absorbed in the small intestine of remain unable to be absorbed, and thus is absorption related to digestibility of the dietary AGEs (22). The abundance of α-dicarbonyl groups in processed feed and their relevance in the formation of AGEs, determines the digestibility, nutritional value and health impact of protein-AGEs (23).

The MR can occur at temperatures similar to that of the human body (24). As an example, a fraction of hemoglobin (HbA0) reacts with glucose under in vitro conditions, yielding the MR product HbA1c and further reaction products including Schiff's base and Amadori compounds. In diabetics high concentrations of HbA1c are present and these consist of α-amino-1-deoxyfructose at the N-terminal valine amino acid in the β-chain (24).

The concentration, nutritional value and digestibility of amino acids (esp. lysine) in feed ingredients and diets may be reduced due to heat treatment of feed ingredients (10). Feeding broiler chicken or weanling piglets a heat-damaged soybean meal diet, a decrease in body weight and carcass weight was observed compared to feeding untreated soybean meal. These negative effects of heat damage on performance, however, were partially mitigated by adding crystalline amino acids to the diets (25). Heat damage also may cause losses in vitamins, e.g., loss of vitamin B6 and thiamine when storing milk powder at 70°C (26).

The structural and functional properties of proteins can be modified due to covalent interactions and the cross-linkage of proteins during the formation of such AGEs. The resulting resistance to digestion, delays the turnover rate of these proteins and this accumulation of AGEs may hinder tissue repair (27). Moreover, these Ages bind to receptors widely expressed on tissue cells and as a consequence oxidative stress, vasoconstriction, excessive collagen deposition, and inflammatory responses are stimulated (27–30). The development of chronic systemic inflammation (metaflammation) can be the consequence of prolonged exposure to AGEs and metaflammation is observed in many cancers in both humans and dogs (31). Canine diets should therefore limit stimulation of the AGE/metaflammation axis resulting in less carcinogenic activity. Such diets offer opportunities to be tested for AGE and metaflammation accumulation that result in lower prevalence and incidence of cancer in dogs.

A low MRP diet in a mouse model resulted in decreased body weight, lowering of insulin concentration during fasting, increased HDL levels in plasma, and reduction of a high-fat diet-induced insulin resistance (32). Also in human diabetics, complications associated with impaired wound healing were improved when MRPs were avoided in the diet (3, 32).

Advanced glycation end products have been associated with the etiology of age-related diseases in humans, such as atherosclerosis, nephropathy, retinopathy, osteoarthritis, neurodegenerative diseases, and diabetes mellitus. Also in dogs such age-related diseases occur, with many similarities to humans (33). In aging dogs with e.g., diabetes mellitus, increased tissue levels of AGEs were found (34), but also in conditions like carteracts, osteoarthritis (35), neurodegenerative canine cognitive dysfunction syndrome (28), vascular dysfunction, and atherosclerosis (29, 30). The limited exposure to dietary AGEs and a reduced AGEs pool during calorie restriction could explain the widely described beneficial effects on aging and related complications (36–40).



Adverse Effects of MR on Bioavailability of Lysine and Other Dietary Compounds

The MR importantly results in blockage of lysine thereby reducing the biological availability of the lysine amino acid but also together with the crosslinking hinder hydrolysis of the protein by digestive enzymes. This has has been demonstrated in animal feed ingredients, like dairy products (41), dried grains used as the feed for pigs, soybeans (42), carrots (43), peas (44), and maize (45). The thermally induced reduction in lysine bioavailability in the presence of sugar, depends on the level and duration of temperature application, water activity and pH of the environment during processing (46). Furosine (ε-N-(furoylmethyl)-L-lysine), which is related to the early stage of the MR, is an indicator of the formation and presence of Maillard products such as fructoselysine, lactuloselysine, and lysinoalanine and of the losses in available lysine.

Next to the impaired bioavailability of lysine, MRPs have a strong mineral chelating power affecting the availability of minerals such as calcium, iron, and phosphorus (47, 48).

Rérat et al.(49) used an in vivo pig model to study feeding of a protein source with a high level of MR-induced blocked lysine on the kinetics of digestion, nutrient absorption and excretion, including amino acids but also minerals. The pigs were fed with non-processed milk (MR free) or skimmed milk processed to obtain about 50% of lysine blockage due to the early stages of Maillard reaction. Consumption of processed skimmed milk induced a lower absorption of milk sugars glucose and galactose. This was in part due to the loss of milk-derived lactose as this was converted into lactuloselysine and lactulose. In addition, reduced amounts of lysine, cysteine, and alanine were found due to absorption and these appeared in the portal blood in pigs fed the processed skimmed milk suggesting that lactuloselysine was not bioavailable. The fecal excretion of amino acids was higher in the group of pigs fed processed skimmed milk confirming the impaired digestibility of proteins modified via MR (49). Thermal processing of milk was shown to induce damage of casein resulting in a decreased bioavailability of lysine and this lysine blockage was reflected in the lower growth rate of kittens fed with heated casein (50). A decreased protein digestibility results in a diet high in the MRPs and consumption led to 47% higher excretion of fecal nitrogen, 12% lower absorption of nitrogen, and a 6% lower nitrogen digestibility in a group of adolescent males (51). The MRP-rich diet was also shown to affect the absorption of phosphorus, resulting in a decrease of the phosphorus balance (52). Some MRPs can directly inhibit brush border enzymes as shown for glucose-lysine reaction compound (2-formyl-5-(hydroxymethyl)pyrrole-1-norleucine) in vitro but also in vivo in a rat study (53, 54).

Moreover, fructoselysine, an Amadori adduct of glucose to lysine, was detected in the portal blood and urine of pigs fed with processed skimmed milk in amounts corresponding to 18.6% of the ingested quantity. This suggested that the galactose residue of lactuloselysine is released by enzymes in the gut lumen and/or in the epithelial brush border and subsequently transported through the intestinal barrier (49). Both early and advanced glycation end products were detected in the blood of rats after feeding a MR-rich diet. Approximately 26.0 to 29.0% of ingested dietary CML in rats was excreted in urine, compared to 15.0 to 22.0% in feces (55). In humans, protein-bound fructolysine urinary excretion ranged from 1.4 to 3.5% of the ingested amount (56). In contrast, about 10% of diet-derived AGEs were absorbed in healthy subjects, and two thirds of these AGEs remained in the body while one-third of the absorbed AGEs was excreted into the urine within 3 days. Low molecular weight AGEs are water-soluble and are not substrates for liver detoxifying enzymes and therefore rapidly excreted. Consumption of high molecular weight pentosidine led to excretion of only 2% AGE resulting in accumulation, endothelial perturbation and vascular disease (57).



Influence of Cross-Linking Immunogenicity of Proteins

The MR but also heat treatment alone during thermal processing of food can result in cross-linking of the proteins. Methylglyoxal, a common intermediate in the MR in vivo and in vitro, has been shown to be involved in the formation of cross-linked aggregates via lysine, arginine, or cysteine. Normal physiological concentrations of methylglyoxal are sufficient to induce these reactions resulting in different fluorescent products that resemble proteins characteristic for aging and diabetes development (58–60). Furthermore, dehydroalanine may react with lysine and cysteine residues to form cross-linked products such as lysinoalanine (LAL) and lanthionine (61). LAL was found in the urine, plasma, liver and kidneys of rats fed with heat-modified casein (55). However, the study of Hellwig and colleagues suggests that LAL is broken down during the digestion process into larger peptides (61). Next to the formation of LAL, MR, and/or denaturation of proteins during the heat treatment may initiate hydrophobic interactions between the proteins and formation of new disulfide-bonded aggregates (62). The cross-linking of proteins decreases their digestibility (63) but also affects the immunogenicity and allergenicity of proteins (64–67). Roth-Walter and colleagues demonstrated an impaired uptake of aggregated β-lactoglobulin and α-lactalbumin by intestinal epithelial cells. In a mouse model, protein aggregation was shown to increase the uptake into Peyer's patches. Compared to non-aggregated proteins, this uptake promoted significantly higher mucosal Th2-associated antibody responses and cytokine production profiles (64). Also exposure to cross-linked β-lactoglobulin was shown in mice to elicit a stronger allergic sensitization probably due to enhanced resistance to gastrointestinal proteolysis, retrogradee protein transport to Peyer's patches, and an altered uptake and processing in antigen-presenting cells (65). Liu and colleagues showed that agglomeration of whey proteins during heating is positively correlated with the decreasing water activity and progress of the MR. Moreover, the formation of aggregates was associated with the formation of ligands binding to the cell-bound but also sRAGE (the soluble form of receptor for advanced glycation end-products), which reflects increased immunoreactivity of MR-modified agglomerates (66, 67).




IMMUNE-RELATED EFFECTS


Influence of AGEs on Immune System

In general, AGEs affect biological procedures in three levels; the first effect is an alteration in signal transduction pathways, which happens following the AGE-receptor interaction. Secondly, via altered signaling, AGEs induce or inhibit the production of certain cytokines, hormones, and free radicals. Finally, as a result of AGEs effects and increased pro-oxidative activities, the proteins in the target tissues modify leading to functional deregulations (68).

There is substantial evidence on the association of MRPs with immunity stimulation and immune system responses (69, 70). The interaction begins with the recognition of MRP's conformational epitopes by the pattern recognition receptors (PRRs) and subsequently a downstream signaling to the nucleus for mainly, NF-kB activation and consequent cellular responses (71). Multiple PRRs have the potential recognition ability and binding affinity for MRPs but their interaction may lead to various responses (72, 73). Both early and advanced glycation products are related to an increase in oxidative stress along with inflammatory response (70, 74). As a consequence of interactions of AGE to the RAGE receptor, increased production of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 occurs in endothelial cells and monocytes (75). An increase in free radicals and oxidative stress aggravates the inflammatory state (auto-amplifying) and may eventually affect long-lived proteins such as collagen and elastin (76).

MRP and AGEs that are absorbed in the gut and arrive in the mucosal tissue are being confronted with the local mucosal immune system. This exposure induces immune activation leading to local effects in the gut, including induction of tissue damage and inflammation, and the start of an activated immune response leading to T-cell activation and (IgA) antibody production. Besides a local activation of the immune system in the gut, activated immune cells can also travel to the mesenteric lymph node and arrive through the portal vein into the liver and systemic circulation, leading to consequences in the entire body. One such example of a systemically activated immune response is allergy. Dietary AGEs (dAGEs) have various allergenicity and immunogenicity properties in terms of food allergy (77, 78). The mechanism for initiation and progression of the reactions are still under debate. However, it was shown that depending on the structure and type of glycated proteins, these molecules might increase or attenuate allergic reactions. An increase in allergenicity of roasted peanut with an accompanied increase in IgE reactivity was reported (79, 80). Besides, Hilmenyuk et al. demonstrated that mature DCs loaded with AGE-modified proteins induced a higher T helper 2 (Th2) response (81) what promotes an allergic reaction. In addition, the cross-linking between the proteins as a result of heating makes them resistant to proteolysis and also may increases the allergenicity properties of the products. That was confirmed by increased sensitizing capacity of glycated β-Lactoglobulin when compared to the native form of the molecule (65), which could be because of neo-allergen generation. In contrast, heating may also denature the proteins and consequently, destroy or mask the conformational epitopes that leads to a reduced allergenicity (82).



Cellular Receptors for AGEs

A series of cell surface receptors present on antigen presenting cells (APCs) have an affinity to bind and interact with AGEs. According to the glycoprotein structure of AGEs, these receptors mostly have carbohydrate recognition domains (CRDs) and/or domains to interact with available peptides. There is a wide range of cellular receptor with such characteristics, however, not all of them bind to AGEs. In addition, the AGE receptors do not bind to modified proteins with similar affinity, which may lead to dissimilar responses. Taking into account the studies related to AGEs, six membrane-associated receptors are considered valuable.

RAGE

RAGE or receptor for advanced glycation end products is a multi-ligand receptor and is a member of the immunoglobulin (Ig) superfamily. This receptor is expressed by different cell types including monocytes/macrophages (83), endothelial cells (84), and dendritic cells (85). They recognize a wide range of molecules such as AGEs and amyloid-β peptides and are involved in activation, migration, and maturation of different cells. The presence of excessive amounts of AGEs or large increases in inflammatory conditions will up regulate RAGE expression and activation. Following their activation, Reactive Oxygen Species (ROS) generation and inflammatory responses are exerted which may lead to chronic inflammatory disorders if the stimulation persists. Three variants of the RAGE protein were described: full-length RAGE, N-truncated RAGE, and soluble RAGE (sRAGE) and all of these share various common core operational domains. The latter form (sRAGE), which has a molecular weight of ~46–50 kDa is secreted extracellular and contains the extracellular ligand-binding domain and regulates RAGE levels by negative feedback mechanisms (86).

Galectin-3

AGE-R3/Galectin-3 is a member of lectin family, which along with two other components (AGE/R1/OST-48 and AGE-R/80K-H) forms the AGE-R complex. This complex and mainly the extracellular ~32 kDa Galectin-3 subunit, was shown to bind with high affinity to AGE-BSA on macrophages (87). This multiple function receptor interacts with glycoproteins via its carbohydrate recognition domains (CRDs) and N-terminus domain. It is also a major regulator of biological processes including acute and chronic inflammation (88, 89). According to this capacity of Galectin-3 for interacting with glycoproteins such as AGEs and also its importance in immune responses.

SR-AI

Scavenger receptor class A1 (SR-AI) with the molecular weight of ~77 kDa (as monomer), belongs to the family of macrophage scavenger receptors (MSR) and consists of six different domains. Likewise other receptors of this family, SR-AI is mainly involved in mediating phagocytosis of microorganisms. Being generally expressed on monocytes and macrophages as well as DCs, these membrane-bound PRRs have versatile functions and have a wide range of ligands. In addition to microbial ligands, they bind to modified molecules including glycated proteins such as AGEs with high affinity and facilitate their endocytosis. They are one of the key role players of innate immunity responses and are involved in, for instance, macrophage polarization and pathogenesis of diseases such as atherosclerosis (90).

CD36

CD36 (SR-BIII) is a glycoprotein belonging to the scavenger receptor family and is present on macrophages. Similar to other members of this family, the 88 kDa CD36 has a large repertoire of ligands and binds to microbial ligands as well as modified self-molecules. This multi-function receptor participates in activities such as phagocytosis, antigen presentation and apoptotic cell clearance and contributes to inflammatory responses (91). Several studies showed CD36 as an AGE-binding receptor, which facilitates the cellular uptake of these glycated molecules (92).

DC-SIGN

DC-specific ICAM3-grabbing non-integrin (DC-SIGN; CD209) is a member of the type II transmembrane receptor family. It is present on the cell membrane of dendritic cells and mediates their adhesion process to T lymphocytes (93). DC-SIGN is abundantly expressed on DCs and contains a C-terminal lectin domain as it a member of the C-type lectin family (94). DC-SIGN binds to several ligands and exerts a variety of responses based on them. For instance, it was shown that following the DC-SIGN interaction with mannose-containing molecules, production of IL-10, IL-12, and IL-6 increased where after binding to fucose-containing ligands only IL-10 production was upregulated (95). This potential ability to bind to carbohydrates makes this receptor a candidate to bind modified glycoproteins and specifically AGEs.

MMR

The type I transmembrane mannose receptor (MR; CD206) is another member of the C-type lectin family with 8 carbohydrate recognition domains (CRDs) (96). With no capacity to bind galactose, MR preferentially binds to mannose and fucose and with a lower affinity to glucose (97). It is also shown that MR (CD206) acts as pattern recognition receptor (PRR) and enhances the uptake and presentation of antigens by DCs (98). This potential capacity to bind to carbohydrates and aiding DCs in antigen internalization makes this mannose receptor a candidate to bind AGEs.



Antigen Presenting Cells

T-lymphocytes (T cells), as the effector cells of the adaptive immune system, are not able to recognize free antigens (99). Dendritic cells (DCs), macrophages, and B-lymphocytes have the ability to internalize antigens and present antigen-derived peptides to T cells on their major histocompatibility complex class II (MHC II) molecules. These cells are known as professional antigen-presenting cells (APCs) because displaying endogenously obtained peptides is one of the main integral parts of their function (100). DCs and macrophages (as mononuclear blood cells) are the primary immune cell types that establish the link between innate immunity and adaptive immune system. The APCs in general internalize and process complex antigens and subsequently, via different pathways, display the peptides on their MHC-binding groove. Following this presentation and based on the type and nature of the antigen, proliferation and differentiation of T lymphocytes begin and various forms of immune responses are generated. DCs mainly play a role in introducing antigens to naïve T cells where macrophages and B cells are involved in activating T cells in cell-mediated and humoral responses respectively (101). The whole process of antigen recognition, presentation, and activation is essential for a proper immune response to different perturbations and APCs play a key role in this regard.

When AGEs interact with receptors expressed on APC, these AGEs can be internalized and presented in the context of MHC class II molecules to specific T-cells. In a mouse model, AGE-modified ovalbumin was phagocytosed much more efficiently by scavenger receptor class A types I and II (SR-AI/II) expressed on myeloid dendritic cells compared to non-modified native OVA. This enhanced antigen presentation led to the increased activation of ovalbumin-specific CD4+ helper T cells (81). An enhanced uptake of FITC-labeled AGE-modified ovalbumin was observed in human DCs, and this was mediated by the AGE-binding mannose receptor, scavenger receptor, and also by macro-pinocytosis by these cells. As a result, the resulting T cell activation led to an increased Th2 cytokine production (IL-5, IL-4, and IL-6), compared to the non-glycated ovalbumin-loaded DCs that induced a significant Th1 (IFN-γ) or regulatory T-cell cytokine production profile (IL-10) (102). A schematic representation of how feed derived GE affect several aspects of the metabolism are depicted in Figure 1.
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FIGURE 1. Metabolism of feed derived AGEs. Upon processing of animal feeds, protein-bound and free AGEs appear in the feed. These AGEs can be released in the intestinal tract as a consequence of the interaction with digestive enzymes and also intestinal microbiota. When absorbed, these AGE mat interact with the mucosal immune system by binding to several receptors (RAGE, CD36, Galectin-3, SR-A1, mannose receptor) expressed on immune cells. In particular, innate immune cells may subsequently become activated (through activation of the NF-kB pathway) and produce reactive oxygen species (ROS), and cytokines. Together these activities may skew the resulting T-cell activation and contribute to the development of increased oxidative stress, metaflammation and tissue damage, cancer cardiovascular diseases, metabolic syndrome and type 2 diabetes, and dementia and premature aging. The uptake of AGE in the intestinal tract can also result in appearance in the systemic circulation here these compounds will be degraded in the liver and be excreted in the urine. Collectively, these activities of AGEs explain their effects on health, welfare, growth, and performance of the animal in ways very similar to those known from the human field.






ADVANCED GLYCATION END PRODUCTS IN DIFFERENT ANIMAL FEEDS


AGEs in Milk and Dried Whey Proteins

The dairy industry generate large volumes of liquid cheese whey that are processed to produce different whey products, including whey protein concentrate, whey protein isolate, and several individual whey proteins. These processed whey products are widely used as additives or supplements to animal feeds including sows and neonatal piglets, young ruminants (calves), dogs, cats, poultry and aquaculture (103–106). In pig industry, early weaning is becoming a common practice to boost efficient and economic production systems. The sudden change from sow's milk to solid feed and accompanied change in husbandry conditions, provide strong stressors to the piglet and its health. To minimize the impact increasingly milk replacers are being provided stabilizing gut microbiota, preventing intestinal dysfunction and improve performance (107). Cow's milk because of its balanced nutrient composition makes it a suitable feed for neonatal piglets. Even dairy cattle are fed whey proteins being a side-product of the cheese manufacturing industry. Liquid, solid, or condensed whey or products derived thereof are applied (108). Moreover, lactose and dried whey are used as supplements in poultry diets (104, 105). Lactose is not absorbed from intestine in poultry due to their inability to secrete lactase. Instead, lactose is fermented to lactic acid and volatile fatty acids (VFA), and these products promote the colonization of the intestinal tract by Lactobacilli. Elevated VFA concentrations are considered beneficial as they induce a decrease of the caecal pH and alter the oxidation and reduction potentials, and together this may suppress the growth of potentially pathogenic bacteria (104, 105). Therefore, supplementation of the diet with dried whey proteins sounds to be an effective method in enhancing the productivity of broilers.

The combination of proteins, sugar, and high temperatures during thermal processing of milk and whey proteins makes milk and other dairy products prone to glycation and creation of AGEs. In milk, whey proteins are the most heat vulnerable proteins and are subject to glycation (109). Intensive heating has been already shown to promote the formation of Maillard reaction products in whey. Intensive dry heating at a lower water activity (aw = 0.23) favors the protein aggregation and the occurrence of Maillard reaction of whey proteins (66, 67). Moreover, dry heating promoted aggregation of whey proteins and thereby the formation of sRAGE-binding ligands which influence the immunogenicity of the food compounds (66, 67). RAGE is considered an innate immunity related pattern recognition receptor that recognizes mainly conformational secondary structures, such as β-sheets and fibrils, rather than the primary amino acid sequence of proteins (110). This may suggest that thermally induced increase in the content of β-sheets also favors the aggregation of whey proteins and at the same time the binding to sRAGE (66, 67). Effects of protein denaturation during the heating are specially known for whey proteins (111). Accordingly, investigating an interaction between these AGE-modified proteins and cellular receptors on immune cells (as a crucial encounter and interaction point) seems worthwhile.



AGEs in Pet Foods

Pet animals, including dogs and cats, are most often fed commercial foods that are highly processed and which they consume during their entire live. The main processing procedures for these foods rely on heat treatments (e.g., extrusion, sterilization, drying) to improve their nutrient digestibility, shelf life, and safety. As a result, the proportion of reactive lysine is on average, 73% (range 39–100%) of total lysine, while foods for growing dogs may supply less lysine content than the animals require and is recommended. As a consequence higher AGEs contents in plasma from dogs suffering from canine diabetes mellitus and impaired renal function compared with healthy control animals fed for prolonged periods with these processed foods (3).

The ingredients used to formulate pet foods and the types of processing appear to be key factors for the MRP concentrations in the final product. On average and on a dry matter basis, higher MRP and AGEs amounts occur in canned foods than in pelleted and extruded foods. van Rooijen et al. (112) calculated that the content of CML and HMF that are present in commercial pet foods are, on average, within the range reported in processed human food products. However, the average daily intake (mg/kg body weight0.75) of HMF was 122 times higher for dogs and 38 times higher for cats than the calculated average intake for adult humans, while the average daily intake of CML was comparable to the intake of adult humans (112). This study also highlighted the importance of measuring the reactive lysine content in foods for growing dogs used as weaning diets.

The important questions remains whether the MRP and AGEs contents reported in pet foods are physiologically relevant in these animals and this depends, in part, on the bioavailability of these MRP components. The observed increase in urinary excretion with increasing dietary intake indicates that dietary MRPs are absorbed from the gastro-intestinal tract of adult cats and excreted in the urine. The observed decrease in urinary recovery with increasing intake suggests a limiting factor in digestion, absorption, metabolism or urinary excretion. Whether such absorbed dietary MRP affect the long term health of pet animals has, hitherto, not been studied.



AGEs in Pig Feed

Proteins are the main macronutrient in swine feed and, thus, understanding the absorption and the utilization by the animal is important for successful swine production and the sustainability of this sector. Storage and in particular processing conditions largely determine the nutritional value of important feed ingredients and this is most likely dependent on the combination of heating and humidity parameters that induces the formation of MRP (113). Many different processing conditions of feed ingredients are generally used in swine diets (e.g., soybean meal, dried distillers grain, corn, maize gluten feed). Heat processing to improve nutritional quality and to remove solvents that are commonly used during oil extraction is commonly required when producing oilseed ingredients (soybean meal, canola meal, sunflower meal, and cottonseed meal). These procedures comprise varying degrees of heat with the risk to be deleterious to protein quality, especially when applying high temperature regimens. As discussed above lysine, being the most important limiting amino acid in swine feed ingredients, is the most reactive amino acids in the MR. Consequently, lysine is commonly added to diets of swine in crystalline form to ensure that the balance of absorbed and available amino acids closely aligns with the requirements for protein synthesis to ensure optimal performance.



AGEs in Cattle Feed

Conventionally fed cows regularly consume concentrated and processed feed containing MRP and AGEs as a consequence of heating and these compounds can be measured in the milk. Organically fed cows only get non-heated feed such as grass or silage. Thus, organic milk is supposed to contain fewer glycated proteins and the contents and composition can now be measured (114). Dietary MRPs like pyrraline can be found in the urine originating from blood clearance, and therefore it was speculated that cows excrete AGEs in milk during lactation and thereby expose the suckling newborn. The milk yield of dairy cows has increased significantly over the past decades (115) and thus, a cow needs a ration with a higher energy density and more nitrogen compared to its natural food sources. Thus, the use of processed molasses, soybean meal, and rapeseed meal are increasingly used with the risk of exposure to elevated MRP levels (116). Dietary MRPs, are able to influence the rumen microbiota (117). In addition, also the digestibility of the roughages used to formulate dairy rations, is often low and therefore MRP-containing concentrates that can be absorbed are necessary to ensure dairy productivity. Processed milk proteins using hydrolysis but also heat-induced glycation, display anti-oxidant and anti-inflammatory activities and thereby enhanced functional properties. Raw beef and pork naturally have a small proportion of protein-bound AGEs, while that is much more in raw chicken breasts. Therefore, there is no strong influence of the protein content on the total amount of protein-bound AGEs in beef. The commercial processing strategy, will thus largely determine the final amount of protein-bound AGEs (118).



AGE and Lameness in Dairy Cattle

One of the most prominent and serious health and welfare problems in dairy cattle worldwide is lameness (or laminitis), mostly due to injury or inflammatory disease in the hoof (119, 120). The prevalence of lameness of dairy cows ranges from 2 to 55% throughout the world depending on area, and has dramatically increased in herds over the past 20 years (121). Apart from the fact that lameness is considered to be a crucial welfare issue, lameness has also a significant economic impact due to a loss in milk production (122–124), reduction in fertility (125–127), and hence an increased risk of culling (128, 129). Laminitis can be defined as a diffuse aseptic inflammation of the dermis of the claw (Pododermatitis aseptica diffusa) and is considered to be an important cause of lameness (130–132). It is well-documented that laminitis-related claw lesions including hemorrhage of the sole and the white line along with sole ulcers, are considered to be the most important causes of lameness in dairy cows (119, 133, 134). Many predisposing factors are associated with the occurrence of laminitis including farm management, housing, genetics, breeding, and nutrition (135, 136). Although nutrition is widely related to the development of laminitis, the mechanisms underlying the characteristics of ration and/or feeding management and how these contribute to laminitis occurrence have not yet been extensively studied.

Also in equines, laminitis can occur and the role of obesity and insulin resistance are well known factors that are closely related to the development of laminitis (137, 138, 139). The role of insulin was experimentally confirmed by inducing laminitis in clinically normal horses by prolonged infusions of insulin and glucose to maintain physiological levels of plasma glucose (140). The presence of dietary AGEs was suggested to be involved in the development of insulin-induced laminitis. Also in cattle, the combination of dietary AGEs and insulin resistance in development of laminitis was suggested (141). It has been shown that insulin resistance is often seen in early lactating cows (142, 143), which may be exacerbated by high intakes of rapidly fermentable carbohydrates or starch (144). Interestingly, high prevalence of laminitis lesions, i.e., hemorrhage of the sole and white line are often observed during early lactation (145–148). It can be argued that the occurrence of laminitis during early lactation may be related to insulin resistance and the formation of AGEs.

Advanced glycation end products are derived from glucose through intermediates such as glyoxal, 3-deoxyglucosone and methylglyoxal (149, 150) and it has been postulated that methylglyoxal is a major source of intracellular and plasma AGEs (151). It has been shown that under in vitro conditions, the enzymes glyoxalase I and II act in concert to convert methylglyoxal into D-lactate, thereby, preventing the formation of AGEs. In bovines and equines suffering from a systemic acidosis induced by the feeding of high amounts of fermentable carbohydrates and subsequent acidosis of either the rumen or cecum, bovine plasma levels of D- lactate may increase up to 25 mMol/L (152, 153). Unfortunately, the end product D-lactate exerts a negative feedback on the activity of glyoxalase I but this notion may be of interest in relation to the development of laminitis. Apart from the potential that AGEs may be derived from methylglyoxal that originate from the animals intermediary metabolism, methylglyoxal can also be formed during the anaerobic fermentation of rapidly fermentable carbohydrates (154, 155). It was already mentioned that methylglyoxal is converted to D-lactate under physiological conditions. Therefore, it can be speculated that under practical feeding conditions of cows and horses, the fermentation of rapidly fermentable carbohydrates results in the accumulation of both D-lactate and methylglyoxal. Methylglyoxal is toxic to cells (156), which ultimately results in the lysis of bacteria (155) and the subsequent release of lipopolysaccharides, which are implicated in the etiology of laminitis in both bovines (132) and equines (157, 158). Alternatively, methylglyoxal may be absorbed by the rumen epithelium and across the epithelium of the gastro-intestinal tract of bovine and equine and subsequently triggers the formation of AGEs.




DISCUSSION

Thermal processing of food alters the chemical and biological characteristics of the food components. An example of biochemical changes as a result of heating is the creation of MRPs and AGEs. The MR modified proteins are created in presence of sugars and heat. These molecules are present in various forms in a heterogeneous mixture that justifies their diverse bioactivities.

Feed components and formulation, but also feed processing determine intestinal health and disease resistance. Protein feeds that contain MRP and AGE can cause expansion of intestinal microbiota and together with potentially gut barrier damaging compounds can compromise epithelial barrier function and cause immune stimulation resulting in lower growth, performance and ultimately, in development of disease.

Animals reared and kept in industrial systems are subjected to immunological stress, that together with the pathogen load, the husbandry environment, the feed composition and regimen, and the installed vaccination program determine the immune status. As a consequence, inflammation can occur associated with the release of pro-inflammatory cytokines, the mobilization of nutritional reserves, suppressed nutrient absorption in the gut, and body fluid loss like diuresis and diarrhea. Therefore, inflammation will come at a significant nutrient cost. By activation of the adaptive immune response, specific antibodies will be produced that will consume a relatively small nutrient cost. Thus, dietary immunomodulators and/or vaccines that enhance immune responsiveness and minimize immunological stress will positively affect health, growth, and performance.

The dietary glycated proteins (dAGEs) have shown to have immunomodulatory properties (159, 160). There is substantial evidence to support the association of these glycated proteins with several chronic disorders, which are principally caused due to the accumulation of AGE-modified proteins in cells and tissues (161–164). A probable mechanism for such an immune-stimulatory effect could be the interaction between the AGEs and the antigen presenting cells including macrophages and DCs (165, 166). The pattern recognition receptors present on the cell membrane of these cells recognize the modified proteins, form complexes, and initiate internalization. As a result, activation of the NF-kB transcription factor occurs, leading to the production of pro-inflammatory cytokines and also induction of oxidative stress. Additionally, since macrophages and DCs are APCs, peptides derived from the processed antigens will be presented to CD4+ T-cells on their MHC-II molecules. The combination of presented antigens and secreted cytokine will activate the T-cells and induce cellular responses leading to a chronic inflammatory state if the stimulation persists or the inhibitory mechanisms are inefficient for resolving the homeostasis.

Due to the large diversity of AGEs that are formed during Maillard reactions, various cellular receptors were shown to have binding affinity for these AGEs. Among these receptors, RAGE is the most referred and studied one and sRAGE is the soluble variant of this receptor (167–169). The transmembrane and intracellular signaling domains, which are present in RAGE but not sRAGE, are crucial for transducing the signal to the nucleus and activation of NF-kB (170). However, as sRAGE still carries the ligand-binding domain (V domain), it has a similar binding affinity to AGE-modified proteins as RAGE itself (171). In vivo, sRAGE plays a decoy role and binds to circulating AGEs, thereby regulating the interaction between membrane-associated RAGE and the AGEs (110). This interaction between plasma sRAGE and AGEs decreases the risk of undesirable inflammatory response since unlike RAGE, these complexes are assumed to be degraded (172). Indeed, lower plasma levels of sRAGE were reported in patients with chronic inflammation (173). Likewise RAGE, Galectin-3 interacts with the AGEs and contributes to subsequent cell signaling and also uptake of these modified proteins (174). Since this receptor lacks the transmembrane domain, Galectin-3 links to other members of AGE-R complex namely AGE/R1/OST-48 and AGE-R/80K-H. The available CRD on Galectin-3 has an affinity for lactose (175), which may explain the potential interaction with food or feed-derived AGEs. Activation of Galectin-3 leads to an alteration in biological processes including the immune responses and inflammation (176, 177). Furthermore, SR-AI and SR-BIII (CD36) are two members of the macrophage scavenger receptor family that were shown to bind to the glycated proteins (178, 179). These two receptors basically facilitate the endocytosis of the AGEs and are abundantly present on phagocytes (180). The cellular responses following the interaction of these receptors and the AGEs are involved in multiple functions including immune (allergic or/and inflammatory) response (181).

As mentioned before, RAGE is the most recognized receptor for AGEs and the majority of the available studies have focused on this receptor. The structure of the protein is important for driving its biological activities and any modification in this assembly leads to an altered function. As a result of the heat, the hydrogen bonds and polar hydrophobic interactions in secondary and tertiary structures of the proteins are distorted (109). Therefore, the alpha-helixes and beta-sheets are disrupted and the molecule loses its natural folding and 3-dimensional shape. Furthermore, the denatured proteins undergo crosslinking and agglomeration (182). Two or more denatured molecules covalently attach to each other and form new structures that possibly do not match the characteristics of any of the parent molecules. These new molecules are usually rather bulky with altered conformational epitopes that might be recognized by the cellular receptors. Liu et al. showed the association of RAGE binding with whey protein agglomeration (170). In general, the RAGE receptor binding is higher in heated and glycated proteins as they went through structural alterations and became more potent for receptor binding when compared to the unheated samples (183). Generally, glycated proteins (AGEs) have a higher affinity for binding to sRAGE, CD36, SR-AI, and Galectin-3 (16, 183–185).



CONCLUSION

In conclusion, during the heating of foods and feeds, protein denaturation, glycation, and agglomeration can occur. These modifications in protein structures, increased their binding affinity to cellular receptors that are mainly present on antigen-presenting cells: namely sRAGE, CD36, SR-AI, and Galectin-3.Although both heated and glycated proteins show an increased receptor binding capacity, the effect of glycation is generally more prominent when compared to the heated one. Despite the proven relation of the MR to affect the protein quality by impairing the bioavailability of amino acids and minerals, decreasing the digestibility and increasing the immunoreactivity of proteins, more information on the physiological and immunological effects of the consumption of MRPs rich diets by animals is urgently needed to the benefit of the health, welfare, growth, and performance of animals.
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Mammalian milk is not only a source of nutrition for the newborn, but also contains various components that regulate further development. For instance, milk is an abundant source of microRNAs (miRNAs), which are evolutionary conserved small non-coding RNAs that are involved in post-transcriptional regulation of target mRNA. MiRNAs present in milk can occur in extracellular vesicles (EVs), which are nanosized membrane vesicles released by many cell types as a means of intercellular communication. The membrane of EVs protects enclosed miRNAs from degradation and harbors molecules that allow specific targeting to recipient cells. Although several studies have investigated the miRNA content in milk EVs from individual species, little is known about the evolutionary conserved nature of EV-associated miRNAs among different species. In this study, we profiled the miRNA content of purified EVs from human and porcine milk. These data were compared to published studies on EVs from human, cow, porcine, and panda milk to assess the overlap in the top 20 most abundant miRNAs. Interestingly, several abundant miRNAs were shared between species (e.g., let-7 family members let-7a, let-7b, let-7f, and miR-148a). Moreover, these miRNAs have been implicated in immune-related functions and regulation of cell growth and signal transduction. The conservation of these miRNA among species, not only in their sequence homology, but also in their incorporation in milk EVs of several species, suggests that they are evolutionarily selected to regulate cell function in the newborn.

Keywords: milk, miRNA, extracellular vesicles, exosomes, immune modulation


INTRODUCTION

Mother's milk provides the newborn with more than only nutrition: it contains various complex macromolecular structures that carry signaling molecules that are delivered to the newborn. One of these signaling moieties are extracellular vesicles (EVs). EVs are cell-derived lipid bilayer-enclosed vesicles containing selectively incorporated proteins, lipids, and nucleic acids (mainly small RNAs) (1–3), which are in turn selectively delivered to recipient cells to modulate their functions (4, 5). Hence, the transfer of maternal milk EVs to the newborn allows for cross-organism communication.

EVs are generally classified into exosomes and microvesicles, which have distinct biogenesis pathways and may differ in size and cargo (1, 2). Currently available methodologies do not allow discrimination between exosomes and microvesicles as the size, surface markers, and buoyant densities of these vesicle subtypes overlap (2). Therefore, we will use the generic term EVs in this study even though previously published studies attribute their findings to certain subtypes, mostly exosomes.

EVs have been identified and characterized in human milk (6–9), as well as in milk from other species, such as cow (10, 11), buffalo (12), pig (13), wallaby (14), horse (15), camel (16), rat (17), and panda (18). Additionally, extensive miRNA profiling of milk EVs has been performed in human (8–20), cow (21), pig (13, 22), and panda (18), and several high abundant miRNAs have been identified in each of these species. These abundantly miRNA species might be involved in the specific targeting of signaling pathways in the newborn. However, the EV isolation procedures used in these studies only enabled enrichment for milk EVs but precluded isolation of pure EVs (23). In the current study, we employed an optimized protocol that we previously developed for recovery and characterization of EVs from fresh milk (7, 9) in order to assess which miRNAs were most abundant in purified EVs from human and porcine milk. Additionally, we compared the identified miRNA profiles from this study with the previously reported high abundant EV-associated miRNAs from human, bovine, porcine, and panda milk. This allowed us to compare the impact of EV isolation procedures on the analysis of miRNAs in milk EVs and to examine the conserved nature of highly abundant miRNAs present in milk EVs from different species. Furthermore, we speculate on the potential impact on the newborn's development via these conserved milk EVs-associated miRNAs.



METHODS


Milk EVs Isolation

Milk EVs were isolated as previously described (7, 9). Fresh human milk from a pool of four breast-feeding mothers 3 until 9 months after delivery was obtained after informed consent of the donors and approval by the local ethics committee. Porcine milk was obtained from two sows between 2 and 3 weeks after delivery after approval by the local ethics committee. Raw milk was centrifuged twice at 3,000 × g (Beckman Coulter Allegra X-12R, Fullerton, CA) and the milk supernatant was subjected to differential centrifugation at 5,000 × g and 10,000 × g in sterilized and new SW40 tubes (Beckman Coulter). The 10,000 × g supernatant was loaded onto a sucrose gradient (ranging from 2.0 to 0.4 M sucrose) and ultracentrifuged at 192,000 × g (in a Beckman Coulter Optima L-90K with a SW40 rotor) for 15–18 h (k-factor 144.5). EV-containing fractions (1.12–1.18 g/ml) were harvested, pooled, and centrifuged at 100,000 × g for 65 min. After centrifugation, supernatant was removed and EV pellets were aliquoted and stored at 80°C.



EV-RNA Isolation

Small RNA was isolated using the miRNeasy Micro kit according to the small RNA enrichment protocol provided by the manufacturer (Qiagen, Hilden, Germany). RNA yield and size profile were assessed using Agilent 2100 Bioanalyzer and Pico 6000 RNA chips (Agilent Technologies, Waldbronn, Germany) (see Table 1 for comparison between studies).



Table 1. Overview of experimental details for isolation and characterization of milk EVs miRNAs in this study and previously published studies.
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Preparation of Small RNA Sequencing Libraries

Eight nanograms of milk EV-derived small RNA was treated with DNase (Turbo DNA-free kit (Life Technologies, Carlsbad, CA), pelleted using Pellet Paint (Merck, Darmstadt, Germany), and subsequently reconstituted in 6 μl milliQ water (human samples) or 12 μl milliQ water (porcine samples). For the human samples, cDNA libraries were prepared using the NebNext small RNA library prep kit for Illumina (New England Biolabs, Ipswich, MA) with the following adaptations: 3′ adapter ligation was carried out overnight at 16°C; Kapa HiFi Readymix 2 × PCR mastermix (Kapa Biosystems, Wilmington, MA) was used for PCR amplification as follows: 2 min at 95°C; 17 cycles of 20 s at 98°C, 30 s at 62°C, 15 s at 70°C, and a final elongation step of 5 min at 70°C. For the porcine samples, cDNA libraries were prepared as indicated by manufacturer with the Illumina TruSeq kit (Illumina Inc., San Diego, CA) with PCR amplification up to 17 cycles. cDNA was purified using AMPure XP beads (Beckman Coulter, Brea, CA) and quantified using Agilent 2100 Bioanalyzer and DNA HiSensitivity chips. Adapter dimers were removed by TBE gel purification (146–400 nt of which 126 nt derive from adapters for human, and a size range of 150–175 bp for porcine samples).



miRNA Profiling

Data quality was checked with FastQC and reads were processed with cutadapt (v1.8) to remove low quality reads. Sequences with a minimal length of 15 bp (human) or maximum length of 25 bp (porcine) after adapter trimming were retained. The end-trimmed sequences were mapped to the miRNA hairpin sequences using bowtie (v1.1.1 for human and v1.2.2 for porcine) with default settings. miRNA sequences were retrieved from miRbase (v21) and for both human and porcine the combined number of reads per miRNA was used to find the top miRNAs. Supplementary File 1 lists all miRNAs identified in human and porcine milk EV, together with sequencing depth and mapping rates. Sequencing data were deposited in NCBI's Gene Expression Omnibus (GEO) under accession number GSE118409.



Literature Search Previously Published Milk EVs miRNA Analysis

To collect published data on miRNA profiling of milk EVs from different species, studies listed in PubMed up to March 2018 were selected based on the keywords “milk” and “microRNA(s),” “miRNA(s),” “extracellular vesicle(s),” “exosome(s),” or “microvesicles.” Additionally, the bibliographies from the retrieved articles were searched to find additional sources. Subsequently, the experimental procedures in these papers were evaluated. Only those papers in which extensive miRNA profiling was performed either by deep sequencing or microarray on milk samples enriched (by differential centrifugation and/or precipitation) for milk EVs were selected for further comparison. In total seven studies were selected to compare the most abundantly present miRNAs (see Table 1 for comparison of selected studies).



In silico Analysis

Tarbase (24) was used to screen for validated targets of identified miRNAs and TargetScan (25) was used to assess conservation of these target sites. Funrich (26) was used for GO analysis on the identified targets.




RESULTS


miRNA Profiling of Purified EVs From Human and Porcine Milk

We show for the first time the miRNA profile of purified milk EVs isolated after differential centrifugation followed by density gradient separation. We identified 309 mature miRNAs in human milk EVs and 218 mature miRNAs in porcine milk EVs (Supplementary File 1), These numbers are in range with the miRNAs that were previously identified in milk EV enriched samples of human [n = 602 (8), n = 125 (20) and n = 610 (19); average of 446 ± 278 miRNAs] and porcine [n = 234 (13) and n = 491 (22); average of 363 ± 182 miRNAs]. Hence, the number of identified miRNAs seems not to differ greatly between purified EVs and EV-enriched samples or the RNA extraction and profiling methods used.



Milk EVs From Different Species Share Abundantly Present miRNAs

In order to identify similarities in the miRNA composition of milk EVs from different species, we compared the top 20 most abundant miRNAs detected in purified milk EVs to the reported top 20 most abundant miRNAs in the selected publications. We observed substantial overlap in the top-ranked miRNAs observed in the different studies, with 19 miRNAs being abundantly detected in at least four out of nine studies (Table 2). Interestingly, four miRNAs were identified in high abundance in all four species examined. These included miRNA let-7 family members let-7a, let-7b, and let-7f, as well as miR-148a. These miRNAs were fully conserved at the sequence level in all species (Supplementary File 1). In addition to the similarities observed in miRNA content of EV, we also identified miRNAs that were abundantly present in milk EVs from all but one species. For example, miR-20a, miR-26a, and miR-141 were not present in the top 50 most abundant miRNAs in any of the three porcine studies, while these miRNAs are in the porcine genome. Additionally, let-7c was not abundantly present in any of the four human studies (see Supplementary File 1 for the full Table 2). Furthermore, we also observed differences in miRNA profiles reported in studies investigating milk EVs from the same species. Many factors may underlie these differences, including pre-analytic variables, differences in milk EVs and RNA isolation protocols, time in lactation period, and inter-individual differences in milk composition.



Table 2. Overlap in top 20 most abundant miRNAs detected in milk EVs from human, cow, pig, and panda.
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Conserved Milk EV-Associated miRNAs Have Immune-Related Functions

Milk EVs have been indicated to modulate immune cells (6) and promote epithelial cell growth (27). Importantly, milk-derived miRNAs have been shown to survive harsh conditions including RNase digestion (8, 13, 14, 18), low pH (13, 14, 18), and in vitro gastro-intestinal digestion (19, 28). This indicates that milk EVs resist gastro-intestinal conditions and therefore presumably remain intact in the newborn gastro-intestinal tract. Even though no strong direct in vivo evidence exists, milk EVs can be taken up in vitro by intestinal epithelial cells (19, 29, 30), vascular epithelial cells (31), and macrophages (11, 21, 32). This suggests that EV cargo can reach the cells at the mucosa of the newborn.

In order to link the conserved milk EV miRNAs to relevant physiological processes, we identified 24 validated target (Supplementary File 1) and used GO analysis to determine that these targets are involved in “cell growth and/or maintenance,” “cell communication” and “signal transduction” (Supplementary File 1). In fact, let-7a/b/f-5p and miR-148-3p have been shown to regulate signal transduction by downregulating the transcription factor NF-κB resulting in a dampened immune response (33–35). Collectively, these data suggest that milk EVs harbor evolutionary miRNAs with immunomodulatory functions that can regulate the newborns development.




DISCUSSION

In this study, we isolated EVs from human and porcine milk and determined the presence and abundance of miRNAs. The top 20 of most abundantly present miRNAs from the purified human or porcine milk EVs were compared to previously reported miRNAs that were profiled from EV-enriched samples from human, bovine, porcine, and panda milk. Four specific miRNAs appeared to be highly abundant and conserved not only in their sequence, but also in their presence in milk of several species.

At first glance the number of isolated miRNA species does not seem to differ greatly between purified and EV-enriched milk samples and the four conserved miRNAs were identified irrespective of further EV purification and disparate RNA isolation and profiling methods. However, we also observed clear differences along the line reported earlier by van Deun et al. (36). For instance, miR-100-5p was only detected in high abundance in the purified human milk EVs from this study and was not present in the top 50 of other human studies. In contrast, miR-30b-5p was not abundantly present in purified human milk EV, while it was detected in the three other human studies. For porcine milk EVs there were many discrepancies between the identification of miRNAs between purified EVs compared to the other isolation methods. This could also be caused by a divergence in RNA isolation, library preparations, and sequencing method, which was different for this study compared to Gu et al. and Chen et al. A first step would be to standardize milk collection, milk storage, milk EV isolation, miRNA extraction, miRNA profiling, and data analysis. Finally, adequate reporting of experimental details should be a priority in the EV field to increase rigor and reproducibility (37).

In conclusion, the evolutionary conserved character of a selected set of miRNAs in milk EVs is remarkable. Their presence in EVs suggests a possible conserved role in maternal to newborn cross-organism communication. By targeting a variety of genes, including those that are involved in the regulation of the newborn's epithelial barrier and immune system these maternal milk EV-associated miRNAs might contribute to the guided further development of the newborn.
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In lactic acid bacteria, the synthesis of exopolysaccharides (EPS) has been associated with some favorable technological properties as well as health-promoting benefits. Research works have shown the potential of EPS produced by lactobacilli to differentially modulate immune responses. However, most studies were performed in immune cells and few works have concentrated in the immunomodulatory activities of EPS in non-immune cells such as intestinal epithelial cells. In addition, the cellular and molecular mechanisms involved in the immunoregulatory effects of EPS have not been studied in detail. In this work, we have performed a genomic characterization of Lactobacillus delbrueckii subsp. delbrueckii TUA4408L and evaluated the immunomodulatory and antiviral properties of its acidic (APS) and neutral (NPS) EPS in porcine intestinal epithelial (PIE) cells. Whole genome sequencing allowed the analysis of the general features of L. delbrueckii TUA4408L genome as well as the characterization of its EPS genes. A typical EPS gene cluster was found in the TUA4408L genome consisting in five highly conserved genes epsA-E, and a variable region, which includes the genes for the polymerase wzy, the flippase wzx, and seven glycosyltransferases. In addition, we demonstrated here for the first time that L. delbrueckii TUA4408L and its EPS are able to improve the resistance of PIE cells against rotavirus infection by reducing viral replication and regulating inflammatory response. Moreover, studies in PIE cells demonstrated that the TUA4408L strain and its EPS differentially modulate the antiviral innate immune response triggered by the activation of Toll-like receptor 3 (TLR3). L. delbrueckii TUA4408L and its EPS are capable of increasing the activation of interferon regulatory factor (IRF)-3 and nuclear factor κB (NF-κB) signaling pathways leading to an improved expression of the antiviral factors interferon (IFN)-β, Myxovirus resistance gene A (MxA) and RNaseL.
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INTRODUCTION

Polysaccharides are widespread in nature, and their production has been described in several species of pathogenic and commensal bacteria. Variations in the sugar-building units, glycosidic linkage, anomeric configuration, monosaccharide decoration, and molecular weight result in an enormous diversity of polysaccharides. Because of this heterogeneity, bacterial polysaccharides display diverse chemical, physical and biological properties (1, 2). Bacteria are able to synthesize cytoplasmic storage polysaccharides and exocellular polysaccharides including the tightly linked capsular polysaccharides (CPS) and the loosely associated with the cell surface exopolysaccharides (EPS) (1, 2). It was established that exocellular polysaccharides are involved in the interaction of bacteria with their environment. CPS and EPS have been shown to participate in the formation of bacterial biofilms, adhesion to abiotic and biotic surfaces as well as in the interaction with the immune system (3–5).

In lactic acid bacteria (LAB), the synthesis of EPS has long been associated with some favorable technological properties, especially in food production where they act as viscosifying, stabilizing, emulsifying, or gelling agents. In addition, functional and health-promoting benefits have been attributed to the EPS produced by some LAB strains (2, 5). In this regard, it was reported that surface EPS produced by lactobacilli are able to modulate the immune system. Studies by Yasuda et al. (6) demonstrated that high molecular mass polysaccharides from Lactobacillus casei strain Shirota have anti-inflammatory effects while mutant types of this bacterium lacking EPS are potent inducers of interleukin (IL)-12, tumor necrosis factor (TNF)-α, and IL-6 in macrophages. It was also shown that EPS from L. rhamnosus RW-9595M exerted immunosuppressive properties in macrophages by inducing high levels of IL-10 (7). In addition to the anti-inflammatory activities, some research works have demonstrated that EPS from lactobacilli are also capable of stimulating the immune system. It was shown that EPS produced by L. paracasei DG is able to enhance the expression of TNF-α, IL-6, IL-8, and macrophage inflammatory protein 3α (MIP-3α) in the human monocytic cell line THP-1 (8). EPS derived from L. rhamnosus KL37 was also capable of improving TNF-α, IL-6, and IL-12 in macrophages in a mitogen-activated protein kinases (MAPK)-dependent manner (9).

Research works clearly show the potential of EPS produced by lactobacilli to favorably modulate the immune system. However, there are several points that have not yet been studied in depth in relation to the application of immunomodulatory EPS from lactobacilli: (a) most studies were performed in immune cells and few works have concentrated in the immunomodulatory activities of EPS in non-immune cells such as intestinal epithelial cells; (b) the cellular and molecular mechanisms involved in the immunoregulatory effects have not been studied in detail; (c) most research works evaluated the immunological effects of EPS produced by L. casei and L. rhamnosus while other species of Lactobacillus that are also capable of producing important quantities of EPS such as L. delbrueckii has not been investigated, and (d) very few studies have demonstrated that EPS from lactobacilli can exert a real beneficial effect through the modulation of the immune system such as increasing the resistance to bacterial or viral infections.

We have conducted research aimed at deepening in the knowledge of the points mentioned above. In previous studies, we evaluated the immunomodulatory properties of several lactobacilli strains according to their capacity to differentially modulate the immune response of porcine intestinal epithelial (PIE) cells triggered by the activation of Toll-like receptor 4 (TLR4). Our previous studies showed that the PIE cell line preserves all the immunological characteristics of primary epithelial cells and therefore, this cell line is a useful in vitro tool to evaluate immune responses (10). In addition, this cell line has been used by our group to evaluate immunomodulatory microorganisms directed to pigs or humans taking into consideration the anatomical, physiological, and immunological similarities of the gastrointestinal tract of both hosts. Among the strains evaluated in PIE cells, L. delbrueckii subsp. delbrueckii TUA4408L, an strain isolated from a Japanese traditional pickle fermented food, was able to reduce the expression of proinflammatory cytokines after TLR4 activation. This immunomodulatory activity was related to its ability to diminish the activation of nuclear factor κB (NF-κB) and MAPK pathways in a TLR2-dependent manner (11). Moreover, the EPS of the TUA4408L strain was fractionated into acidic (APS) and neutral (NPS) fractions and, it was demonstrated that both APS and NPS differentially regulated the expression of IL-6, IL-8, and monocyte chemoattractant protein-1 (MCP-1) in PIE cells after the stimulation with the TLR4 agonist. Both APS and NPS reduced the activation of NF-κB, ERK-MAPK, and p38-MAPK pathways while NPS also decreased the activation of JNK-MAPK pathway (11).

Recently, substantial progress has been achieved in genomic sequencing of LAB and now several collections of lactobacilli genomes are available. Until the writing of this manuscript was completed, fifty complete and draft genomes belonging to the L. delbrueckii species were published in the NCBI database, including L. delbrueckii subsp. bulgaricus, subsp. lactis, subsp. delbruekii, subsp. jakobsenii, subsp. indicus, and subsp. sunkii. Among them, two complete and two draft genomes are available for different strains of L. delbrueckii subsp. delbruekii. Therefore, few genomic analyzes have been performed with this species of LAB.

In this work, we further advanced in the characterization of the immunomodulatory properties of L. delbrueckii TUA4408L and its EPSs. Whole genome sequencing allowed the analysis of the general features of L. delbrueckii TUA4408L genome as well as the characterization of its EPS gene cluster. In addition, studies in PIE cells demonstrated that the TUA4408L strain and its EPSs are able to modulate the antiviral innate immune response triggered by TLR3 activation. Moreover, we demonstrated here for the first time that L. delbrueckii TUA4408L and its EPSs are capable of improving the resistance of intestinal epithelial cells against rotavirus infection by reducing viral replication and differentially modulating antiviral response.



MATERIALS AND METHODS


Microorganisms

Lactobacillus delbrueckii subsp. delbrueckii TUA4408L was isolated from sunki-zuke, a japanease traditional pickle fermented in salt-free conditions. The TUA4408L strain was maintained in deMan-Rogosa-Sharp (MRS) medium at 4°C for further usage. For experiments, TUA4408L strain was propagated in soy milk at 43°C for 16 h, washed with PBS and diluted in Dulbecco's modified Eagle's medium (DMEM, Invitrogen corporation, Carlsbad, CA). The EPSs from L. delbrueckii TUA4408L were extracted and fractionated by the method of Kitazawa et al. (12). The acid (APS) and neutral (NPS) EPSs were fractionated by ion-exchange chromatography as described previously (11).

Rotavirus strain UK was used in challenge experiments considering its ability to efficiently replicate in PIE cells, as described previously (13). Rotavirus UK was treated with 10 μg/ml of trypsin (Sigma, Type I) at 37°C for 30 min, and then inoculated onto confluent MA104 cells. After 1 h of absorption, the inoculum was removed and the cells were incubated with serum-free MEM (1 μg/ml of trypsin) at 37°C. After the cytopathic effect reached more than 80% of cells, three rounds of freezing and thawing were performed to harvest the culture supernatant. The virus stock was stored at −80°C for further experiments.



Bioinformatic Analysis

L. delbrueckii subsp. delbrueckii TUA4408L genome was sequenced with the PacBio sequencing platform and genome assembly was performed using HGAP 3.0 (14), with default options and the Minimum Seed Read Length was adjusted to 2,000. L. delbrueckii TUA4408L genome annotation was carried out using NCBI Prokaryotic Genome Annotation Pipeline (15). Further annotation was obtained by using the SEED-based automated annotation system provided by the RAST server (16). Genome sequencing project was deposited in GenBank under accession number CP021136.

Circular genome maps were generated using the CGView Server (17) based on the information generated by the genome annotation. Bioinformatics analyses of the TUA4408L genome included the use of Antibiotic Resistance Genes Database (ARDB) (18), and Comprehensive Antibiotic Resistance Database (CARD) (19) to evaluate antibiotic resistance genes, PHAge Search Tool (PHAST) and IslandViewer software were used to identify prophages and genomics islands, respectively (20, 21). Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-Cas arrays were identified in bacterial genome using CRISPRfinder (22). The presence and type of bacteriocin genes was evaluated using BAGEL4 software and BLASTx algorithm.

Two phylogenetic trees were constructed based on multilocus sequence typing (MLST), and the 16S rRNA gene, respectively. Seven different housekeeping genes of L. delbrueckii were used to construct the MLST phylogenetic tree: fusA, gyrB, hsp60, ileS, pyrG, recA, and recG (23). The 16S rRNA gene sequences and the corresponding nucleic acid sequences from the seven genes for MLST were respectively aligned with those of the most closely related species using the multiple alignment program MUltiple Sequence Comparison by Log- Expectation (MUSCLE) (24), a bioinformatic tool included in MEGA7 (25).

For comparative genomic analysis, the complete genomes of Lactobacillus delbrueckii subsp. delbrueckii TUA4408L, KCTC 13731, DSN 20074, NBRC 3202, and KACC 13439 strains were used. Nucleotide sequences were obtained from GenBank and genomes were reannotated using Prokka (15). Roary 3.11.2, is a high-speed stand-alone pan genome pipeline, which takes annotated assemblies in GFF3 format produced by Prokka (26) and calculates the pan genome was used.



Cell Culture

The PIE cell line was originally established at Tohoku University from intestinal epithelia of unsuckled neonatal swine (10). PIE cells were maintained in DMEM medium supplemented with 10 % fetal calf serum (FCS), penicillin (100 mg/ml), and streptomycin (100 U/ml) at 37°C in a humidified atmosphere of 5% CO2. PIE cells grow rapidly without any transformation or immortalization. Their proliferative capability diminishes after 50 passages in culture. Therefore, PIE cells in this study had between 20th and 40th passages. The cultures were passaged routinely after reaching confluence of 80–90%.



Analysis of Antiviral Immunity in PIE Cells

PIE cells were seeded at 3.0 × 104 cells in 12 well type I collagen coated plates and incubated at 37°C, 5% CO2. After 3 days of culturing period, 1 ml of DMEM containing either L. delbrueckii (5 × 107 cells/ml), APS or NPS (100 ug/ml) was added. Cells were incubated at 37°C, 5% CO2 for 48 h. PIE cells were washed three times with fresh medium to eliminate lactobacilli or EPSs and subsequently stimulated with 10 ug/ml of poly(I:C) (Sigma Aldrich, USA) for 12 h. The expressions of interferon (IFN)-β, IL-6, IL-8, MCP-1, TNF-α, RNaseL, Myxovirus resistance gene A (MxA), retinoic acid-inducible gene I receptor (RIG-I), and TLR3 were quantified by qPCR as described below.



Analysis of TLR Negative Regulators in PIE Cells

In order to analyze the expression of negative regulators of TLR signaling, PIE cells were seeded at 3.0 × 104 cells/well in 12 well type I collagen coated plates and cultured at 37°C, 5% CO2 for 3 days. Then, 1 ml of DMEM containing either L. delbrueckii (5 × 107 cells/ml), APS or NPS (100 ug/ml) was added. After 48 h of stimulation, PIE cell were stimulated with poly(I:C) as described above, for 3, 6, and 12 h. The expression of TLR negative regulators single immunoglobulin IL-1-related receptor (SIGIRR), Toll interacting protein (Tollip), zinc finger protein A20 (A20), B-cell lymphoma 3-encoded protein (Bcl-3), mitogen-activated protein kinase-1 (MKP-1), and interleukin-1 receptor-associated kinase M (IRAK-M) were quantified by qPCR as described below.



RNA Extraction and qPCR

The total RNA was isolated by using TRIzol reagent (Invitrogen). The purity and quantity of RNA was analyzed by Nano drop spectrophotometer ND-1000 UV-Vis (NanoDrop Technologies, USA). The quantified RNA (500 ng) was used to synthesize cDNA by Thermal cycler (BIO-RAD, USA). The reaction mixtures (10 μl) were prepared using Quantitect reverse transcription (RT) kit (Qiagen, Tokyo, Japan) according to the manufacturer instructions. The qPCR was performed in a 7300 real-time PCR system (Applied Biosystems, Warrington, UK) with platinum SYBR green (qPCR supermix uracil-DNA glycosylase with 6-carboxyl-X-rhodamine, Invitrogen). The total volume of reaction mixture was 10 μl, which contained 2.5 μl of cDNA, and 7.5 μl of master mix that included RT enzyme, SYBR green, forward and reverse primers (1 pmol/μl). The reaction cycles were performed first at 50°C for 5 min; followed by 95°C for 5 min; then 40 cycles at 95°C for 15 s, at 60°C for 30 s and at 72°C for 30 s. According to the minimum information for publication of qPCR experiments guidelines, β-actin was used as a housekeeping gene because of its high stability across porcine various tissues (27, 28). Expression of β-actin was used to normalize cDNA levels for differences in total cDNA levels in the samples. Primers were described previously (11, 13).



Western Blotting Analysis

PIE cells were seeded (1.8 × 105 cells/dish) in 60 mm dishes and incubated at 37°C, 5% CO2 for 3 days. The confluent PIE cells were stimulated with lactobacilli or EPSs as described above. After stimulation, PIE cells were washed three times with fresh DMEM medium, treated with 10 ug/ml of poly(I:C) and studied in different time intervals (0, 30, 60, 120, 180, and 240 min). Then, PIE cells were washed three times with PBS and the harvested cells were lysed by adding 200 ul of CellLytic M cell lysis reagent (Sigma-Aldrich, St. Louis, MO, USA), containing protease inhibitors (Complete mini, PhosSTOP, Roche, Mannheim, Germany). Afterwards, the lysed cells were transferred to fresh Eppendorf tubes (1.5 ml), kept on ice for 5–10 min and sonicated three times at 50% for 3 sec and, centrifuged at 150 × 100 rpm for 5 min. Then, the concentration of protein in the resulting supernatants was estimated by using bicinchoninic acid (BCA) assay kit (Thermo Scientific, Pierce, Rockford, IL).

For western blot analysis, the protein samples (8 ug/sample) were loaded on 10% SDS-polyacrylamide gels and the electrophoretically separated proteins were transferred to a nitrocellulose membrane (Trans-Blot TurboTM, BIO-RAD). The membranes were cut and incubated with blocking buffer for 1–2 h before incubating with primary and secondary antibodies. TNF receptor-associated factor (TRAF3), Interferon regulatory factor 3 (IRF-3), p38 and the nuclear factor kappa B inhibitor alpha (IkBα) were evaluated using TRAF3 antibody (Cat. #4729), Phospho-IRF3 (Ser396) (4D4G, Cat. #4947) rabbit antibody, Phospho-p38 mitogen-activated protein kinase (Thr180/Tyr182) antibody (p-p38, Cat. #9211); and I kappaB-alpha antibody (IkBa, Cat. #9242) from Cell Signaling Technology (Beverly, MA, USA) at 1,000 times dilution of their original concentration, overnight at room temperature. Then, membranes were washed with TBS-T buffer and incubated with anti-rabbit IgG, AP-linked antibody (Cat. #7054) for 1–2 h at room temperature. After washing with TBS-T buffer, the membranes were spread with 200 ul of ECF substrate (GE Healthcare Japan Co., Tokyo, Japan) to detect optical protein bands and photographed by blot analyzer (Quantity One W409). The exhibited proteins bands were estimated from the peak area of densitogram by using Image J software (National Institute of Health, Bethesda, MD, USA). To detect each total protein, the same membranes were incubated in stripping solution for 10 min (Western Blot Re-Probe Kit, #JZ-008, Jacksun Easy Biotech, Inc., New York, USA), blocked (1–2 h), and subsequently incubated with IRF3 (D83B9, Cat. #4302) antibody, p38 MAPK antibody (p38, Cat. #9212), and β-actin (13E5, Cat. #4970) rabbit antibody, from Cell Signaling Technology.



Role of TLRs in the Immunomodulatory Activities of L. delbrueckii TUA4408L

The role of TLR2 and TLR4 in the immunomodulatory activities of L. delbrueckii TUA4408L and its EPSs were analyzed by using blocking experiments. Unlabeled anti-porcine TLR2 and TLR4-rabbit IgG antibodies (Biolegend, San Diego, CA) were used to block TLRs expression in PIE cells as described previously (11). Briefly, PIE cells were cultured (3.0 × 104 cells/ml) in 12 well type I collagen coated plates at 37°C, 5% CO2. After 3 days, the confluent cells were incubated with unlabeled anti-porcine TLR2 or TLR4 IgG antibodies (200 ng/ml) for 12 h. After treatment with blocking antibodies, PIE cells were treated with L. delbrueckii TUA4408L or its EPSs as described above. Finally, PIE cells were washed three times with fresh medium and subsequently stimulated with poly(I:C) (10 ug/ml) for 12 h at 37°C, 5% CO2. The expression of IFN-β, IL-6, IL-8, MCP-1, and TNF-α were examined by qPCR as described before.



Rotavirus Infection

PIE cells were plated (5.0 × 103) in 96 well type I collagen coated microplate (SUMILON, Tokyo, Japan) and incubated at 37°C, 5 % CO2. One ml of DMEM containing either L. delbrueckii (5 × 107 cells/ml), APS or NPS (100 ug/ml) was added. After 48 h incubation, the cells were treated with trypsin-activated rotavirus UK, and incubated at 37°C, 5% CO2. At hour 16 post-inoculation, PIE cells were fixed after removal of the inoculums and the infected virus titer were analyzed by immunofluorescence staining as described previously (13). Infection rate of UK rotavirus in PIE cells is 4.6 log10 FFU/0.1 ml (13). In addition, the expression of IFN-β, MxA, RIG-I, TLR3, IL-6, IL-8, and MCP-1 were quantified by qPCR.



Statistical Analysis

Statistical analyses were performed using the GLM and REG procedures available in the SAS computer program (SAS, 1994). Comparisons between mean values were carried out using one-way analysis of variance and Fisher's least-significant-difference (LSD) test. For these analyses, P values of < 0.05 were considered significant.




RESULTS


General Features of L. delbrueckii TUA4408L Genome

The genome of L. delbrueckii TUA4408L was assembled into a single circular chromosome composed of 2,012,440 bp with 49.9% G+C content (Figure 1A; Table 1). Genome sequencing also revealed that TUA4408L strain is a plasmid-free bacterium. A total of 2,029 genes (1,755 protein-coding genes), 27 rRNA (including 5S, 16S, and 23S genes), 95 tRNA, 3 ncRNA, and 222 pseudo genes were found in the circular chromosome of TUA4408L strain (Table 1).
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FIGURE 1. Genomic analysis of the exopolysaccharide (EPS) producing strain Lactobacillus delbrueckii subsp. delbrueckii TUA4408L. (A) Genome was sequenced with the PacBio sequencing platform, assembled with HGAP 3.0, and annotated with NCBI Prokaryotic Genome Annotation Pipeline. Circular genome map of the TUA4408 strain was generated with the CGView Server. Genome sequencing project was deposited in GenBank under accession number CP021136. (B) EPS gene cluster and genomic islands are highlighted in the circular genome map of the TUA4408 strain was generated with the CGView Server. (C) Phylogenetic tree of Lactobacillus delbrueckii subsp. delbrueckii constructed based on multilocus sequence typing (MLST) genes. Seven different housekeeping genes of L. delbrueckii were used to construct the MLST phylogenetic tree including fusA, gyrB, hsp60, ileS, pyrG, recA, and recG. (D) Pangenome analysis of L. delbrueckii subsp. delbrueckii. The complete genomes of TUA4408L, KCTC 13731, DSN 20074, NBRC 3202, and KACC 13439 strains were used. Nucleotide sequences were obtained from GenBank and genomes were reannotated using Prokka. Roary 3.11.2 pangenome pipeline was used for analysis. (E) Analysis of the EPS gene cluster of TUA4408L strain.Comparison of EPS gene cluster among L. delbrueckii subsp. delbrueckii TUA4408L and L. delbrueckii subsp. bulgaricus Lfi5. The predicted functions of genes are indicated by colors as follow: assembly (green), modulation (yellow), and glycosyltransferase (blue).





Table 1. Comparison of the general genome features of sequenced Lactobacillus delbrueckii subsp. delbrueckii.
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By using the PHage Search Tool (PHAST), L. delbrueckii TUA4408L genome was predicted to have two incomplete prophage regions, located at positions 136643–147495 (10.8 Kbp) and 474436–498733 (24.2 Kbp). In addition, genomics islands were found in different blocks of TUA4408L genome (Figure 1B). The in silico analysis of the distribution, the presence and type of bacteriocin genes was evaluated in L. delbrueckii TUA4408L using BAGEL4 software and BLASTx algorithm. Analysis of genome sequence of the TUA4408L strain revealed the presence of two ORF encoding enterolysin A, a cell wall-degrading bacteriocin widely distributed among Enterococcus strains (29, 30). This gene is also detected among L. delbrueckii genomes with high percentage of identity (data not shown). Antibiotic resistance genes were not found in the TUA4408L strain by using ARDB and CARD. The genome of L. delbrueckii TUA4408L contains CRISPR loci and Cas proteins that provide sequence-specific protection against foreign DNA (31). In the TUA4408L genome we found a type IC CRISPR–Cas system constituted by cas3, cas5, cas8c, cas7, cas4, cas1, cas2, and a CRISPR array with 33 short direct repeats and 18 spacers.

RAST analysis indicated that L. delbrueckii TUA4408L has a remarkable potential to metabolize sugars since its genome contains several genes related to chitin, N-acetylglucosamine, sucrose, maltose, maltodextrin, mannitol, and D-ribose utilization. In addition, genes for trehalose, lactose and galactose uptake and utilization, as well as trehalose biosynthesis were found in the genome.

We also compared the genome of the TUA4408L strain with the available genomes of other L. delbrueckii subsp. delbrueckii strains including DSM 20074, NBRC 2302, KCTC 13731, and KACC 13439 (Figures 1C,D). Phylogenetic tree constructed on multilocus sequence typing (MLST) showed that L. delbrueckii TUA4408L clustered separated from the other sequenced strains (Figure 1C). In order to obtain better insight into the specific features of L. delbrueckii TUA4408L, we performed a pangenome analysis with the TUA4408L genome and the four genomes mentioned before. We found that 1,284 genes belong to the coregenome sheared by the five strains evaluated while 1,573 genes belong to the accessory pangenome (Figure 1D). A relative low number of unique genes were found for NBR 2303 (15 genes), and KACC 13439 (72 genes) strains, probably because they are not completely sequenced. L. delbrueckii KCCT 13731 and DSM 20074 strains had 107 and 200 unique genes, respectively (Figure 1D). Interestingly, L. delbrueckii TUA4408L had 338 unique genes including 136 proteins with known functions and 202 hypothetical proteins.

Among the unique genes present in the L. delbrueckii TUA4408L genome, we found glycosyltransferases involved in EPS biosynthesis (discussed below). In addition, several genes involved sugar metabolism were found in the TUA4408L strain but not in the other L. delbrueckii subsp. delbrueckii strains analyzed (Supplemental Table 1). The phosphoenolpyruvate-dependent sugar phosphotransferase system (PTS), a major carbohydrate active transport system, catalyzes the phosphorylation of incoming sugar substrates concomitant with their translocation across the cell membrane. Several PTS genes were found in the group of unique genes from the TUA4408L strain including those involved in the transport of glucose (crr3), lactose (lacF), mannose (manX, manZ), oligoglucomannans such as cellobiose (celA, celD, bglK) and mannobiose (gmuC), lichenan (licA, licC), maltose (malP), the chitin disaccharide N,N'-diacetylchitobiose (chbB), and L-sorbose (sorA, sorB) (Supplemental Table 1). Transporters for trehalose (sugC), ribose (rbsB), and L-arabinose (araQ), genes involved in the utilization of different sugars including bglA that plays a major role in the utilization of arbutin or salicin, and levS that participates in starch and sucrose metabolism, as well as genes involved in the biosynthesis of glycogen (glgA, glgB, glgC, and glgD), galactofuranose glycoconjugates (glf), and sucrose (inuJ) were also found in the group of unique genes of TUA4408L.



Characterization of EPS Gene Cluster of L. delbrueckii TUA4408L

As expected, all the genes necessary for EPS production were found in the genome of L. delbrueckii TUA4408L (Figure 1E). In LAB, it has been described that a typical EPS gene cluster consists of five highly conserved genes epsA, epsB, epsC, epsD, and epsE, and a variable region, which includes the genes for the polymerase wzy, the flippase wzx, and a variable number of glycosyltransferases and other polymer-modifying enzymes [reviewed in (2)]. This type of EPS gene cluster structure has been described for L. delbrueckii subsp. bulgaricus Lfi5 (32). An 18Kpb DNA region containing 14 genes, designated epsA to epsN, was isolated by genomic DNA library screening and inverted PCR for the Lfi5 strain (Figure 1E). Similarly, epsA to epsE genes are present in the genome of L. delbrueckii TUA4408L (Figure 1E), which show high percentages of identity with those described in the Lfi5 strain (Supplemental Table 2). Therefore, putative functions for these EPS gene products in L. delbrueckii TUA4408L could be assigned by sequence similarities: epsA would be a positive regulator of the eps operon, the epsBCD would be a phosphoregulatory system, while epsE would be the phosphoglucosyltransferase initiating the biosynthesis of EPS. The polymerase wzy (epsK) and the flippase wzx (epsN) are also found in the EPS cluster of L. delbrueckii TUA4408L (Figure 1E). In addition, seven genes coding for glycosyltransferases are present in the TUA4408L genome including members of the glycosyltransferases superfamilies GTB, glyco-transf-2-3, Caps-Shynth and Core-2/I-branching enzyme (Supplemental Table 3). Most of the genes in the EPS cluster of L. delbrueckii TUA4408L are tightly coupled (Figure 1E); significant intergenic gaps only exist between gst3 and gst4 (3,989 bp) and between gst4 and epsN (5,754 bp). However, predictable transcription terminators or consensus promoter sequences were not found in these gaps.



L. delbrueckii TUA4408L and its EPSs Improve Resistance of PIE Cells to Rotavirus Infection and Differentially Modulate Antiviral Immune Response

We aimed to evaluate the capacity of EPSs from L. delbrueckii TUA4408L to improve the resistance against rotavirus infection in PIE cells that are susceptible to the infection with this pathogen (27). PIE cells were stimulated with L. delbrueckii, APS or NPS for 48 h and then challenged with rotavirus strain UK. As we described previously, rotavirus UK efficiently replicated in PIE cells (Figure 2). Of interest, the three treatments L. delbrueckii, APS and NPS were able to significantly reduce rotavirus replication in PIE cells (Figure 2).
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FIGURE 2. Antiviral activity of exopolysaccharides (EPS) from Lactobacillus delbrueckii subsp. delbrueckii TUA4408L in porcine intestinal epithelial (PIE) cells. EPS was fractionated into neutral (NSP) and acidic (APS) EPS by standard chromatographic methods. PIE cells were treated with lactobacilli, APS, NPS, or medium for 48 h and then infected with rotavirus. The virus titers were analyzed by immunofluorescence staining 16 h after challenge. The expression of interferon β (IFN-β), MxA, Toll-like receptor (TLR)-3, retinoic acid-inducible gene I receptor (RIG-I), interleukin 6 (IL-6), IL-8, and monocyte chemoattractant protein-1 (MCP-1) was evaluated 16 h after rotavirus challenge. The results are expressed as mean ± SD and represent data from three independent experiments (n = 3 in each experiment). Asterisks indicate significant differences when compared to rotavirus-challenged control PIE cells (*P < 0.05 and **P < 0.01).



The innate antiviral immune response triggered by rotavirus infection was also evaluated. The challenge of PIE cells with rotavirus significantly increased the expression of IFN-β, MxA, IL-6, IL-8, and MCP-1 when compared to untreated control cells, in line with our previous findings (27). Treatment of PIE cells with L. delbrueckii TUA4408L, NPS or APS significantly increased the expression of IFN-β and MxA when compared to controls (Figure 2). However, APS and L. delbrueckii were more efficient to improve the expression of both antiviral factors than NPS. No significant differences were observed between control and treated PIE cells when the expression levels of RIG-I or TLR3 were evaluated after rotavirus infection (Figure 2). When the inflammatory cytokines and chemokines were analyzed, it was observed that each treatment induced a characteristic change in IL-6, IL-8, and MCP-1 expression in PIE cells after rotavirus infection (Figure 2). APS significantly enhanced the expression of IL-6 and IL-8, while NPS reduced the expression of IL-8 and MCP-1 in infected PIE cells when compared to untreated controls. In addition, L. delbrueckii TUA4408L diminished IL-8 expression in in PIE cells afterrotavirus infection (Figure 2).



L. delbrueckii TUA4408L and its EPSs Differentially Modulate the TLR3-Triggered Cytokine Response in PIE Cells

Considering the ability of EPSs from L. delbrueckii TUA4408L to improve innate immune response against rotavirus, we next evaluated their influence in the innate antiviral immune response triggered by TLR3, which is known to be the main pattern recognition receptor (PRR) activated by this pathogen (33). For this purpose, PIE cells were stimulated with L. delbrueckii, APS, or NPS for 48 h and then challenged with the TLR3 ligand poly(I:C). The expression of IFN-β, IL-6, IL-8, MCP-1, and TNF-α were determined at different time points after poly(I:C) stimulation as shown in Figure 3. Poly(I:C) significantly increased the expression of all the inflammatory factors evaluated when compared to untreated control cells, in line with our previous findings (34, 35). Treatment of PIE cells with L. delbrueckii TUA4408L significantly increased the expression of IFN-β at hours 6 and 12 post-poly(I:C) stimulation. APS also increased the expression of IFN-β on hour 12 while NPS did not induce changes in the expression of this type I IFN (Figure 3).
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FIGURE 3. Immunomodulatory activity of exopolysaccharides (EPS) from Lactobacillus delbrueckii subsp. delbrueckii TUA4408L in porcine intestinal epithelial (PIE) cells. EPS was fractionated into neutral (NSP) and acidic (APS) EPS by standard chromatographic methods. PIE cells were treated with lactobacilli, APS, NPS or medium for 48 h and then stimulated with the Toll-like receptor (TLR)-3 agonist poly(I:C). PIE cells without poly(I:C) stimulation were used as controls. The expression of interferon β (IFN-β), interleukin 6 (IL-6), IL-8, monocyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor (TNF-α) was evaluated at 3, 6, and 12 h after poly(I:C) challenge. The results are expressed as mean ± SD and represent data from three independent experiments (n = 3 in each experiment). Asterisks indicate significant differences when compared to poly(I:C)-challenged control PIE cells (*P < 0.05, **P < 0.01).



L. delbrueckii TUA4408L significantly reduced the expression of IL-6 and IL-8 early at hour 3 after poly(I:C) stimulation, and TNF-α at hour 12 (Figure 3). No effect on MCP-1 expression was observed in lactobacilli-treated cells. APS and NPS treatments significantly reduced the expression of IL-6, IL-8, and MCP-1 at hour 12 after poly(I:C) stimulation, while the both treatments enhanced the levels of TNF-α mRNA at hour 3 (Figure 3).

Taking into consideration the ability of L. delbrueckii and its EPSs to differentially modulate the expression of IFN-β in PIE cells after TLR3 activation, we next evaluated the expression of factors involved in antiviral defenses that are induced by this type I IFN including RNaseL, MxA, RIG-I, and TLR3 (Figure 4). The three treatments improved the expression of TLR3 (Figure 4) and MxA (data not shown) in poly(I:C)-treated PIE cells while no changes were observed in RIG-I (Figure 4) and RNaseL (data not shown) mRNA levels at hour 12 after poly(I:C) stimulation. When MxA and RNaseL were evaluated at hour 24 after poly(I:C) challenge, we found that treatments improved the expression of MxA while L. delbrueckii TUA4408L and APS increased RNaseL (Figure 4).
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FIGURE 4. Immunomodulatory activity of exopolysaccharides (EPS) from Lactobacillus delbrueckii subsp. delbrueckii TUA4408L in porcine intestinal epithelial (PIE) cells. EPS was fractionated into neutral (NSP) and acidic (APS) EPS by standard chromatographic methods. PIE cells were treated with lactobacilli, APS, NPS or medium for 48 h and then stimulated with the Toll-like receptor (TLR)-3 agonist poly(I:C). PIE cells without poly(I:C) stimulation were used as controls. The expression of the pattern recognition receptors TLR3 and RIG-I was evaluated 12 h after poly(I:C) challenge and the antiviral factors RNAseL and MxA 24 h after stimulation. The results are expressed as mean ± SD and represent data from three independent experiments (n = 3 in each experiment). Asterisks indicate significant differences when compared to poly(I:C)-challenged control PIE cells (*P < 0.05).





L. delbrueckii TUA4408L and its EPSs Differentially Modulate TLR3 Signaling Pathway in PIE Cells

The TLR3 signaling pathway in PIE cells was studied by evaluating TRAF3, p-IRF3/IRF3, p-p38/p38, and IκBα by western blot analysis for 120 min after poly(I:C) stimulation (Figure 5).
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FIGURE 5. Effect of exopolysaccharides (EPS) from Lactobacillus delbrueckii subsp. delbrueckii TUA4408L on signaling pathways in porcine intestinal epithelial (PIE) cells. EPS was fractionated into neutral (NSP) and acidic (APS) EPS by standard chromatographic methods. PIE cells were treated with lactobacilli, APS, NPS or medium for 48 h and then stimulated with the Toll-like receptor (TLR)-3 agonist poly(I:C). PIE cells without poly(I:C) stimulation were used as controls. The proteins from lysed cells were extracted at the indicated time points and separated by SDS-PAGE. Western-blot was performed to quantify TRAF3, p-IRF3/IRF3/, p-p38/p38, and IκBα levels. Intensities of proteins bands were calculated from peak area of densitogram by using image J software. Three independent experiments, one representative experiment is shown. Asterisks indicate significant differences when compared to time 0 for each group (*P < 0.05).



Challenge of PIE cells with poly(I:C) significantly reduced the levels of the IκBα between 10 and 60 min, indicating the activation of the NF-κB pathway (Figure 5). IκBα levels were also reduced between minutes 10 and 30 in PIE cells prestimulated with L. delbrueckii TUA4408L or NPS while APS-treated cells showed no reduction in IκBα following poly(I:C) challenge. In addition, the three treatments significantly increased IκBα in PIE cells at minute 120 when compared with control cells (Figure 5). No significant changes were observed in the p-p38/p38 ratio in PIE cells after poly(I:C) challenge with the exception of NPS-treated cells that showed increased p-p38/p38 ratios at minutes 30 and 120 (Figure 5).

Poly(I:C) stimulation reduced TRAF3 at minute 30 (Figure 5). Similarly, diminished levels of TRAF3 were observed in APS–treated PIE at minute 30. NPS significantly increased TRAF3 at minutes 10, 30, and 120 while no changes were observed in TRAF3 levels in L. delbrueckii–treated PIE (Figure 5). In addition, enhanced p-IRF3/IRF3 ratio was observed in PIE cells 120 min after poly(I:C) challenge. However, in L. delbrueckii– and NPS–treated PIE cells, the p-IRF3/IRF3 ratio was significantly increased earlier at minute 10 while this increment was observed for APS treatment at minute 30 (Figure 5).



L. delbrueckii TUA4408L and its EPSs Modulate Negative Regulators of TLR Signaling in PIE Cells

Several intracellular and transmembrane proteins are known to modulate the activation of TLR3 acting as negative regulators. Considering the effects of L. delbrueckii TUA4408L and its EPSs on TLR3 signaling described above, we next aimed to evaluate whether these treatments were able to induce changes in the expression of several negative regulators of TLR3 in PIE cells after poly(I:C) challenge. The expression of the negative regulators: single immunoglobulin IL-1 related receptor (SIGIRR), toll interacting protein (Tollip), A20, B-cell lymphoma 3- encoded protein (Bcl-3), interleukin-1 receptor associated kinase M (IRAKM-1), and mitogen activated protein kinase phosphate 1 (MKP-1) were evaluated as shown in Figure 6.
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FIGURE 6. Effect of exopolysaccharides (EPS) from Lactobacillus delbrueckii subsp. delbrueckii TUA4408L on the expression of negative regulators of the Toll-like receptor (TLR) signaling in porcine intestinal epithelial (PIE) cells. EPS was fractionated into neutral (NSP) and acidic (APS) EPS by standard chromatographic methods. PIE cells were treated with lactobacilli, APS, NPS or medium for 48 h and then stimulated with the Toll-like receptor (TLR)-3 agonist poly(I:C). PIE cells without poly(I:C) stimulation were used as controls. The expression of single immunoglobulin IL-1-related receptor (SIGIRR), Toll interacting protein (Tollip), zinc finger protein A20 (A20), B-cell lymphoma 3-encoded protein (Bcl-3), mitogen-activated protein kinase-1 (MKP-1), and interleukin-1 receptor-associated kinase M (IRAK-M) was evaluated at 3, 6, and 12 h after poly(I:C) challenge. The results are expressed as mean ± SD and represent data from three independent experiments (n = 3 in each experiment). Asterisks indicate significant differences when compared to poly(I:C)-challenged control PIE cells (*P < 0.05).



Activation of TLR3 in PIE cells induced an early and strong up-regulation of A20 and Bcl-3 that was sustained during the studied period. In addition, increased expression of SIGIRR, Tollip, MKP-1, and IRAK-M was observed at hour 3 after poly(I:C) challenge. However, the expression of these four negative regulators returned to basal levels in hours 6 and 12 (Figure 6).

The three treatments L. delbrueckii, APS and NPS significantly reduced the expression of SIGIRR and A20 in poly(I:C)-challenged PIE cells early in hour 3 (Figure 6). Moreover, the expression of A20 remained reduced when compared to controls until hour 6 in L. delbrueckii- and NPS-treated PIE cells. Interestingly, A20 expression was significantly higher in L. delbrueckii TUA4408L-treated PIE cells at hour 12 when compared to the other experimental groups (Figure 6).

APS treatment was able to enhance the expression of Tollip and IRAK-M between hours 3 and 6 after poly(I:C) challenge while NPS increased the expression of IRAK-M at hour 6. In addition, L. delbrueckii TUA4408L-treated PIE cells showed an improved expression of Tollip and Bcl-3 at hours 6 and 3 after poly(I:C) challenge, respectively (Figure 6).



Role of TLR2 and TLR4 on the Immunomodulatory Activities of L. delbrueckii TUA4408L and its EPSs

Previously, we demonstrated that the ability of L. delbrueckii TUA4408L and its EPSs to differentially modulate the immune response triggered by TLR4 activation is partially dependent on TLR2 and TLR4 (11). Then, we next aimed to find out whether the immunoregulatory effects observed in the context of TLR3 activation were also dependent on both TLRs. For this purpose, anti-TLR2 or anti-TLR4 blocking antibodies were used before the stimulation with L. delbrueckii, APS, or NPS, and the subsequent challenge with poly(I:C).

The treatment of PIE cells with anti-TLR2 antibodies abolished the ability of L. delbrueckii to improve IFN-β and reduce the expression of IL-6, IL-8, and TNF-α after TLR3 activation, while anti-TLR4 antibodies did not induce significant changes in the immunomodulatory activity of the TUA4408L strain (Figure 7). Similarly, the treatment of PIE cells with anti-TLR2 antibodies abolished the ability of NPS to reduce the expression of IL-6, IL-8, and MCP-1 after TLR3 activation, while anti-TLR4 antibodies had no effect. On the contrary, anti-TLR2 antibodies did not induce modifications in the expression of inflammatory factors in APS-treated PIE cells. However, anti-TLR4 antibodies abolished the ability of APS to improve IFN-β and reduce inflammatory cytokines after TLR3 activation (Figure 7).


[image: image]

FIGURE 7. Role of Toll-like receptor (TLR)-2 and TLR4 in the immunomodulatory activity of exopolysaccharides (EPS) from Lactobacillus delbrueckii subsp. delbrueckii TUA4408L in porcine intestinal epithelial (PIE) cells. EPS was fractionated into neutral (NSP) and acidic (APS) EPS by standard chromatographic methods. PIE cells were incubated with anti-TLR2 or anti-TLR4 antibodies, treated with lactobacilli, APS or NPS for 48 h and, then stimulated with the TLR3 agonist poly(I:C). The expression of interferon β (IFN-β), interleukin 6 (IL-6), IL-8, monocyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor (TNF-α) was evaluated 12 h after poly(I:C) challenge. The results are expressed as mean ± SD and represent data from three independent experiments (n = 3 in each experiment). Asterisks indicate significant differences when compared to poly(I:C)-challenged control PIE cells non treated with blocking antibodies (*P < 0.05).






DISCUSSION

In this work, we reported and analyzed, for the first time, the complete genome of an industrial L. delbrueckii subsp. delbrueckii strain that has remarkable immunomodulatory properties (11). Genomic analysis revealed that the TUA4408L strain has an interesting metabolic potential relating to sugar assimilation and synthesis. This finding is in line with our results demonstrating the ability of the TUA44008L strain to growth and ferment several substrates such as pickles or soymilk, and to growth in several simple mediums containing only one source of sugars (unpublished data). In addition, we reported here the identification and genomic characterization of a chromosomally located EPS cluster from L. delbrueckii TUA4408L. The predicted gene products in the EPS cluster are homologous to proteins involved in the biosynthesis of other bacterial polysaccharides and the genetic organization was found to be similar to the EPS cluster from other species of lactobacilli (2, 32). In LAB, a typical EPS gene cluster consists of five highly conserved genes epsA-epsE, the polymerase wzy, the flippase wzx, and a variable number of glycosyltransferases and other polymer-modifying enzymes (2). This EPS gene cluster structure has been described and studied in L. delbrueckii subsp. bulgaricus Lfi5 (Figure 8A) (32). In L. delbrueckii TUA4408L genome, we found the genes encoding for the polysaccharide assembly machinery including those involved in the initiation of EPS biosynthesis (epsE), export (wzx/epsN), attachment (epsA), polymerization (wzy/epsK), as well as the phosphoregulatory module epsBCD (2). In addition, a variable region containing genes for seven putative glycosiltransferases was found in the TUA4408L EPS cluster (Figure 8A). It was also described that EPS gene clusters are highly diverse and their nucleotide sequences are among the most variable sequences in LAB genomes. In fact, insertion sequence elements flanking or within the operon are consistently present in the architecture of EPS gene clusters (36). We also have found this characteristic in the EPS cluster from L. delbrueckii TUA4408L.
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FIGURE 8. (A) Schematic genetic organization of the exopolysaccharides (EPS) gene cluster of Lactobacillus delbrueckii subsp. delbrueckii TUA4408L compared with the EPS gene cluster of Lactobacillus delbrueckii subsp. bulgaricus Lfi5. Gene functional grouping is marked with different colors. The nomenclature currently used for designating the genes in eps clusters encoding the Wzy-dependent pathway differs among organisms. For a generic LAB eps gene cluster, it was proposed to designate the five first conserved genes epsABCDE, the polymerase wzy/epsK and the flippase wzx/epsN. This nomenclature was used to designate those genes in the TUA4408L EPS cluster. In addition, the seven glycosiltransferases present in the TUA4408L EPS cluster were designated as epsF to epsJ, and epsL according to their location in the cluster. It should be noted that these genes are different from those with the same designation in the L. bulgaricus Lfi5 EPS cluster. (B) Proposed mechanisms for the antiviral activity of L. delbrueckii subsp. delbrueckii TUA4408L and its acidic extracellular polysaccharide (APS), and the EPS of Lactobacillus delbrueckii subsp. bulgaricus OLL1073R-1 in porcine intestinal epithelial (PIE) cells after stimulation with the Toll-like receptor (TLR)-3 agonist poly(I:C) or infection with rotavirus.



A region containing seven genes for glycosyltransferases was found in L. bulgaricus Lfi5 EPS cluster (32), and the work suggested that all these putative glycosyltransferases were involved in the sequential biosynthesis of the EPS repeating unit. In fact, their number (seven) corresponded to the number of sugar residues present in the EPS repeating unit from Lfi5 strain (32). Preliminarily chemical evaluation of the EPS of L. delbrueckii TUA4408L indicated that the monosaccharaides glucose, mannose, galactose, arabinose and galacturonic acid are present in the EPS (unpublished data). Moreover, a branching glucose would be also present in the structure of the EPS repeating unit in the TUA4408L strain. Taking into consideration that glycosyltransferases constitute a large family of diverse proteins that have a wide range of enzymatic activities and functions, the prediction of the function of a putative glycosyltransferase by analyzing sequence homology is problematic because there are many examples of closely related sequences having different catalytic activity (37). Therefore, more detailed studies are necessary in order to characterize the glycosyltransferases epsF to epsJ, and epsL present in the L. delbrueckii TUA4408L EPS cluster as well as its chemical structure.

In addition to its genomic characterization, we have further advanced here in the study of the immunomodulatory properties of L. delbrueckii TUA4408L and its EPS. We have demonstrated that L. delbrueckii TUA4408L and its EPS are capable to regulate the innate immune response induced by the activation of TLR3 and improve the resistance of PIE cells against rotavirus infection.

Rotavirus is a naked double-stranded RNA (dsRNA) virus that infects mature intestinal epithelial cells. These cells sense rotavirus dsRNA through PRRs such as TLR3 and activate cellular signaling cascades to react to viral infection (33, 38). As a result of TLR3 activation, IFNs, IFN-regulated factors, cytokines, and chemokines are produced by infected cells in order to induce the recruitment and activation of immune cells and establish an antiviral state for virus clearance (33). Among the antiviral factors produced by infected cells, IFN-β is a key cytokine involved in the protection against rotavirus infection (39, 40), and therefore the improvement of this antiviral cytokine by intestinal epithelial cells have been used as a biomarker in the searching of beneficial microbes able to protect against rotavirus infection (reviewed in (33). In this regard, we have evaluated the suitability of PIE cells to be used as an efficient in vitro system for the search of beneficial microbes with antiviral capacities for humans and pigs. Our studies have shown that PIE cells have functional TLR3 which signal via IRF3 and NF-κB, inducing the up-regulation of IFN-β and the antiviral effectors MxA and RNaseL that are able to inhibiting viral replication and proliferation (41, 42). Furthermore, by studying IRF3 and NF-κB signaling pathway we have been able to find and characterize beneficial microbes with remarkable antiviral capacities including L. casei MEP221106 (43), B. infantis MCC12, B. breve MCC1274 (13), L. rhamnosus CRL1505, and L. plantarum CRL1506 (34, 35). In this work, by evaluating the innate antiviral immune response triggered by TLR3 activation and rotavirus infection in PIE cells we demonstrated that L. delbrueckii TUA4408L and its EPS are able to modulate IRF3 and NF-κB signaling pathways, improve IFN-β, MxA, and RNaseL expression, and significantly reduce rotavirus replication (Figure 8B).

In agreement with our previous studies (13, 34, 35, 43), we found that L. delbrueckii TUA4408L and its EPS differentially modulated the expression of several negative regulators of the TLR signaling pathway. In particular, a significant reduction in the expression of the zinc-finger protein A20 was observed in PIE cells treated with the APS, NPS or the TUA4408L strain. It was established that A20 is able to suppress IRF3 activation conducting to the reduction of the IFN-mediated immune response (44). Then, the reduction of A20 expression in EPS- or TUA4408L-treated PIE cells would be related the improved IRF3 activation and IFN-β, MxA, and RNaseL expression.

In addition to their ability to enhance antiviral effectors, microbes that improve protection against rotavirus infections have also the capacity to differentially modulate the expression of proinflammatory cytokines and chemokines (13, 34, 35, 43). The efficient regulation of inflammatory response induced viral attack is essential to achieve full protection against infection since unregulated inflammatory responses have been linked to cellular damage and severe mucosal injury in the gut during the course of rotavirus infection (33, 45). L. delbrueckii TUA4408L and its EPS have this characteristic since IL-6, IL-8, MCP-1, and TNF-α in PIE cells after TLR3 activation or rotavirus challenge were differentially expressed when compared to untreated PIE cells. The effect of the TUA4408L strain and its EPS on proinflammatory factors expression was probably coupled to their ability to differentially modulate the expression of the TLR negative regulators SIGIRR, Tollip, IRAK-M, and Bcl-3 (Figure 8B).

Besides epithelial cells, we have previously used porcine intestinal antigen presenting cells primary cultures to evaluate the effect of immunomodulatory probiotic strains (46) and such studies can be expanded to the analysis of the immunomodulatory capacities of L. delbrueckii subsp. delbrueckii and their EPS in antigen presenting cells in the future.

We were also interested in investigating whether TLR2 and TLR4 were involved in the antiviral activities of L. delbrueckii TUA4408L and its EPS since our previous studies evaluating their ability to influence immune responses in PIE cells triggered by TLR4 activation demonstrated that both PRRs were involved in their immunomodulatory effects (11). Our experiments using blocking antibodies, knockdown PIE cells, and calcium mobilization, demonstrated that the immunoregulatory capacities of L. delbrueckii TUA4408L EPS was dependent on TLR2 while APS exerted its immunomodulatory effect through TLR4 (11). In this work, we obtained similar results since the ability of the TUA4408L strain and its APS to modulate TLR3-triggered antiviral immune response in PIE cells was dependent on TLR2 and TLR4, respectively. It would be interesting to evaluate in vivo the role of TLR2 and TLR4 in the immunomodulatory effects of TUA4408L strain and its APS and also the role of TLR9 as this importantly relates to the production of immunosuppressive IL-10.

To the best of our knowledge, few studies have demonstrated the beneficial effects of EPS produced by lactobacilli in the improvement of innate antiviral immune response in general and in epithelial cells in particular. In a recent study, we evaluated the immunomodulatory activities of L. delbrueckii subsp. bulgaricus OLL1037R-1 and demonstrated that its EPS was able to induce a significant increase in the expression of IFN-α, IFN-β, MxA, and RNaseL in PIE cells after the stimulation of TLR3, in a TLR2 dependent manner (47). Interestingly, although EPS improved IFN-β, MxA, and RNaseL expression in PIE cells, this effect was not similar with purified APS or NPS from the OLL1073R-1 strain. In fact, our results indicated that the complete EPS molecule was necessary for obtaining the highest immunomodulatory/antiviral activity in PIE cells (47). On the other hand, the results presented here indicate that the beneficial effect induced by the TUA4408L strain can be reproduced completely by APS treatment, indicating that this EPS fraction is involved in the modulation of antiviral immunity. Then, our research works clearly demonstrated that the immunomodulatory properties of the EPS produced by lactobacilli are strain specific and therefore, the EPS of each potential probiotic strain should be studied in depth since it is not possible to make extrapolations even with strains of the same species. One question that remains open is how the APS from TUA4408L and the EPS from OLL1037R-1 acting through different receptors, TLR4 and TLR2 respectively, are able to induce almost identical effects on innate antiviral immunity (Figure 8B): improvement of IFN-β, TRAF3/IRF3, MxA, and RNaseL, reduction of A20 expression and NF-κB activation, and differential modulation of inflammatory cytokines and chemokines. The answer to this question is an important topic for future research.

The functional and genomic comparative studies of the effect of different EPS, APS, and NPS from L. delbrueckii subsp. delbrueckii strains with and without antiviral capabilities could be of great importance to deepen the knowledge of the molecular mechanisms related to its beneficial effects and to find those that are more efficient in the protection against viral infections. Moreover, the study and characterization of the EPS gene clusters of immunomodulatory lactobacilli, in particular of their variable regions, could provide bacterial biomarkers that allow an efficient screening in the search for EPS-producing strains with antiviral capabilities for its application in immunomodulatory functional foods and feeds. The genomic characterization of L. delbrueckii subsp. delbrueckii TUA4408L and the evaluation of the immunomodulatory/antiviral properties of its EPS reported here is an important advance in this line of research.
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Modern animal and crop production practices are associated with the regular use of antimicrobials, potentially increasing selection pressure on bacteria to become resistant. Alternative approaches are needed in order to satisfy the demands of the growing human population without the indiscriminate use of antimicrobials. Researchers have brought a different perspective to solve this problem and have emphasized the exploitation of animal- and plant-associated microorganisms that are beneficial to their hosts through the modulation of the innate immune system. There is increasing evidence that plants and animals employ microbial perception and defense pathways that closely resemble each other. Formation of pattern recognition receptor (PRR) complexes involving leucine-rich repeat (LRR)-containing proteins, mitogen-activated protein kinase (MAPK)-mediated activation of immune response genes, and subsequent production of antimicrobial products and reactive oxygen species (ROS) and nitric oxide (NO) to improve defenses against pathogens, add to the list of similarities between both systems. Recent pioneering work has identified that animal and plant cells use similar receptors for sensing beneficial commensal microbes that are important for the maintenance of the host's health. Here, we reviewed the current knowledge about the molecular mechanisms involved in the recognition of pathogenic and commensal microbes by the innate immune systems of animal and plants highlighting their differences and similarities. In addition, we discuss the idea of using beneficial microbes to modulate animal and plant immune systems in order to improve the resistance to infections and reduce the use of antimicrobial compounds.
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THE USE OF ANTIMICROBIALS IN LIVESTOCK AND CROPS: A GLOBAL PROBLEM

The increasing prevalence of antimicrobial resistance in pathogenic microorganisms of clinical importance exerts a tremendous pressure on human healthcare systems globally. There is a dramatic rise in the prevalence of infections caused by multidrug- or extremely drug-resistant pathogens, which is estimated to cause several hundred thousand deaths annually (1, 2). Perhaps the best examples are the infections caused by multidrug-resistant bacteria belonging to the Enterobacteriaceae group. This fact implies a great concern since these pathogens are common natural inhabitants of human and animal microbiomes. Moreover, infections caused by this group of bacteria are often associated with prolonged hospitalization, elevated costs and high mortality rates (1, 2). Resistance to antimicrobials is a naturally occurring phenomenon. However, the increasing use of antimicrobials by the mankind has created a strong and unnaturally high selection pressure for resistant microorganisms. The emergence and spread of antibiotics resistance in microorganisms has been accelerated around the world by several human behaviors, including inappropriate use of antimicrobial substances, poor prevention of infectious diseases, defective control of infected patients within healthcare systems, and the insufficient control of antibiotics release into the environment.

Agricultural and food industries have been benefited from the availability of antimicrobial compounds for animal production and crop protection. Antibiotics have been widely used in livestock diets during the past several decades due to their therapeutic effects (3, 4). Antibiotics are able to reduce the frequency of diarrhea and improve performance parameters like body weight gain or feed conversion ratio. These beneficial effects of feed antibiotics are generally explained by modifications of the intestinal bacteria and their interaction with the animal host, including bacterial interactions with intestinal tissues and the immune system (3, 4). Another class of agents used in agriculture are cationic metals that can be included in animal diets as nutritional supplements or spread on pastures to support crop growth and protection. Heavy metals, in particular, give rise to concerns among public health professionals, as they can persist in the environment for prolonged periods. Moreover, bacteria can also exhibit resistance to these chemical elements and the genes encoding this phenotype can be physically localized on plasmids that may also contain one or more antimicrobial resistance-encoding genes (5).

On the other hand, chemical pesticides including antimicrobials for protection of crops against bacterial plant diseases are limited in availability, use, and efficacy, and their affectivity is limited. Such antimicrobials are used for managing bacterial plant diseases of fruit trees, for which it has been proven to be economically feasible (6). Although the amount of antibacterial antibiotics used on plants is small compared to medical, veterinary, and livestock production uses, antibiotics-resistant bacterial plant pathogens have emerged, which further complicates the control of bacterial diseases of crops, especially fruit trees. In addition, the pollution with antimicrobial, mutagenic and carcinogenic compounds in aquatic and soil environments caused by the discharge industrial wastes, atmospheric deposition, and fertilizers is an emerging public health concern because of the potential in producing drug-resistant microbes that can be up-taken by food crops (7).

Antibiotics-resistant microorganisms of agricultural origin have significant public health implications since they can be transmitted to humans through the environment (8), and food products (9), and to agricultural workers by direct contact (10). It was suggested that repeated exposure to low doses of antimicrobial agents, that is the context in which growth-promoting antimicrobials are administered, creates ideal conditions for the emergence and spread of antibiotics-resistant bacteria (11).

Because of the concern that the use of antimicrobials in agricultural industry might contribute to a rise in bacterial antibiotics resistance, the use of some types of antibiotics have been restricted by some countries since the 1970's. In this regard, the European Union introduced a total ban on the application of antibiotics as feed additives from 2006 onwards (3, 12). These regulatory issues about the ban of antibiotic growth promoters together with the consumer's demand for a safe food production system have stimulated the search for alternative strategies to improve resistance against pathogens, promote growth and health of livestock (13, 14), and minimize the impact of the industry on the environment (3, 4).

In order to control infections, scientists poned that the modulation of animal and plant immune systems by using beneficial microbes able to confer health-promoting activities would be an interesting alternative. Plant and animal innate immune systems respond to pathogen infections but also regulate beneficial interactions with commensal and symbiotic microbes (15). Recent pioneering work revealed striking similarities between the molecular organization of animal and plant systems for non-self-recognition and anti-microbial defense. Studies have also identified that animal and plant cells use similar receptors for sensing beneficial commensal microbes that are important for the maintenance of the host's health. In this review we highlight current knowledge on the molecular mechanisms involved in the recognition of pathogenic and commensal microbes by the innate immune systems of animal and plants highlighting their differences and similarities. In addition, we discuss the idea of using beneficial microbes to modulate animal and plant immune systems to improve resistance to pathogen infections and to reduce the use of antimicrobial compounds in a biological way. The progress in our understanding of the cellular and molecular mechanisms of beneficial microbes-host interaction is reviewed in order to give a scientific basis for the design of new intervention strategies that can improve immune fitness of animals and plants in a more sustainable way.



INNATE IMMUNITY IN ANIMALS AND PLANTS

Animals and plants have acquired the ability to recognize conserved microbial molecules that are characteristic of microorganisms but are not found in animal or plant hosts. The recognition of these microbial molecules is a key step in innate immune defenses, and is mediated by a set of receptors referred to as pattern-recognition receptors (PRRs) that recognize the microbe-associated molecules (16). “Pathogen-associated molecular patterns” (PAMPs) is the term generally used when referring to the molecules that elicit innate immune responses. As classically defined, PAMPs are evolutionarily conserved pathogen-derived molecules that distinguish hosts from pathogens. PAMPs include, among others, lipopolysaccharide (LPS), peptidoglycan, bacterial flagellin, and yeast mannans (17). However, because non-pathogenic microbes also possess such molecules, the term “pathogen-associated” is a misnomer and a more precise term would seem to be “microbe-associated molecular patterns” (MAMPs) (16). Therefore, to avoid confusion here, the term “MAMP” is used instead of “PAMP.”

Remarkable similarities have been uncovered in the molecular mode of MAMP perception in animals and plants, including the discovery of plant receptors resembling mammalian Toll-like receptors (TLRs) or cytoplasmic nucleotide binding domain (NBD) and leucine-rich repeat (LRR) superfamily proteins (NLR) (15, 18). Changes in cytoplasmic Ca2+ levels, the production of reactive oxygen species (ROS) and nitric oxide (NO) as well as the post-translational activation of mitogen-activated protein kinase (MAPK) cascades are commonly reported to signal the activation of innate immune responses in plants (19). Intriguingly, most of these components have also been described to be of central importance to MAMP-induced activation of innate immune responses in animal cells (20). In addition, both plants and animals synthesize a wide range of small antimicrobial peptides and both produce an oxidative burst via conserved gp91phox NADPH oxidases after the pathogen encounter (16). Therefore, common features of innate immunity in animals and plants include defined receptors for microbe-associated molecules, conserved MAPK signaling cascades and the production of antimicrobial peptides and oxidative compounds (Figures 1, 2).
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FIGURE 1. Global overview of animal and plant innate immune systems. The inflammatory response triggered by pathogens in the animal host as well as pattern recognition receptor-triggered immunity and effector triggered immunity triggered by pathogens in the plant host are shown. Pattern recognition receptor (PRR), pathogen-associated molecular patterns (PAMPs), type III secretion system (T3SS), PAMP triggered immunity (PTI), effector-triggered immunity (ETI), tumor necrosis factor alpha (TNF-α), interleukin (IL), chemokine (C–X–C motif) ligand (CXCL), C-C motif chemokine ligand (CCL), granulocyte-colony stimulating factor (G-CSF), Granulocyte-macrophage colony-stimulating factor (GM-CSF).
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FIGURE 2. Comparison of the pattern recognition receptors and signaling pathways involved in the recognition of pathogenic microorganisms by animal and plant cells. Receptors, adaptors, signaling pathways, and effectors involved in the response of animal and plant cells to microbes are shown. Leucine-rich repeat (LRR), Toll/interleukin-1 receptor (TIR), nucleotide-binding oligomerization domain (NOD), myeloid differentiation primary response 88 (MyD88), TNF receptor associated factor (TRAF), interleukin-1 receptor-associated kinase (IRAK), mitogen-activated protein kinase (MAPK), (MAPKK), mitogen-activated protein kinase (MAPKKK), WRKY transcription factor (WRKY), nuclear factor kappa B (NF-kB), calcium-dependent protein kinase (CDPK), transcription factor (TF). NADPH oxidases are designated as RBOH in plants.




Animal Innate Immune System

In animals, epithelial cells from the skin and mucosal surfaces, including those lining the respiratory, urogenital and gastrointestinal tracts, provide a physicochemical barrier between the host cells and the outside world including microorganisms. The mucosal surfaces and the skin also have an intricate network of immune cells that perform surveillance functions and have the ability to trigger defense mechanisms against invading pathogens. Antigen presenting cells including dendritic cells and macrophages reside in tissues throughout the body and are especially abundant in areas where infections are likely to arise. In addition, epithelial cells from skin and mucosal surfaces have also immune functions since they are able to deliver signals to immune cells when potentially dangerous microorganisms have reached the host (21, 22). Therefore, when a pathogen invades a tissue, epithelial and immune cells elicit an inflammatory response in order to limit its replication and dissemination (Figure 1). This response is characterized by an initial recognition of MAMPs of pathogens by PRRs expressed in epithelial and immune cells leading to production of immune factors including type I interferons (IFNs), cytokines and chemokines. Those biological mediators are responsible for the recruitment and activation of additional immune cells that participate in the innate immune response (21, 22). Changes in the microenvironment of infected tissue induce the blood vessels to dilate and become permeable to fluid and proteins. At the same time, the endothelial cells lining the local blood vessels are stimulated to express cell adhesion proteins that facilitate the attachment and extravasion of immune cells including neutrophils and monocytes (Figure 1). Both types of phagocytes possess an extraordinary capacity to kill pathogens through a wide range of antimicrobial agents including antimicrobial proteins and oxidative compounds. Pathogenic stimuli activate pathways in neutrophils and macrophages that signal for the phosphorylation and assembly of the NADPH oxidase that then produces superoxide and H2O2 in a process known as the respiratory burst. In addition, the inducible enzyme NO synthase (iNOS) is expressed in phagocytes leading to NO production that is a gas with highly reactive properties (21, 22).



Plant Innate Immune System

The entry of pathogenic bacteria into the plants' tissues is the first and most important step in infectious diseases. Foliar bacterial pathogens mainly enter into the plant cells through the open stomata, water pores, or physical injuries (23, 24). Bacteria colonize the plant apoplast of a leaf, extensively multiply in the apoplast and inject several immune-suppressive effector molecules into plant cells through the type III secretion system (TTSS) (Figure 1). Those effector molecules induce visible disease-associated necrosis and chlorosis (25). On the other hand, bacterial pathogens living in the rhizosphere invade root tissues through small wounds after which they colonize intercellular spaces and stem tissues (26). Then, plants develop symptoms, such as bacterial wilt that are caused by suppressed water fluxes (26), or damping-off and root rot symptoms caused by degradation enzymes and toxins secreted by bacteria in vascular tissues (27).

In order to protect themselves against bacterial pathogens, plants have developed highly effective defense systems. In plants, there are no specialized immune cells such as macrophages, neutrophils, or dendritic cells that are the key players of the animal immune system. In contrast, plants are autonomously capable of recognizing the presence of pathogens and trigger defense responses at the level of each single cell (Figure 1). As plants are lacking in mobile immune cells and the cellular adaptive immune systems, they are mainly dependent on innate immunity for protection against pathogens including efficient signaling mechanisms, which is now so-called the plant immune system (15).

Once the pathogen breaks the primary defense barriers, e.g., the stomata-mediated defense system, plants can detect several MAMPs including flagellin, translational elongation factor Tu (EF-Tu), cold-shock protein (CSP) or LPS (27–29). Recognition of MAMPs by PRRs locating at the plasma membrane of plant cells activates downstream signaling cascade and a series of defense responses including the synthesis of phytoalexins, cell wall strengthening, and accumulation of pathogenesis-related proteins such as lytic enzymes (chitinases, glucanases, and proteases) (Figure 1) (30–32). The MAMP-triggered immune system, which is named “PAMP triggered immunity” (PTI), prevents the establishment of infection in non-host plants.

Bacterial pathogens have various virulence strategies that inactivate PTI. For example, toxins produced by pathogenic bacteria are able to change plant metabolism in order to establish an advantageous environment for bacterial colonization. In addition, several bacterial pathogens have developed strategies to evade PTI. Multiple effector molecules are delivered by bacterial pathogens into plant cells through the TTSS in order to suppress PTI at various steps of the defense signaling pathways that confer disease resistance (33).

Plants have a second class of immune receptors that include intracellular immune receptors called resistance proteins (NB-LRR receptors). These intracellular receptors directly or indirectly recognize effectors secreted by pathogens into the host intracellular environment and activate effector-triggered immunity (ETI), which is often associated with rapid cell death, production of ROS and salicylic acid (SA), and the expression of defense-related genes (Figure 1) (34). Activation of ETI enables plants to respond rapidly and efficiently to virulent pathogens (35). In PTI and ETI, the production of ROS is an important early defense mechanism as in the innate immune response of animals (26, 33). Extracellular generation of ROS during the oxidative burst of plants depends on transient increases of cytosolic Ca2+ levels and appears to be mechanistically similar to the respiratory burst of animal phagocytes, which is catalyzed by an NADPH oxidase protein complex. Plants harbor a family of genes with significant homology to the human gene encoding the catalytic subunit gp91 of the NADPH oxidase complex. In addition, NO was found to be produced upon treatment of plants with MAMPs as well as upon pathogen infection, suggesting that it may be important for the activation of innate defense mechanisms (36).




RECEPTORS FOR BACTERIAL RECOGNITION IN ANIMALS AND PLANTS

The ability to distinguish between self and non-self-antigens is an important feature of all living organisms and forms the basis for the activation of innate defense mechanisms against infections (15). In animals and plants, innate immunity involves both cell surface receptors (19) and intracellular receptors of the NLR superfamily (37) (Figure 2).


Pattern Recognition Receptors for Bacteria in Animals

As mentioned before, microbial recognition by the innate immune system of animals occurs via a range of germline-encoded PRRs such as the TLR family, the NLR family, the RIG-I-like RNA helicases, the C-type lectin receptors, and cytosolic DNA sensors (38, 39). The interaction of microbial ligands with PRRs induce the activation of the innate immune system leading to diverse cellular responses including the induction of interferon regulatory factors (IRFs), activator protein-1 (AP-1), and nuclear factor-kappa B (NF-κB) that regulate the expression of cytokines, chemokines, and type I IFNs.

TLRs were the first PRRs discovered and they are the best-characterized family of PRRs. Initially, the Toll pathway was described in the pattern formation in early drosophila embryo development (40). Later, the cytoplasmic domain of Toll (the Toll–interleukin 1 (IL-1) receptor (TIR) domain) was found to have homology with the cytoplasmic domain of human IL-1 (41). In addition, the study of antimicrobial peptides genes in drosophila and their promoters suggested that they were regulated by NF-κB-like transcription factors that also function in the Toll pathway (42). Meanwhile, a human homolog of Toll was shown to activate expression of NF-κB controlled genes (43), and a year later TLR4 was identified as the LPS sensor (44).

TLRs are characterized by an extracellular LRR domain and an intracellular TIR protein-protein interaction domain. TLRs are coupled to signaling adaptors such as MyD88, which also have TIR domains. Activation of the TLR signaling cascade results in the nuclear translocation of NF-κB-like transcription factors, leading to the production of antimicrobial peptides in both insects and vertebrates and signaling molecules such as cytokines and chemokines in vertebrates (16) (Figure 3).
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FIGURE 3. Comparison of the extracellular pattern recognition receptors and signaling pathways involved in the recognition of pathogenic microorganisms by animal and plant cells. Recognition and signaling pathway mediated by animal Toll-like receptor (TLR)-4 and TLR5 and plant receptors XA21 and FLS2 are shown as examples of extracellular microbial recognition. Toll/interleukin-1 receptor (TIR), myeloid differentiation primary response 88 (MyD88), TNF receptor associated factor (TRAF), interleukin-1 receptor-associated kinase (IRAK), mitogen-activated protein kinase (MAPK), mitogen-activated protein kinase (MKK), nuclear factor kappa B (NF-kB), tumor necrosis factor alpha (TNF-α), interleukin (IL), Arabidopsis thaliana receptor kinase FLS2 (FLS2), rice receptor kinase XA21 (XA21), reactive oxygen species (ROS), calcium-dependent protein kinase (CDPK), pathogenesis-related protein (PR).



Upon interaction with their ligands, TLRs dimerize and initiate two signaling pathways: the MyD88-dependent and MyD88-independent pathways. These two types of cellular responses are mediated by a selective use of adaptor molecules recruited to the TIR domains. Four adaptor molecules have been identified so far: MyD88, TIR-associated protein (TIRAP), TIR domain-containing adaptor protein-inducing IFN-β (TRIF), and TRIF-related adaptor molecules (TRAM). MyD88 and TIRAP are responsible for the induction of pro-inflammatory genes, and TRIF and TRAM induce IFNs (45, 46).

All TLRs, except TLR3, signal through MyD88. In MyD88-dependent signaling, MyD88 is recruited to and associates with the cytoplasmic domain of the TLRs via interaction with the TIR domains (Figure 3). Then IL-1R-associated kinase 1 (IRAK-1) and IRAK-4 are recruited and activated by phosphorylation. Activated IRAK-4 phosphorylates IRAK-1, which subsequently associates with Tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6). TRAF6 activates transforming growth factor (TGF)-activating kinase 1 (TAK1) and this factor then phosphorylates IKK-b and MAPK kinase 6 (MKK6), leading to degradation of I-kB and NF-kB nuclear translocation. The final response is the induction of genes involved in innate defense mechanisms. Activation of the MyD88-dependent pathway also results in the activation of MAPK-p38, MAPK-ERK, and MAPK-JNK, which leads to the activation of AP-1 (45–47).

In addition to the transmembrane TLRs, mammals have a family of cytosolic PRRs that belong to a family of proteins referred to as NLR proteins that are involved in apoptotic and inflammatory responses (48). NLR proteins are characterized by a tripartite domain architecture consisting of a variable N-terminal domain, a central nucleotide-binding domain and C-terminal LRRs (Figure 4).
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FIGURE 4. Comparison of the intracellular pattern recognition receptors and signaling pathways involved in the recognition of pathogenic microorganisms by animal and plant cells. Recognition and signaling pathway mediated by animal and plant nucleotide binding domain (NBD) and leucine-rich repeat (LRR) superfamily proteins (NLR) are shown as examples of intracellular microbial recognition. Caspase-activated recruitment domains (CARD), central nucleotide-binding (NACHT), pathogen-associated molecular patterns (PAMPs), microbe-associated molecular patterns (MAMPs), danger-associated molecular patterns (DAMPs), mitogen-activated protein kinase (MAPK), nuclear factor kappa B (NF-kB), interleukin (IL), NLR family pyrin domain containing (NLPR), reactive oxygen species (ROS).



The NOD1 and NOD2 receptors were the first members of the NLR family to be reported as intracellular sensors for microorganisms in mammals. The interaction of NLRs with their ligands triggers signaling cascades that induce the translocation of NF-kB, and the production of cytokines and chemokines (49). NOD1 and NOD2 receptors are located in the cytosol of host cells. However, after their interaction with their ligands they undergo redistribution to the plasma membrane from where they initiate signaling pathways (50). It should be mentioned that differences in the expression of the two receptors exists. NOD2 expression is limited to cells of hematopoietic origin and some types of epithelial cells (specially the gastrointestinal mucosa) while NOD1 is ubiquitously expressed in most cell types (51). Interestingly, the expression of NOD1 and NOD2 in macrophages can be increased by stimulation with LPS or proinflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 (52). Both, NOD1 and NOD2 have three domains: a C-terminal domain containing LRRs, a central nucleotide-binding (NACHT) domain, and a N-terminal effector-binding domain composed of caspase-activated recruitment domains (CARD) (53). The C-terminal domain is responsible for ligand interaction while NACHT domain allows self-oligomerization and is necessary for self-activation. NOD1 has one CARD domain while NOD2 has two series-wound CARDs that mediate the interaction with intracellular proteins that form the signaling platform (53). Similar to TLRs, the major outcome of NOD1 and NOD2 signaling pathways are the activation of NF-κB, MAPK-p38, MAPK-JNK, and MAPK-ERK, with the subsequent production of inflammatory factors (54) (Figure 4). Signaling through NOD pathways involves the recruitment of the receptor-interacting protein 2 (RIP2). The adaptor protein RIP2 is a serine/threonine protein kinase that possesses a C-terminal CARD domain that allows its interaction with NOD1 and NOD2 (55). The kinase activity of RIP2 is regulated by ubiquitination and phosphorylation. Ubiquitination of RIP2 induces the recruitment of TAK1 and the subsequent recruitment of IKK kinase complexes (IKK-α, IKK-β, and IKK-γ) leading to phosphorylation and degradation of IκBα (56).

Animal NLR proteins also participate in the formation of inflammasomes (Figure 4). The inflammasomes are multiprotein platforms with cytosolic sensors for a wide range of MAMPs or damage-associated molecular patterns (DAMPs) (57, 58). Inflammasomes participate in the defense against bacterial pathogens through the activation of inflammatory caspases. As mentioned before, flagellin can be recognized by the membrane expressed-TLR5. However, this MAMP can also be delivered into the cytosol by the secretion systems present in pathogenic bacteria such as the type III (T3SS) and type IV (T4SS) secretion systems present in Salmonella typhimurium or Legionella pneumophila, respectively. Studies have established that the neuronal apoptosis inhibitory protein (NAIP)-NLRC4 inflammasome plays a critical role in anti-bacteria defenses (58). In the NAIP-NLRC4 inflammasome, NAIPs are the cytosolic receptors for flagellin and secretion systems proteins while the NLRC4 is the adapter for caspase-1 activation (57). It has been established that component of flagella are sensed by NAIP5 and NAIP6, whereas components from bacterial secretion systems are detected by NAIP1 and NAIP2 (57). Inflammasome-dependent caspase-1 activation participates in the maturation and secretion of the inflammatory factors IL-1β and IL-18, and triggers a proinflammatory form of cell death referred as to pyroptosis. Several other animal NLR proteins are involved in inflammasomes formation and innate immune responses against bacterial pathogens [for a review see (59)].



Pattern Recognition Receptors for Bacteria in Plants

Plant cells encounter a variety of microbial-associated signals when interacting with microorganisms in vivo, and the plant's ability to recognize complex MAMPs is likely to determine its efficiency in inducing innate defense mechanisms. Various pathogenic Gram-negative bacteria harbor LPS and flagellin, which stimulate plant defenses (60). These MAMPs bind to PRRs and trigger the expression of immune response genes and the production of antimicrobial compounds (61).

Arabidopsis FLS2 and EFR, which can recognize a conserved 22-amino acid peptide sequence in bacterial flagellin and active epitope of bacterial elongation factor (EF)-Tu, respectively, are typical LRR-receptor-like kinases (RLKs) acting as PRRs (62, 63). Rice receptor kinase XA21 has been identified as a rice resistance gene product conferring race-specific resistance to Xanthomonas oryzae pv oryzae (64). It has been shown to perceive ax21 protein which seems to play a role in quorum sensing (65). Interestingly, the plant RLKs have structural and functional similarity to animal TLR proteins that can recognize MAMPs of bacterial pathogens in animals thereby inducing innate immunity (18). For example, FLS2 and TLR5 are equally perceptive to bacterial flagellin, suggesting that both PRRs are conserved by convergent evolution. Interestingly, bacterial Pseudomonas pathogens have been shown to evade animal and plant immunity through the activity of the protease AprA, which degrades flagellin monomers, therewith escaping detection by the host's immune system (66). On the other hand, the downstream signaling pathways activated by recognition of MAMPs through PRRs are diversified between plants and animals, while the production of ROS, transient increases of cytosolic Ca2+ levels followed by activation of calcium-dependent protein kinase (CDPKs), activation of MAPK cascades and NO-mediated signaling seem to be common signaling events (Figure 1).

The best-characterized plant immune receptors are a large class of intracellular receptors often called NBS-LRR pathogen-resistance proteins, which have an overall tripartite structure similar to that of the mammalian NLR proteins (67). In general, plants have large families of these NLR proteins; Arabidopsis has 140 (68) and rice has over 500 (69). Most of the NLR pathogen-resistance proteins have either a TIR or a coiled-coil (CC) N-terminal domain (Figure 4). In contrast to the animal NOD1, NOD2, and NALP3 proteins, which respond to peptidoglycan degradation products, the plant NLR pathogen-resistance proteins directly or indirectly recognize pathogen effector molecules thereby activating downstream signaling pathways for induction of defense response.

It should be noted that a differential aspect between plant immune system and innate immune system in animals is that PRRs and NOD receptors equally contribute to recognize PAMPs/MAMPs in animals (Figures 3, 4). However, the plant immune system consists of two-layered defense system: first PTI is mediated through recognition of MAMPs by PRRs and second ETI is mediated through recognition of pathogen effector molecules by NB-LRR receptors (Figure 1).




MODULATION OF THE IMMUNE SYSTEM BY BENEFICIAL MICROBES IN ANIMALS AND PLANTS

Today, the world faces the enormous challenge of improving the production of livestock and crops without the indiscriminate use of antimicrobials (70). Thus, alternative approaches are needed in order to satisfy the demands of the growing human population. Scientists have brought a different perspective to solve this problem and have emphasize on the exploitation of animal- and plant-associated microorganisms that are beneficial to their hosts through the modulation of the innate immune system.


Beneficial Microbes for Animals

Studies in humans and animals have shown that beneficial microbes in the gut are able to confer several health benefits (Figure 5), including the stimulation of intestinal epithelial cell proliferation, the reinforcement and maintenance of tight junctions, the expression of antimicrobial factors, and the modulation of the mucosal immune system (46, 71). It has been demonstrated that for most of these beneficial effects PRRs play a key role in the interaction of microbes with host cells (46, 71, 72).
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FIGURE 5. Global overview of the effect of beneficial microbes on animal and plant hosts. Beneficial microbes in both animal and plants are able to increase resistance to pathogenic microorganisms by using similar mechanisms: competition for nutrients, inhibition of adhesion to host's cells, production of antimicrobial molecules, and modulation of host's immune system.



It was reported that commensal bacteria, through the activation of TLR2, modulate the organization of tight junctions proteins (73), improve transepithelial resistance (74), and induce a rapid reshaping and stretching of epithelial cells after injury (75). In addition, activation of TLR2 and TLR4 in the animal gut have been shown to be involved in the expression of trefoil factor 3 (TFF3), epidermal growth factor receptor (EGFR), amphiregulin, and prostaglandin E2, which are important factors in wound healing and repair of the intestinal mucosa (75, 76). These studies demonstrated an important role of animal beneficial microbes in the maintenance of intestinal barrier function.

Antimicrobial peptides are constitutively produced in the animal gastrointestinal tract. However, their expression can be improved by commensal MAMPs through the activation of TLRs or NLRs (77). Antimicrobial compounds, such as regenerating islet-derived 3 (Reg3)-β protein, Reg3-γ, CRP-ductin, resistin-like molecule-β, and β-defensins are induced in intestinal epithelial cells and Paneth cells by microbial products through MyD88-dependent signaling (78–80). Interestingly, it was recently reported that the metabolic activity of intestinal microbiota also influences the production of antimicrobial factors (81). The study demonstrated that short-chain fatty acids produced by microbiota promoted the production of Reg3-γ and β-defensins in intestinal epithelial cells. The effect of short-chain fatty acids were dependent on G protein-coupled receptor (GPR), mammalian target of rapamycin (mTOR), and signal transducer and activator of transcription protein (STAT)-3 signaling. The data thereby provided a novel pathway by which animal beneficial microbes modulate the expression of antimicrobial compounds in the gut (81).

On the other hand, a plethora of evidence supports the active role of commensal bacteria in the development and maintenance of intestinal immune homeostasis in the animal host (21, 82, 83). The molecular communication between microbes and intestinal epithelial cells, and the role of this interaction in the promotion of immune homeostasis have been subjects of intense research (21). PRR signal transduction triggered by pathogens induce proinflammatory responses by intestinal epithelial cells that significantly influence the behavior of the underlying lamina propria immune cells. This PRR signaling is crucial to protect the animal hosts against infections (80, 84). In addition, intestinal epithelial cells are able to sense commensal and beneficial microbes that help to maintain immune status and inhibit excessive inflammation. Products derived from animal intestinal microbiota activate TLRs in intestinal epithelial cells, and increase the expression of negative regulators of the TLRs signaling pathway such as IRAK-M, TOLLIP, SIGIRR, A20, and peroxisome proliferator-activated receptor-γ (PPARγ). Through this mechanism, animal beneficial microbes help to control intestinal inflammatory responses (85, 86). Microbial products also stimulate the expression of proliferation-inducing ligand (APRIL) and B cell-activating factor (BAFF) (87). Both, APRIL and BAFF promote IgA class-switching responses in the intestine and are involved in the maintenance of the appropriate levels of secretory IgA antibodies that protect mucosal surfaces. In addition, interactions of animal beneficial microbes with intestinal epithelial cells modulate the function of antigen presenting cells. Intestinal dendritic cells are influenced by factors produced by the intestinal epithelium including transforming growth factor (TGF)-β, retinoic acid and thymic stromal lymphopoietin to acquire a tolerogenic phenotype (88).

Scientists have isolated and select specific microbial strains in order to improve immune functions in human and animals. The strains used to improve the health of human and animals through the modulation of the immune system are referred to as immunomodulatory probiotics or immunobiotics (46, 71, 72, 89, 90). Studies from the last decades have shown that immunobiotics are able to beneficially modulate the intestinal immune system of human (90, 91), porcine (89, 90, 92), and bovine (46, 72) hosts. Immunobiotics allow an efficient control of inflammatory responses in the gut and an improved protection against infectious diseases.

In addition, researchers have demonstrated the immunomodulatory beneficial effect of commensal microbes and immunobiotics can be extended beyond the intestinal tract. It was reported that orally administered immunobiotics are able to differentially modulate immune responses in distal mucosal tissues such as the respiratory tract (93, 94) or mammary glands (95). The release of microbial immunomodulatory molecules in the intestine that are transported to distal sites (11, 96, 97); the mobilization of immune cells from the gut into the blood and distal tissues (98–100), and the systemic metabolic reprogramming that induce the production of immunomodulatory metabolites (101) have been proposed to explain the effects of gut animal beneficial microbes on systemic and distal mucosal tissue responses.



Beneficial Microbes for Plants

The interaction of plants with particular microorganisms can be beneficial (Figure 5). Microbial populations that influence the growth, development, and health of plants can be found below and above the ground, as well as within the plant (102). Commensal and mutualistic microbes are able to provide plants essential benefits including nitrogen fixation, enhanced mineral uptake, and growth promotion (103). Microbes also help plants to resist a variety of stresses, including toxins, heavy metals, drought, salinity, and extreme temperature (70). Of interest, plants and microbes interaction modulates the plant innate immune system and improves protection from pathogens (104–106).

Pseudomonas simiae WCS417r (formerly known as Pseudomonas fluorescens WCS417r) is a non-pathogenic rhizobacterial strain that colonizes the rhizosphere in the regions where plants produce exudates and lysates (107). This strain is capable to suppress soil-borne diseases caused by infection with a broad range of pathogens (108). Beneficial rhizobacteria strains have the potential to reduce the incidence of infectious diseases through the activation of a plant-mediated defense system termed “induced systemic resistance” (ISR) (109). Arabidopsis activation of ISR by treatment of the roots with P. simiae WCS417r is not accompanied by salicylic acid (SA)-responsive PR-protein gene expression, indicating that WCS417r-mediated ISR functions independently of this plant hormone (110). This is in contrast to findings in other plant species including rice, tobacco, cucumber and tomato where SA-independent ISR has been demonstrated (11, 111, 112). Indeed, a series of studies on signaling pathways required for P. simiae WCS417r-mediated ISR using Arabidopsis mutants indicated that jasmonic acid (JA)- and ethylene (ET)-dependent signaling play a central role in the regulation of ISR (113–115). Indeed, ET accumulation is a well-known response to MAMP recognition (28). Furthermore, transcriptional co-activator NPR1 and the root-specific transcriptional regulator MYB72 have also been implicated in JA/ET-dependent ISR by P. simiae WCS417r (113, 116, 117). Recently, it was shown that MYB72 plays an important role in the rhizobacteria-induced excretion of antimicrobial coumarins that shape the assembly of the microbiome in the rhizosphere, potentially to optimize associations with ISR-inducing rhizobacteria (118).

While colonization of the roots by rhizobacteria is not generally accompanied with up- or down-regulation of defense-related gene expression or increases in the production of JA and ET, plants have enhanced defensive capacity to a broad-range of pathogens. This enhanced ability to induce basal defense system is termed “priming” (119, 120). Global gene expression analysis of P. simiae WCS417r-mediated ISR revealed that JA- and/or ET-responsive defense-related gene were primed for enhanced expression in response to challenge infection by the phytopathogenic bacteria P. syringae (121–123). In Arabidopsis, the levels of transcription factors of the AP2/ERF family including MYC2 are especially increased in the ISR-primed state (124). Since rhizobacteria-mediated ISR was compromised in MYC2-muagenized jin1 Arabidopsis mutants (125), MYC2 seems to play a key role to regulate priming during ISR. Furthermore, epigenetic regulation of defense-related gene expression including DNA methylation and chromatin re-modulation seems to be associated with the priming phenomenon (126, 127). However, the relation of rhizobacteria colonization and epigenetic regulator mechanism remains to be investigated.

Other beneficial non-pathogenic microorganisms including bacteria, fungi, and oomycetes including Bacillus spp. Serratia liquefaciens, Penicillum spp. Phoma spp. Trichderma spp. and Pythium oligandrum also induce systemic resistance including ISR to a broad range of pathogens through activation of SA, JA, or ET-responsive defense-related genes in plants. (128–133). In this regard, when tomato roots are treated with a mycelial homogenate of the non-pathogenic oomycete P. oligandrum, bacterial wilt disease caused by Ralstonia solanacearum is suppressed (134). In addition, the treatment of tomato root cells with P. oligandrum elicitin also induced JA/ET-responsive defense-related gene expression and inhibited the occurrence of bacterial wilt disease (132–134). Moreover, this response can be also obtained in jai1 mutants in which JA-signaling pathway is impaired (112). Thus, the elicitin of P. oligandrum seems to be recognized as MAMP by tomato cells thereby activating PTI. Hence, activation of defense system mediated by recognizing MAMPs of beneficial microorganisms seems to contribute their disease suppressive activity.

Recently, it was reported that insect pathogens colonizing the surface of plant leaves or natural soils have the potential to activate the plant defense system (135). Bacillus thuringiensis is a well-known pathogen that causes disease in caterpillars of various types of moths and butterflies by producing δ-endotoxins. The treatment of tomato roots with cell-free culture filtrate medium of B. thuringiensis suppressed bacterial wilt disease caused by R. solanacearum with systemic induction of ET-responsive defense-related gene expression in tomato (135–137). The cell-free culture filtrate medium of the fungal pathogens Paecilomyces tenuipes and Beauveria bassiana are also able to induce ET-responsive defense-related gene expression in tomato roots and suppress bacterial wilt disease (Takahashi et al., unpublished results). Hence, insect pathogen-mediated activation of plant defense system to pathogens seems to be consistent with a potential role of insect pathogens to protect plants against the attack of plant pathogens in nature, which has been proposed as the “Bodyguard hypothesis” (138).

Since activation of PTI in plants by recognizing MAMPs of non-pathogenic microorganisms seems to be widely distributed phenomenon (16), PTI would contribute to reduce disease incidence through the defense system activated by environmental microorganisms in nature. In recent years, research on harnessing beneficial functions of members of the plant microbiome to make them useful in sustainable crop protection emerged as one of the frontiers in plant science research (103, 139–141). Besides MAMPs, many other microbe-associated small molecules have been identified as being important for beneficial host-microbe interactions (118), providing useful tools for sustainable protection of future crops.




PERSPECTIVE OF HEALTHY GROWTH STRATEGY BY BENEFICIAL MICROBES IN ANIMALS AND PLANTS

Modern animal and crop production practices are associated with the regular use of antimicrobials, potentially increasing selection pressure on bacteria to become resistant. Considering the global intention of organizations to significantly reduce the use of antimicrobials in agriculture, the need for novel strategies to improve resistance of animal and plants against pathogens became a top priority. Agricultural Immunology is a developing research field that fuses animal, marine, and plant immunology, all of which have been previously regarded as separate topics. Agricultural Immunology therefore aims to plant the seeds for developing drug-independent safe food production systems by modulating animal and plant innate immune system (Figure 6).
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FIGURE 6. Overview of the importance of the study of beneficial microbes within the field of agricultural immunology.



Deciphering animal–microbe and plant–microbe interactions is a promising aspect to understand the benefits and the pathogenic effect of microbes in the agricultural field. The advancement in sequencing technologies and various “omics” tool has impressively accelerated the research in biological sciences in this area. The development of new techniques in the post–genomic era has greatly enhanced our understanding of the regulation of animal and plant defense mechanisms against pathogens, and also their interaction with beneficial microbes. Thus, animal–microbe and plant–microbe associations can now be studied at a speed and depth as never before. However, a major gap in our knowledge is how recognition of beneficial microbes at the gut or root-soil interface drives the whole animal or plant body toward enhanced growth and elevated stress resistance. The first steps toward unraveling the molecular dialog between hosts and beneficial microbes eliciting distal immunological effects have been made, but major questions still need to be resolved.

The aim of the “agricultural immunobiotic approach” is to repair the deficiencies in the microbiota and restore the host's resistance to disease through the use of beneficial immunomodulatory microorganisms. Such treatments do not introduce any foreign chemicals into the animal gut or plant root and does not run the risk of contaminating and introducing hazardous chemicals into the food chain. We hope to convey the enthusiasm of this rapidly advancing field as an area of active basic and applied research that is at the cusp of exploitation to address pressing plant and animal health problems worldwide.
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All multicellular organisms benefit from their own microbiota, which play important roles in maintaining the host nutritional health and immunity. Recently, the number of studies on the microbiota of animals, fish, and plants of economic importance is rapidly expanding and there are increasing expectations that productivity and sustainability in agricultural management can be improved by microbiota manipulation. However, optimizing microbiota is still a challenging task because of the lack of knowledge on the dominant microorganisms or significant variations between microbiota, reflecting sampling biases, different agricultural management as well as breeding backgrounds. To offer a more generalized view on microbiota in agriculture, which can be used for defining criteria of “optimal microbiota” as the goal of manipulation, we summarize here current knowledge on microbiota on animals, fish, and plants with emphasis on bacterial community structure and metabolic functions, and how microbiota can be affected by domestication, conventional agricultural practices, and use of antimicrobial agents. Finally, we discuss future tasks for defining “optimal microbiota,” which can improve host growth, nutrition, and immunity and reduce the use of antimicrobial agents in agriculture.
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INTRODUCTION

Today, biologists in agricultural science, regardless of the organism of their interest, focus significant attention on the microbiota, i.e., the complex communities of microorganisms colonizing host animals, fish, and plants (1). Meta-analyses of 16S rRNA genes from different body parts of animals, fish, and plants are frequently performed expecting that some changes of microbiota will explain the effectiveness of treatments such as feed changes, fertilizer amendment, or gene knockouts on host organisms, which have been conducted with aims to improve productivity and sustainability in agriculture (2). However, it is often the case that no apparent changes are observed in the microbial structure corresponding to the specific treatment, or if present, the functions of the responding microorganisms are not well-known [e.g., (3–5)]. Besides, it is often difficult for researchers in agricultural sciences to exploit the microbial data to improve the host factors because of the lack of definition and criteria of “optimal microbiota” in animals, fish, and plants.

Compared to a large body of studies on microbiota of human subjects (6) or experimental models using rodents(7), zebrafish (8), or Arabidopsis (9), there are a very limited number of studies on economically important animals, fish, and plants. Microbiota datasets obtained from livestock animals, aquaculture fish, and crop plants grown may significantly be affected by complex environmental factors such as climates, cultivation scales, and uses of antibiotics and fertilizers, which can vary between different countries and regions. Besides, the microbiota of agricultural organisms may also reflect the great variability of host species and genotypes, biological functions at different developmental stages, and macro- and microstructures of the colonizing sites, which are not thoroughly studied as the laboratory models. Due to the overall limited understanding of the microbiota in agricultural ecosystems at this point, it is not an easy task to define “optimal microbiota,” which can optimize the growth, host nutrition, and immunity of agricultural organisms.

The importance of understanding the structure and functions of microbiota in agriculture is also widely discussed in the context of the spread of antimicrobial resistance (AMR) from agricultural sites to human society (10). While manipulation of microbiota is a promising strategy to tackle the AMR (11), it is prerequisite for researchers to interpret and exploit the rapidly expanding datasets of the microbiota in animals, fish, and plants in agriculture with a more generalized view. By sharing knowledge on the ecophysiology of microbiota in different host organisms with respect to their structure and metabolites and understanding how the host factors and ambient conditions can alter them, we would be able to refine targets of microbial manipulation and reduce uses of chemicals and antimicrobial agents in agricultural fields.

The aim of this review is to summarize and generalize the current knowledge on the microbiota on animals, fish, and plants in agriculture with emphasis on structure and functions of bacterial communities, which may contribute to the health of the host organisms and can strongly be impacted by agricultural practices such as uses of antimicrobial agents. We finally provide important yet overlooked aspects of microbiota in animals, fish, and plants in agriculture, which should be considered in future studies to reach the goal of defining the “optimal microbiota.”



STRUCTURE AND FUNCTION OF MICROBIOTA OF ANIMALS, FISH, AND PLANTS


General Overview of Microbiota of Animals, Fish, and Plants

The body of organisms provides a wide variety of ecological niche, in which the environmental conditions such as temperature, pH, and oxygen level as well as nutrition availability affect the composition of microbiota residing there. While archaea and eukaryotic microorganisms such as fungi and protozoa account for a significant proportion of microbiota in the plant rhizosphere (12) and cow rumen (13), bacterial communities have been primarily focused on in many studies in agricultural science in terms of their functional contribution to host nutrition and health. The 16S rRNA gene-based approach with a next-generation sequencing platform has revealed diversity and dynamics of bacterial communities colonizing animals, fish, and plants in agriculture, which have enabled us to grasp a general overview of compositional similarities and differences of microbiota among these organisms (Figure 1). Microbiota of animal, fish, and plants are highly diverse and can harbor up to 20 bacterial phyla, but it is a common trait that three phyla: Proteobacteria, Firmicutes, and Bacteroidetes, dominate the bacterial community (Figure 1). Less abundant phyla include Actinobacteria, which are commonly found but variable at lower taxonomic levels (e.g., Streptomycetaceae, Microbacteriaceae, and Corynebacteriaceae), while Fusobacteria and Acidobacteria are more specified to animal/fish and plants, respectively (Figure 1). Fusobacteria can represent a major bacterial group of “core gut microbiome” of some marine and freshwater fish (8, 27). Chloroflexi, Cyanobacteria, Planctomycetes, Spirochaetes, and Verrucomicrobia sporadically occur as subdominant phyla (Figure 1).


[image: image]

FIGURE 1. Microbiota in agriculture. The figure provides an overview of the bacterial composition of the microbiota of different parts of livestock animals, gill and intestines of fish, and phyllosphere and rhizosphere of plants at the phylum-level (pie-charts) and lower taxonomic levels. The data sources are 16S rRNA or metagenomic analyses of intestinal samples from pigs (14, 15), cattle (3, 16), chicken (17), Atlantic salmon (18), grass carp (19), gill and mucosal samples from rainbow trout (20), leaf samples from lettuce (21), leaf and rhizosphere samples from soybean (22, 23), root and rhizosphere samples from maize (24), rice (25, 26).



The high abundance of Proteobacteria in animals, fish, and plants (Figure 1) reflects the advantages of facultative anaerobes in the host proximity, where strict anaerobes are exposed to the risk of oxygen toxicity but strict aerobes may face a severe competition over oxygen as an electron acceptor. Such oxic-anoxic interface is ubiquitous as microenvironments in and around the host organism and is an important determinant of the composition of microbiota (28). Facultative anaerobic bacteria have highly flexible metabolic properties; they are able to generate energy by fermentation or use inorganic nitrogen compounds such as nitrate as an alternative electron acceptor when oxygen is depleted from the environment. Under oxic conditions, they grow rapidly using oxygen and break down and build up a wide variety of organic compounds, which essentially change the surrounding organochemical conditions (29). Such exceptional adaptability to multiple environmental conditions, which have been characterized by their high genetic and phenotypic plasticity, enable Proteobacteria to be specialists of host association, as represented by major target symbionts and pathogens in agriculture (30–32).

While Proteobacteria are ubiquitous and their association is often described to be opportunistic, they show apparent host specificities in some microbiota. In fish intestinal microbiota, Aeromonadaceae (Gammaproteobacteria) represents the most abundant symbionts in freshwater fish, while Vibrionaceae (Gammaproteobacteria) replace the occupation in marine fish (27, 33). In microbiota of livestock animals, the proteobacterial community is predominated by Enterobacteriaceae, followed by Campylobacteriaceae and Helicobacteraceae, which are a major source of foodborne diseases of human (3, 34, 35).

Plant phyllosphere has been found to be dominated by strict aerobes, represented by Methylobacteriaceae and Sphingomonadaceae (Alphaproteobacteria), but their abundance is low in the plant root, being replaced by a large diversity of facultative anaerobes (36). Interestingly, microbiota of plants and fish have several groups of facultative anaerobes in common. Multiple apertures of fish, i.e., skin, gills, and gut, are constantly in contact with ambient water, each of which is covered with thick mucus biofilm, which bears resemblance to the plant root system. Comamonadaceae and Oxalobacteraceae (Betaproteobacteria) as well as Flavobacteriaceae (Bacteroidetes), which dominate the leaf-to-root microbiota of plants, are also abundant in fish mucus, especially in gill microbiota [Figure 1; (36, 37)]. Also, bacteria known as plant growth-promoting microbes (PGPM) such as Pseudomonadaceae (Gammaproteobacteria) and Rhizobiales (Alphaproteobacteria) are also frequent colonizers in fish intestinal microbiota (33, 38). In contrast, these bacterial groups are not commonly found in animal intestinal microbiota.

Firmicutes population in animals, fish, and plants can be roughly classified into two groups: Lactic acid bacteria from the orders Bacillales and Lactobacillales, and anaerobic fermentative bacteria affiliated with Clostridiales such as Clostridiaceae and Ruminococcaceae. The former represents microbiota in oxic- to microoxic regions like plant phyllosphere, fish mucosa, and small intestines of animals, while the latter represents anoxic fermentative digestive tracts like rumen and large intestine (Figure 1). Lactobacillales is one of the most frequently found and most studied bacterial groups in animal and fish microbiota with some family-level variations, as Lactobacillaceae is a stable and important colonizer in the small intestine of pigs (39, 40) and chickens (17), Carnobacteriaceae [rainbow trout; (20)], and Leuconostocaceae [Atlantic salmon; (18)] are characteristic in fish microbiota, and Enterococcaceae and Streptococcaceae are generally found both in animals and fish microbiota (41). Clostridiaceae is phylogenetically and functionally diverse and widely distributed in anaerobic environments from plant rhizosphere to animal and fish intestines (42). Studies on Clostridium spp. from various origins have shown their metabolic versatility and dexterous switching of their fermentation pathway in response to environmental changes (43, 44).

Bacteroidetes colonizing animals, fish, and plants can also be affiliated with two types: aerobic Flavobacteriaceae, which is adapted to the oxic interface of plants and fish as mentioned above, and anaerobic fermentative bacteria such as Bacteroidaceae and Prevotellaceae (Figure 1). Flavobacteriaceae is often recognized as threatening pathogens of animals and fish (45), but it also represents PGPM and has been introduced to industrial applications (46). Bacteroidaceae and Prevotellaceae are important primary fermenters in animal and fish intestinal tracts, through which complex carbohydrates derived from plants and undigested proteins enter the microbial metabolic network and provide soluble sugars and amino acids available for all type of cells (47). They dominate the rumen and colonal microbiota of animals (48, 49) but are rarely found in fish and plants, which suggests their speciation to animal digestive tracts.



Relationship Between Intestinal Microbiota Composition and Host Nutrition of Animals and Fish

Microbiota of animals and fish associated with different host physiological conditions have been widely studied to elucidate the relationship between the structure and functions of microbiota and host nutritional health. Although results are variable across studies, which may be attributed to different experimental designs, analytical methods, or individual variations, a few general aspects can be inferred from recent studies.

In animal husbandry, feed efficiency and growth performance are often focused on as the most important physiological factors. Recent studies on pig microbiota have reported the enrichment of Clostridiales, as well as microbial functional genes involved in fermenting dietary polysaccharides and amino acid metabolism, are positively associated with porcine feed efficiency (50, 51). Similarly, positive correlations of Clostridiales (family Lachnospiraceae) to good feed efficiency have also been found in the cattle rumen (49) and chicken caeca (52). In fish, the intestinal microbiota of prebiotics-treated fish with improved growth performance also showed an increased number of Clostridium spp. (53). All of these studies have attributed the positive effects of Clostridiales on the host feed efficiency and growth performance to the high energy yields by the production of short-chain fatty acids (SCFA) such as butyrate, which has also been suggested in human gut microbiota studies (54).

Lactobacillales are thought to improve feed efficiency of animals and multiple Lactobacillus strains are widely used as feed additives especially in pig farming (55). While studies have suggested a positive correlation of Lactobacillus to a better feed efficiency of cattle, chickens, and fish (17, 49, 53), contrasting effects of Lactobacillus spp. on growth performance have been also reported on chicken (17, 52, 56). Therefore, species- and strain-level variation should be considered when the abundance of Lactobacillus strains is used as a criterion for evaluating the health and growth performance of animals and fish.

Both in animals and fish, intestinal microbial colonization has been shown to promote epithelial cell turnover and regulate transcription of genes involved in nutrient metabolism and immunity, and the corresponding gene modules are universally conserved between mammals and fish (57–59).



Rhizosphere vs. Phyllosphere: Difference of Microbiota Composition

Plant microbiota significantly differed from those of animals and fish, in that in addition to the complex bacterial community, a large variety of archaea as well as eukaryotic macro- and microorganisms can directly and constantly affect the health of the host plant (12, 60). In response to this challenge, plants have a finely regulated immunological capacity, which recognizes different exogenous molecules and responds by activating specific defense mechanisms (61). The plant rhizosphere is home of a high density [1010−1012 cells per gram soil; (62)] of microorganisms and a large pool of microbial metabolites influence the nutritional conditions of the host plant as well as the composition of microbial populations (63). In contrast, microbiota in the plant phyllosphere, i.e., leaf and root, are enriched with restricted groups of bacteria. As mentioned already, Proteobacteria and Flavobacteria have been found as endophytes or epiphytes of the host plant, while any other bacterial phyla dominating the rhizosphere, such as the phylum Acidobacteria and Firmicutes, or prominent rhizobacteria such as Streptomycetaceae (Actinobacteria) and Burkholderiaceae (Betaproteobacteria) are segregated at different levels of the phyllosphere (64). This suggests the existence of a “selecting gate” between the rhizosphere and the phyllosphere, or different compartments of the plant root (65).

Studies across different plant species including the Arabidopsis model indicate that the enrichment of Proteobacteria is a common trait in the plant phyllosphere (Figure 1). However, the enriched bacterial species, i.e., members selected by the host plant, seem to differ significantly between plant species. Pseudomonadaceae (Gammaproteobacteria) and Streptomycetaceae (Actinobacteria), which are frequent colonizers in the root of Arabidopsis, are not found in grass plants such as barley, maize, and wheat (24, 66). Also, leaf microbiota between plant species can be very different, as exemplified that Enterobacteriaceae, Bacillaceae, and Pantoea spp. dominating spinach and lettuce leaves are not abundant in Arabidopsis (21, 67). While the bacterial composition of microbiota of the phyllosphere of economically important plants is very limited compared to that of the rhizosphere (36, 68), the composition of microbiota in different plant compartment may provide useful insights into site-specific selection mechanisms of the host plant.



Acquisition of Microbiota in the Early Life of Animals, Fish, and Plants

In animals, the intestinal immunity is known to be developed in the course of frequent interaction with microbiota, which are formed and fluctuated in response to the host dynamics (69). It has been shown that the early-life transfer of microbiota from the mother to the child via the birth channel and colostrum milk can impact on subsequent intestinal microbial diversity and immune processes in piglets (70). The transition from nursing, weaning to conventional diets can dramatically affect intestinal microbiota. Milk provides immunological factors such as Immunoglobulin A (IgA), leukocytes, and peptides, which suppress inflammatory cytokine expression, and lactose and oligosaccharides contained in milk can stimulate the growth of early-colonizing microorganisms such as lactic acid bacteria. (71). Comparative analyses of the intestinal microbiota of nursing and weaning piglets have shown that the dietary change from sow milk to a starter diet composed of plant and animal-based components has a significant impact on the microbial structure as well as its functional capacities (34). In their study, Enterobacteriaceae, Bacteroidaceae, and Clostridiaceae dominating the nursing piglets almost disappeared as the piglet diet shifted to a starter diet, which has been characterized by the dominance of Prevotellaceae and Ruminococcaceae associated with plant polysaccharide degradation. The early colonization and subsequent disappearance of Enterobacteriaceae as well as the maturation of microbiota associated with the domination of plant-polysaccharide degraders in the early life have also been commonly found in other mammals including human (72) and also in chickens (73). Proliferation of pathogenic members of Enterobacteriaceae can be regulated by selective binding activities of host-derived IgA, which seems to be one of the most important mechanisms affecting early development of intestinal microbiota in animals (74).

Fish develop from eggs that are directly exposed to microorganisms in their surroundings. The eggs are quickly coated with microorganisms present in the surrounding water, of which some have been shown to protect the eggs from infection with oomycete Saprolegnia, a deleterious pathogen causing economic loss in the salmon industry (75). Since fish represents the largest number of vertebrates (>28,000 species), a lot of interspecies variation may exist based on the receptors or binding moieties on the egg surface. Although microbiota of fish larvae is poorly understood (76, 77), some studies have suggested that the microbiota composition of fish larva greatly depend on the microorganisms present on the eggs, in the live feed and rearing water (78, 79). Since microorganisms are able to enter the fish larvae before it starts feeding (3–4 days after fertilization), initial microbial infection in the larval intestine probably occurs before the feed specific species grow to abundance [(76, 80) Lopez Nadal, unpublished observations)]. In early life stages of Coho salmon, Pseudomonas sp. present on the eggs has been predominantly found in the juvenile gastrointestinal tract, but not in the culture water or food, which suggests that a maternal transfer may occur in the early developmental stages of the salmon (81).

The development of seedlings from largely sterile plant seeds is one of the most critical stages of a plant's life cycle. Yet, very little is known about the role of microbiota in the early life of plants (82). Starting inoculum on the ripening seed may be important for the establishment of microbiota and preliminary enrichment of the soil microbiota by the parental plant will form ideal environments for germination of seeds in the same soil. Interestingly, it has recently been shown that diseased plants can recruit themselves a consortium of beneficial, immune-stimulatory microbes from the soil environment and let them colonize germinating seedlings, which suggests that plants are capable of selecting soil microbiota for protecting a successive generation of plants against the causal agent of the disease (83, 84).



Post-translational Host Modulation by Microbiota

Host epigenomics has recently been shown to be one of the most important factors significantly affected by microbiota. Anti-inflammatory effects of some intestinal microorganisms such as Clostridium spp. have been attributed to their metabolite butyrate, an epigenetic substance known to inhibit activities of histone deacetylases and modulate gene expression patterns of host animals (85). Also in fish, promotion of resistance to viral infection of conventionally reared zebrafish has been shown to be associated with microbe-induced epigenetic changes in the host (86). In plants, not only bacterial pathogens but also fungal and other eukaryotic organisms have been known to manipulate their host epigenetically to favor themselves (87). While low-molecular-weight microbial metabolites such as SCFAs and polyamines from mammalian intestinal microbiota have been shown to be involved in various epigenomic mechanisms in the mammalian host (88), modulatory effects of microbial structural components such as LPS, peptidoglycan, and exopolysaccharides from microbiota in most agricultural organisms have not yet been well-studied except for those from some pathogens and probiotics (see below). Molecular mechanisms how microbiota modulates host epigenomics have recently been attracting major attention, which may also contribute to understanding functions of microbiota in animals, fish, and plants in agriculture (89).




MICROBIAL METABOLITES: BENEFICIAL AND DELETERIOUS EFFECTS OF METABOLITES PRODUCED BY MICROBIOTA OF ANIMALS, FISH, AND PLANTS

“Optimal microbiota” of agricultural organisms are expected to provide beneficial effects on their host nutritional health and immunological resistance. Microorganisms influence the host health by producing a large variety of metabolites, which can have both beneficial effects and detrimental effects on the host physiology (Table 1).



Table 1. Important microbial metabolites and their effects on host animals, fish, and plants.
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Short Chain Fatty Acid (SCFA)

Fermentative microorganisms break down carbohydrates and proteins into SCFA. In the gut of animals and fish, major SCFAs produced by fermentative microorganisms are acetate, propionate, and butyrate, while relatively low amounts of formate, valerate, caproate, and branched-chain SCFAs, i.e., isobutyrate, 2-methyl-butyrate, and isovalerate, which are used as a marker of undesired intestinal protein fermentation (90), are also present (91, 92). SCFAs can modulate the gene expression of the host epithelial cells in multiple ways and their physiological concentrations may significantly affect the host nutritional health and immunity (93, 94). SCFAs produced by gut microbiota are known to serve as a major energy source for ruminant animals, which consume cellulose fibers and complex carbohydrates as the main diet, but also play a crucial role for young monogastric animals for maintaining the body weight after weaning (95, 96). Additional roles of SCFA include defense mechanisms, mineral solubilization, and the anti-inflammatory effects (97, 98). SCFA produced by intestinal microbiota improve intestinal barrier functions and suppress inflammation through signaling pathways such as activating G-protein coupled receptors, inhibiting histone deacetylase, stimulation of histone acetyltransferase activity, and stabilizing hypoxia-inducible factor (HIF), which have been extensively studied with rodent models (99, 100).

While SCFAs produced by intestinal microbiota are generally considered to be beneficial to the host, excessive SCFAs can cause intestinal injuries in animals with premature or weakening mucosal conditions (101, 102). Formate, which concentration increases along with dysbiosis, can enhance the growth of unwanted enterobacterial pathogens (103). High levels of propionate are often found in human and animals with psychological and behavioral disorders and thought to have a neurotoxic potential (104, 105).



Lactate and Other Organic Acids

Lactate is an important intermediate in anaerobic fermentation of carbohydrates. While host-derived lactate has been known for regulatory functions on the energy homeostasis and brain metabolism (106, 107), lactate produced by microbiota may also play important roles in the intestinal ecosystem, such as turnover of host epithelial cells (108), in addition to their role as a major food source for other SCFA producing bacteria (109). In the small intestine of animals and fish, lactic acid bacteria such as Lactobacillales (Figure 1) are known to produce lactate as a primary metabolite, while Turicibacter (Erysipelotrichaceae) represent the major lactate producers in the large intestine. Residuous oxygen may increase relative abundance of intestinal lactic acid bacteria, which generally show high tolerance against oxygen (110, 111), and lactate productions and consumption profiles may differ significantly between upper and lower intestines (112).

Succinate is another major organic acid released from microbiota during carbohydrate fermentation. Prevotellaceae and Veillonellaceae, which are predominant bacterial groups in the rumen and in the colon of pigs, are major succinate producers. A large variety of bacteria including Enterobacteriaceae and Clostridiaceae can grow on succinate, and succinate accumulation would increase a risk of infection by pathogenic bacteria (113). Recent studies have reported succinate production by gut microbiota is strongly correlated to the metabolic fluctuation of host animals (114, 115).

Accumulation of lactate and succinate has been reported in the intestine of pigs with gastric problems (116, 117), which has been shown to be inversely related to the SCFA concentrations (118). Increased concentrations of lactate and succinate can cause a decline in pH and drastic changes in metabolic patterns in animal and fish intestines, which can lead to deleterious outcomes such as acidosis and inflammation (119). To avoid this, a rapid turnover of lactate by gut microbiota seems to be crucial for intestinal homeostasis in animals and fish (28).

Plant root exudates contain a high amount of organic acids, such as citrate, succinate, and malate, which can significantly affect the composition of the microbial community in the rhizosphere (120, 121). The high amount of organic acids exudated from the host plant feed and control proximal microbiota consisting of plant growth-promoting microorganisms (PGPM) as well as pathogens, and the microbiota in rhizosphere may also affect the concentration of organic acids excreted from the plant host by modulating their regulatory genes (122, 123). As organic acids can affect the growth and plant-promoting activities of PGPM, e.g., suppressing phosphate stabilization (124), the concentration of organic acids should be well fine-tuned by the host-microbe regulatory network (125).



Ammonia and Amino Acid Derivatives

Ammonia (NH3) and ammonium ([image: image]) play an important physiological role in the body of animals, fish, and plants as it provides usable forms of nitrogen required for the synthesis of DNA, RNA, and proteins. Ammonia not only serves as a major nitrogen source but also are responsible for buffering the ecosystem such as rumen by neutralizing excess acids. Many bacteria are able to generate ammonia via protein or peptide degradation and N2 fixation. Fixed atmospheric N2 in the [image: image] form is an important source of nitrogen in the soil ecosystem, which concentration in agricultural soils is approximately between 20 and 200 μM (126), and many plants are highly dependent on endophytic or rhizospheric nitrogen-fixing bacteria for their nitrogen demands. Ammonia is also an important metabolite in the microbiota of animals and fish and millimolar level concentration of ammonia can be generally found in the intestinal ecosystem [e.g., 10–70 mM in colonic lumen; (127)]. Many bacteria such as E. coli and Bacteroides spp. are known to require ammonia or ammonium for their growth in the intestinal system, while they are able to provide amino acids and their derivatives to other intestinal bacteria and the host (29, 128).

Toxicity of ammonia (NH3) and ammonium ([image: image]) from microbiota poses a risk to the host as well. When excess protein is present in the intestine, ammonia production by microbial deamination will exceed microbial ammonia assimilation (129). Urea produced by the host animals is also converted to ammonia and further to ammonium hydroxide by microbiota, which can elevate luminal pH at the level of causing mucosal damage and irritation (130). Accumulated ammonia has multiple adverse effects on host epithelial cells (129). Ammonium toxicity is also documented in plants, but the cause for this phenomenon and involvement of microbiota is still unknown (131).

Increased protein and peptide concentrations in a microbial ecosystem may facilitate active amino acid conversion to various nitrogenous derivatives. Many facultative and obligate anaerobic bacteria ferment amino acids into a wide variety of intermediate metabolites such as indoles, phenols, cresols, and their derivatives as well as biogenic amines (132). Biogenic amines such as tyramine, putrescine, histamine, methylamine, and tryptamine, are produced by decarboxylation of amino acids, which have significant physiological and toxicological functions in eukaryotic cells (132, 133). Biogenic amines serve as precursors of various bioactive compounds, which can directly regulate physiology and behavior of the host. For example, tryptamine, a β-arylamine neurotransmitter derived from tryptophan metabolism, influences modes of serotonin production in enterochromaffin (EC) cells and therefore affect host behavior (134, 135).



Secondary Metabolites

Secondary metabolites from microbiota such as tryptamine, which can serve as hormones or signaling molecules (136) to “control” the host physiology and behavior, are also known for plants. Indole-3-acetic acid (IAA), one of the most important plant growth regulators, is also derived from the tryptophan metabolism of PGPM such as Pseudomonadaceae (137). Pseudomonadaceae are also known to produce a wide variety of secondary metabolites including antibiotic compounds and siderophores, which can protect the host plant from invasive pathogens not only in the rhizosphere but also in phyllosphere (138, 139). Specific secondary metabolites of Pseudomonadaceae such as 2,4-diacetylphloroglucinol (2,4-DAPG) are of special interests for controlling specific plant–microbe interaction (140). In animals and fish, secondary metabolites produced by gut microbiota such as gamma-aminobutyric acid (GABA) are likely to have more general but significant influence on physiological and psychological properties of the host (141).

Antimicrobial compounds such as bacteriocins, siderophores, and lipidopeptide biosurfactants enable some microorganisms to outcompete and eliminate pathogens and shape the structure of microbiota by also affecting the host immunity (139, 142, 143). Although bacteriocins and siderophores have been well-documented in some beneficial or pathogenic strains, genes encoding these compounds could be commonly found in a wide range of microorganisms (144). In human microbiota, ribosomally synthesized post-translationally modified peptides (RiPPs), which include lantibiotics, thiazole/oxazole-modified microcins (TOMMs) as well as thiopeptides antibiotics, are one of the most widely distributed and variable microbial metabolites (145).

Signaling molecules known as autoinducers play important roles in cell-to-cell communication between microorganisms and shape the synchronized behavior of microbial community such as biofilm formation (146). In contrast to the well-known quorum-sensing molecule AHL (N-acyl homoserine lactone), which are produced as virulence factors by many gram-negative pathogenic bacteria and probably uncommon in healthy intestinal microbiota in animals and fish (147, 148), AI-2 (autoinducer 2) are present in many intestinal bacteria such as Firmicutes and Bacteroidetes and known to modify the structure and behavior of intestinal microbiota (149, 150).



Vitamins

Animals depend on their gut microbiota for various vitamins, which are often deficient in their normal diet. Deficiencies in vitamin B12 and other B-complex vitamins, as well as vitamin K and D in animals and fish has been correlated to the absence of intestinal microorganisms producing those vitamins (151, 152). In addition to the crucial role for the host nutritional health (153–155), vitamins formed by microbiota are also provisioned to other microorganisms in proximity thereby supporting the cross-feeding metabolic network in gut microbiota (152). Some vitamins are also known to participate in host epigenomic mechanisms by altering the transcriptional machinery of the host cells (88). While most plants can synthesize vitamins and do not depend on their microbiota for their vitamin requirements, some algae have been known to benefit from the microbial provision of vitamin B12 (156).



Microbial Cellular Components

Microbial metabolites affecting host health also include structural compounds of microorganisms themselves. Exo- and lipopolysaccharides (LPS), peptidoglycan, flagellin, and some unique peptides and nucleic acids released from the microbial community, which are often collectively called as microorganism-associated molecular patterns (MAMPs), are specifically detected as “non-self” and distinguished by pattern recognition receptors (PRRs) of the host cells and trigger immune responses in animals, fish (86), and plants (157, 158). It has long been recognized that MAMPs from pathogens play a crucial role for host immunity in animals and plant (96, 159–161), but recent studies have revealed that MAMPs from commensal microbiota may also control the host immune system to maintain intestinal homeostasis (162). Common intestinal residential bacteria such as Clostridium and Bacteroides have been shown to stimulate the production of cytokines such as IL-6 and TNFα that protect intestinal tissues from injury (163), and also to induce the proliferation of immune cells such as FOXP3+ regulatory T (Treg) cells (164). Although MAMPs required for induction of each host factor are not well-understood, species-specific polysaccharides such as Polysaccharide A found on the capsule of Bacteroides fragilis may play important roles for initial binding and recognition to the host cells (165).

In the model plant Arabidopsis thaliana it was recently shown that MAMPs from beneficial root microbiota members are similarly recognized by the plant immune system as MAMPs from pathogens, but the downstream immune response was suppressed by so far unknown mechanisms (89).




INFLUENCE OF AGRICULTURAL MANAGEMENT PRACTICES ON MICROBIOTA IN ANIMALS, FISH, AND PLANTS

Recent comparative studies on gut microbiota between urban and hunter-gatherer human population have suggested continuous decreases in microbial diversity over generations during worldwide industrialization (166–168). Similar changes, i.e., loss of diversity in domestic vs. wild counterparts, have been documented in primates and Przewalski's horses (169, 170), but the diversity level of gut microbiota has been found to be consistent in mice (171) and a vice versa situation has also been observed in cloacal microbiota in parrots (172). Nevertheless, many studies have shown that the reduced diversity of gut microbiota is characteristic to many diseases and disorders in human [e.g., (173, 174)], therefore the loss of diversity in gut microbiota over generations may have negatively affected the health of not only human but also other animals and fish. Although reduced microbial diversity is not often discussed for plants, the long-term agricultural practices may have served as strong selective pressures on the microbiota of the phyllosphere and rhizosphere (175, 176). Supplementation of the “lost” population could improve host fitness, as has been shown in mice (177), but the cause of the loss of certain microbial groups and its consequences are not fully understood. For optimizing microbiota in agricultural organisms, it is important to evaluate how domestication and agricultural management practices can affect the microbiota and host nutritional health and immunity.


Domestication

While some livestock animals and farmed fish have evolved into domestic species distinct from wild relatives, studies on the microbiota of wild representatives of agricultural organisms provide insights into how domestication may have affected the microbial composition of agricultural organisms. For example, a comparative study of domestic pig microbiota with that of wild boars has revealed that Lactobacillus spp. and Enterobacteriaceae, which are considered to be dominant bacterial groups in pig intestinal microbiota (178), are not common in wild boars (179). Interestingly, recently domesticated wild boars have been found to harbor Enterobacteriaceae as a major group, which collectively suggests that gut microbiota of domestic pigs may reflect the recent agricultural management practices (179). Since the increased abundance of Enterobacteriaceae has been reported to be correlated to post-weaning diarrhea (180), agricultural management is likely to have a significant impact on the health of domestic pigs via the fluctuation of gut microbiota. In cattle, inoculation with bison rumen contents has been shown to increase protein digestibility and nitrogen retention but not fiber digestibility, which suggests that microbiota of ancestors of livestock animals may have had higher capacities to extract nitrogen nutrition from crude materials (181).

While a study on gut microbiota of laboratory-reared and recently-caught zebrafish has shown little influence from domestication on intestinal microbiota of fish and shrimps (8, 182), some bacterial groups in wild fish have been found to disappear upon captivity (183) and therefore careful investigation should be needed in future studies.

Plant microbiota can also be affected by domestication, i.e., plant breeding in combination with yield-increasing agricultural practices and the use of chemical fertilizers and pesticides, which has resulted in the selection of specific plant traits maximizing profitable functions from the root microbiome (184). Studies have shown distinct features of the microbial community associated with wild and domesticated crop species such as rhizosphere microbiota from sugar beets (185) and endophytic population from grapevines (186). Nevertheless, plant hosts respond to various microbial factors by changing their physiology and thereby can modulate their microbial composition (187), it is important to obtain more insights into the physiological and structural differences between wild and domesticated plant species.



Agricultural Management Practices

Agricultural management practices include multiple and long-term stress factors such as selective breeding, confinement, nutritional changes, close contact with people, and antimicrobial usage, all of which can affect the composition of microbiota to a greater extent.

Selective breeding produces a new type of organism with a phenotype different from its parental organisms, which can affect the composition of the host-specific microbiota. Gut microbiota in livestock animals including cattle and pigs have been reported to show a host-specificity and habitability over generations (188, 189), which suggests that the host genetics are correlated to microbial structure and functions (190). Although fish gut microbiota are largely affected by ecological factors, several studies have shown host selection plays an important role in shaping intestinal and gill microbiota (191, 192). In plants, rhizosphere microbiota has been shown to have specific profiles unique to its host plant species, genotype, and cultivar (193, 194).

Confinement such as indoor breeding and aquaculture has been reported to affect microbiota of animals and fish to various extents. There is no clear evidence on how housing systems (indoor vs. outdoor) can affect microbiota of animals, since previously reported changes in gut microbiota in response to different housing methods can be better explained by dietary changes (195, 196). As intestinal tracts of fish are constantly exposed to water and a large number of microorganisms in their surroundings, it is not surprising that the conditions of aquaculture such as water quality (e.g., salinity) and external microbial community significantly affect gut microbiota of fish (197–199).

Nutritional changes including grazing, feeding, and weaning in animals or fertilizer amendment for plants, are one of the most important factors shaping the structure and functions of microbiota in agriculture. Availability of microbiota-accessible organic compounds is a crucial determinant for the survivability of individual microorganisms in the host systems (200). In livestock animals, starch grains, plant fibers and crude proteins in feed are digested by rumen or colonic microbiota to different degrees, which can essentially change the structure and functions of gut microbiota and the host nutritional health as already mentioned above (51, 201, 202). Weaning can cause serious fluctuation of rumen and intestinal microbiota of young animals (34, 203), which can occasionally lead to dysbiosis and post-weaning diarrhea (204). Also similar to animals, dietary changes such as feeding high-cellulose diet has been shown to increase cellulolytic bacteria in the fish intestine (205, 206), and relationships between the dietary components and gut microbiota are extensively studied (207). Continuous cropping and fertilizer amendment can modulate nutritional status in the agricultural soil and affect plant microbiota (208). The growth inhibition caused by the continuous cropping, such as the imbalance of inorganic nutrients and prevalence of pathogenic fungi, could be mitigated by native microbiota (209), which suggests the resilience of agricultural soils highly depend on their microbial activities.

Continuous close contact with human and animals seems to allow inter-species transmission of certain bacterial groups even between the intestinal microbiota. As the microbial composition in human gut has been found to be affected by adjacent livestock animals or companion animals (210, 211), the microbiota of animals, fish, and plants could be affected by the human microbial assemblage. The predominance of Bifidobacterium spp. in the modern human gut microbiota reflecting the dietary transition from fiber-rich plant-based diet to western diet (212), has also been observed in animals, which have experienced close contact with humans (213).



Influence of Usage of Antimicrobial Agents on Microbiota in Agriculture

Antimicrobial agents have been used as a common agricultural practice over the decades, which aims not only to treat infectious diseases of animals and fish but also to promote growth and improve productivity (214). The worldwide overuse of antimicrobial agents has already brought major concerns: the spread of AMR in microorganisms through the global ecosystem. Microbiota of animals, fish, and plants, which have been treated with antimicrobial agents, can serve as a reservoir of resistance genes where commensal microorganisms may confer AMR to pathogenic microorganisms by horizontal transfer events (215). Use of low-dose antibiotics as antimicrobial growth promoters (AGPs) in livestock farming is still a common practice in many countries, which poses a great risk to accelerate emergence and spread of antibiotic-resistant bacteria (216).

It has been shown that antimicrobial agents can alter intestinal microbiota of animals in location-specific ways, (i) structural and functional disruption of foregut microbiota, and (ii) increase of AMR in hindgut microbiota (217). The major risk of disruption of foregut microbiota in piglet is characterized by the increased number of Streptococcus suis and Enterobacteriaceae, which are known to cause infectious diseases like pneumonia and post-weaning diarrhea (218). Such effects by the early-life exposure to antimicrobial agents can be retained throughout the life of animals (70, 219). Reduced diversity of intestinal microbiota by antimicrobial treatments, which can increase the host susceptibility to pathogens, has also been documented in fish (220).

The risk of AMR in agriculture is not restricted to livestock farms. Livestock manure is frequently used for composting and eventually amended to agricultural soils as fertilizers and the high frequency of AMR in manure can be transferred to the microbial community in the soil, which can also affect the plant microbiota (221, 222). Aquaculture ponds are considered to be a significant reservoir of AMR (223), especially in countries where livestock manure is used for feeding fish in farming ponds (224). Once entering to the agricultural food chain, AMR is transmitted and exchanged between microbiota associated with animals, fish, and plants and spread over agricultural food products, which can be eventually introduced to human microbiota (225–227).




FUTURE TASKS FOR DEFINING “OPTIMAL MICROBIOTA” OF ANIMALS, FISH, AND PLANTS

The cross-sectional view of the microbiota of animals, fish, and plants reviewed here may provide an idea of what aspects should be particularly considered in the future investigation for elucidating structure and functions of “optimal microbiota” and applying the knowledge for improving host nutrition and immunology to maximize productivity and sustainability in agriculture.


Quantitative Understanding of Microbiota

Many past studies employ 16S rRNA gene sequencing approach to study microbiota of animals, fish, and plants. While the composition of microbiota, which can be estimated by the number of sequencing reads, allows understanding of the diversity and distribution of specific microbial groups, the density of microorganisms is often overlooked. Microbial density is especially important when studying a specific host region where microbial activities play crucial roles or the host immunological factors respond to a certain density threshold. The microbiota of animal rumen, hindguts or rhizosphere with the extremely high density of microorganisms [1011−1012 cells per mL or gram; (62, 228)] and animal foreguts or the plant phyllosphere with a smaller number of microbial cells in several orders of magnitude (104−107 cells) should be considered as a separate ecosystem themselves, i.e., habitats with different types and levels of microbial structure and functions, which could be differently recognized by the host immunity (162). Therefore, using fecal samples for studying gut microbiota should be done with a special caution, since the foregut microbiota are highly underrepresented in the feces and its compositional and functional changes can be completely masked by the hindgut microbiota (229).

While no direct counts of the number of microbial metabolites produced are available for any host organism, as their composition constantly changes depending on environmental, host and microbial factors, attempts have been made to use sequencing information to estimate the number of compounds that may be produced from human microbiota. Donia et al. have identified 14,000 predicted small-molecule biosynthetic gene clusters (BGCs) by shotgun sequencing human gut metagenome where they have shown that 3,118 BCGs have been found in the healthy human microbiota, among which 599 clusters can be affiliated with typical human gut microbiota while 1,061 clusters with the typical oral cavity (90). They reported that gene cluster classes in the human microbiota differed from those in non-human microbiota, which suggests that species-specific analyses of BCGs will also be useful for agricultural organisms. To make the best use of such useful approach, it is worth summarizing what kind of microbial metabolites can occur and how they affect physiology and growth properties of the host animals, fish, and plants.



Cultivation of the Uncultured Majority

The limitation of our current knowledge on microbiota of animals, fish, and plants can be largely attributed to the predominance of uncultured microorganisms in each microbiota. For example, a study by Stanley et al. has been able to identify several bacterial phylotypes in chicken caeca, which are negatively correlated with growth performance of the host chicken, but all of these phylotypes have been affiliated with unknown and uncultured bacterial groups of the phylum Firmicutes (35). In cattle, 44.6% of all microbial sequences obtained from gastrointestinal tracts have failed to be identified at the genus level (3). Similarly, eggs at the fertilization stage of grass carp have been reported to be colonized by a large proportion (>50%) of uncultured bacteria (230). In maize rhizosphere, important functional genes for microbial nitrogen metabolism such as nitrogen-fixation and denitrification have been mainly affiliated with uncultured bacteria (231).

These findings underscore the importance of cultivation of the uncultured members of microbiota colonizing animals, fish, and plants. The difficulties of conventional cultivation techniques are now able to be addressed by modern technologies featured by single-cell (meta)genomics (232) and culturomics (233), which combine the analytical methods such as the index fluorescence-activated cell sorting (FACS) or the matrix-assisted laser desorption/ionization–time of flight (MALDI–TOF) with multiple culture conditions and high-throughput 16S rRNA gene sequencing (233, 234). Isotope probing (SIP) (235) has also been used as a powerful method to identify uncultured microorganisms with specific activities such as host-protein utilization in animal gut microbiota (236) or the pesticide degradation in the rhizosphere microbiota (237). Individual profiles of microbial metabolites (Table 1) are also an important aspect to understand the role of uncultured microorganisms, which can be extensively assessed by recently advancing metabolomic approach integrated with genomic and proteomic datasets (238).



Systematic Investigation of Microbial Functions

Many well-described Proteobacteria species, which are widely distributed in healthy animals, fish and plants, also behave as opportunistic pathogens (239, 240). Campylobacter spp. and Salmonella spp., two major food-borne pathobionts have been found to be stable colonizers of livestock animals and human, which are usually unharmful but occasionally cause diseases of the hosts (241). Plant-associated bacteria of the class Gammaproteobacteria such as Pseudomonadaceae, Erwiniaceae, Xanthomonadaceae show species- and strain-level differences in their traits as pathogens, antagonists of the pathogens, or PGPM (240). Most microorganisms consisting the microbiota of animals, fish, and plants seem to be opportunistic symbionts, which colonization can result in beneficial and detrimental, or no effects on the host, which might be determined not only by genetic properties of each microorganism but also by various environmental conditions and host factors (242, 243). The question whether the identified bacterial groups are beneficial or detrimental cannot be answered only by 16S rRNA gene-based analyses, and the microbial metabolites (244), host-specific selective marker genes including virulence or symbiotic factors in the microbial genomes (145, 245), and metabolites involved in modulations of the host cell immunity (246) should be systematically investigated for elucidating the roles of microbiota. A study on the fruit fly Drosophila has shown that occurrence of a single protein of plant pathogenic bacterium Erwinia carotovora, i.e., evf factor determines the successfulness of persistence in the gut of the host (247). Similar unknown mechanisms may present in microorganisms associated with animals, fish, and plants, which are responsible for the host-specific selection of individual microorganisms.

As the majority is still uncultured, microbial physiology is not fully resolved and many important microbial processes in natural ecosystems have still not well-discussed in microbiota research on animals, fish, and plants.

Nitrogen fixation, as well as ammonia oxidation and denitrification (reduction of nitrate, nitrite, and N2O), are globally important processes conducted by microorganisms fueling the nitrogen cycle of most ecological systems (248) but have been poorly investigated for animal and fish microbiota. Nitrogen fixation and other inorganic nitrogen conversion have been known to maintain nutritional status of termite gut microbiota, where nitrogen-poor wood polysaccharides (cellulose and hemicellulose) serve as major sources of nutrition (249, 250). Recent findings of a genetic diversity of the nitrogen fixation gene nifH in human microbiota indicate that inorganic nitrogen metabolism may play an important role in animal microbiota (251), but it is still unknown which microorganisms are responsible for the processes.

Microbial removal of hydrogen (H2) generated in the course of fermentation of fiber-rich carbohydrates is a critical process in every anaerobic system, including gut microbiota of animals and fish (252). H2-consuming intestinal microorganisms such as methanogenic archaea, sulfate-reducing bacteria, and reductive acetogens are therefore as important as primary fermenters such as Bacteroidetes for maintaining the redox balance and conserving energy (253), and are crucial for the stable SCFA production in the ecosystem (254, 255). In contrast to the well-studied rumen microbiota, little is known about H2-consuming microorganisms for monogastric animal guts, but a study by Rey et al. have shown that genes encoding Wood-Ljundahl pathway, which are key components for reductive acetogenesis, have been shown to be highly represented among expressed RNAs in human gut microbiota than marker genes for methanogenesis or sulfate reduction (256).



Clarification of Optimization Purposes

Recently, Lloyd-Price et al. has suggested “healthy human microbiome” can be defined in terms of microbial composition, function, dynamics, and ecology (6). Although this definition can be applied for defining “optimal microbiota” of animals, fish, and plants in agriculture, the dataset from each target organism may be highly limited compared with that of human gut microbiome (257) and additional criteria should be considered in the context of productivity and sustainability.

In plant science, improving growth speeds, conferring resistance against environmental stresses, or improving nutritional values have been successfully accomplished by inoculating PGPM consisting of specific bacterial groups or amending materials promoting the growth of PGPM (258). In contrast, the impact of inoculation of putatively beneficial microorganisms i.e., probiotics to animals and fish seems to be less pronounced (259). Striking similarities between gut microbiota in antibiotic-treated pigs, which gain weight and have high-feed efficiency, and gut microbiota linked to human obesity (218, 260) indicate that the “optimal microbiota” are not necessarily identical to the “healthy microbiota” in agricultural contexts. Therefore, clarifying purposes of the microbiota optimization, i.e., prevention of specific diseases or addition of nutritional values in the products, is prerequisite for the employment of microbiota manipulation techniques, which have been reviewed by Brugman et al., in this issue (11). As discussed above, the worldwide threat of AMR should be combated by reducing the amount of unnecessary use of antimicrobial agents in agricultural practice and by manipulation of microbiota, which can minimize the risk of diseases and optimize the growth performance of target organisms. Host–microbe interaction in individual agricultural organisms should be studied with close reference to the current knowledge available from laboratory models and humans, through which new ideas for modulating microbiota as alternative strategies to antibiotic use can be shared and discussed interdisciplinarily.
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A novel vaccine against bovine viral diarrhea (BVD) induced pathogenic antibody production in 5–10% of BVD-vaccinated cows. Transfer of these antibodies via colostrum caused Bovine neonatal pancytopenia (BNP) in calves, with a lethality rate of 90%. The exact immunological mechanisms behind the onset of BNP are not fully understood to date. To gain further insight into these mechanisms, we analyzed the immune proteome from alloreactive antibody producers (BNP cows) and non-responders. After in vitro stimulation of peripheral blood derived lymphocytes (PBL), we detected distinctly deviant expression levels of several master regulators of immune responses in BNP cells, pointing to a changed immune phenotype with severe dysregulation of immune response in BNP cows. Interestingly, we also found this response pattern in 22% of non-BVD-vaccinated cows, indicating a genetic predisposition of this immune deviant (ID) phenotype in cattle. We additionally analyzed the functional correlation of the ID phenotype with 10 health parameters and 6 diseases in a retrospective study over 38 months. The significantly increased prevalence of mastitis among ID cows emphasizes the clinical relevance of this deviant immune response and its potential impact on the ability to fight infections.

Keywords: bovine neonatal pancytopenia, hyperproliferation, differential immune proteome, Concanavalin A, STAT, T helper pathways, deviant immune phenotype, mastitis


INTRODUCTION

Vaccines are the most effective and also affordable disease-prevention tools (1) and maternal antibodies protect the offspring from infections in man (2) and animals (3). In cattle, pre-partum vaccination with various virulence factors of bacterial or viral infectious diseases is a standard procedure which effectively stimulates the production of specific antibodies (4, 5). A novel production technology using an allogeneic cell line (6) and the addition of a highly potent adjuvant to PregSure BVD, a new vaccine against bovine viral diarrhea (BVD), induced fatal immune reactions with production of alloreactive antibodies in 5–10% of vaccinated cows (7–9). These alloantibodies were transmitted to calves, regardless of kin, via the colostrum of these dams (8, 10) and caused bovine neonatal pancytopenia (BNP) (7, 11–13), even years after the vaccine has been taken off the market (14). BNP calves suffered from hemorrhagic diathesis, thrombo and leukocytopenia and bone marrow depletion, which resulted in a deadly bleeding disorder (10, 15, 16). Several authors hypothesized alloimmune reactions against the major histocompatibility complex class I (MHC I) as causal for BNP (17–20). This hypothesis is still controversial since MHC I alloantibodies would be expected to bind all nucleated cells, not only to blood-derived and hematopoietic progenitor cells (12, 16). Also transcriptome analyses provided evidence that MHC I can be excluded as single causal agent for BNP-associated alloantibodies (21). As other authors claimed the possibility of a genetic predisposition of BNP dams for production of BNP inducing alloantibodies (22–24), our studies focused on investigating a general difference in immune responses between PregSure BVD vaccinated control cows and BNP donors. We wanted to analyze if there is evidence for differential expression of master transcription factors of cellular immune response in lymphocyte proteome of controls and BNP dams. Interestingly, we found a markedly different immune phenotype in BNP dams, characterized by significant hyperproliferation of lymphocytes and a deviant immune signaling pathway compared to controls. We were next interested to see if we could find evidence for this immune phenotype in cows that were never vaccinated with PregSure BVD. Further testing showed that this altered immune phenotype was also detectable in 22% of cows from a PregSure BVD unvaccinated cohort. This confirmed its natural, not vaccine-induced, appearance in cattle and gave more evidence for immune deviant (ID) phenotype as a genetic predisposition. In further in-depth experiments we found that Interleukin-2 (IL-2) plays an important role in diverging immune response of ID lymphocytes. In addition to these immune response studies, we analyzed the functional correlation of the ID phenotype with overall 10 health parameters and 6 diseases in a retrospective study over 38 months. Here, a significantly increased mastitis incidence in cows with an ID phenotype became apparent, highlighting the clinical impact of altered immune response.



MATERIALS AND METHODS

In this study, peripheral blood derived lymphocytes (PBL) of a total of 132 cows were used. Eleven of these cows had previously been vaccinated with PregSure BVD, of which six did not produce BNP-inducing antibodies (BVD vaccinated control cows) and five showed alloreactive antibody production (BNP dams) resulting in their calves dying from hemorrhagic diathesis with confirmed thrombocytopenia, leukocytopenia and bone marrow depletion. The remaining 121 cows were healthy controls (female, age: 2–10 years, first to eight lactation period) from one dairy farm never vaccinated with PregSure BVD. No experimental animals were killed through this study. Withdrawal of blood was permitted by the local authority Regierung von Oberbayern, Munich, permit no. 55.2-1-54-2532.3-22-12.


PBL Isolation

Bovine venous blood samples were collected in tubes with heparin sodium 25.000 I.U. Blood was diluted with equal parts of phosphate buffered saline (PBS; 136,9 mM NaCl, 2,6 mM KCl, 1,4 mM KH2PO4, 8,1 mM Na2HPO4 × 2H2O; pH 7,2) and subsequently layered on density gradient separating solution (Pancoll; PanBiotech, Aidenbach, Germany). After density gradient centrifugation (room temperature, 290 × g, 25 min, brake off), PBL were obtained from intermediate phase. Cells were washed twice in PBS (4°C) and either used immediately or stored at −20°C (lysate) for western blot analyses.



Proliferation Assays

PBL were seeded in 96-well plates (1 × 105 cells/well) and stimulated for 48 h with either PWM (Pokeweed mitogen), ConA (Concanavalin A) or BanLec (Banana lectin) (Sigma-Aldrich, Taufkirchen, Germany, 5 μg/ml), bovine IL-2 (Bio-Techne, Wiesbaden, Germany, 1 ng/ml), bovine IL-4 or bovine Interferon gamma (IFNγ) (Thermo Fisher Scientific, Bremen, Germany, 3 ng/ml). For the inhibition assays, cells were incubated with STAT3 inhibitor (WP 1,066, Santa Cruz, Heidelberg, Germany, 50 ng/ml) 12 h before stimulation. After 34 h of stimulation, cells were pulsed for 14 h with 0,05 mCi/well [methyl-3H]-thymidine (Perkin Elmer, Hamburg, Germany), harvested and counts per minute were measured. Proliferation rate after stimulation was expressed as factor of [3H]-thymidine incorporation with respect to the unstimulated cells or after inhibition as percentage to ConA stimulated cells.



Flow Cytometry Analyses

Staining of 5 × 105 cells per well was performed with anti-bovine cluster of differentiation (CD) 4 (mouse IgG1 monoclonal, Bio-Rad AbD Serotec, Puchheim, Germany; 1:100), anti-bovine CD8 (mouse IgG2a monoclonal, Bio-Rad AbD Serotec; 1:50) and FITC-conjugated anti-bovine IgM (Bio-Rad AbD Serotec, Puchheim, Germany; 1:50) antibodies, diluted in staining buffer (1% BSA + 0,001% NaN3 in PBS). Respective secondary antibodies anti-mouse IgG1 FITC and anti-mouse IgG2a FITC (both Santa Cruz Biotechnology; Heidelberg, Germany 1:200) were added. All antibodies were incubated for 30 min on ice. Cells were washed with staining buffer between primary and secondary antibody staining steps (200 × g, 4°C, 1 min). For all stainings with secondary antibodies respective isotype controls were used. Cells were fixed in 1% PFA diluted in staining buffer and stored at 4°C until analysis. On FACS Canto II, measurement of cells was performed with FACS Diva Software (BD Biosciences). Lymphocytes were gated according to forward scatter (cell size) and side scatter (intercellular granularity) properties of cells. Per staining, between 5 × 103 and 1 × 104 cells were measured. Further analysis of flow cytometry data was performed using open source Flowing Software 2.5.1 http://flowingsoftware.btk.fi/ (Perttu Terho, Turku Centre for Biotechnology, Finland).



Differential Proteome Analyses

PBL (2.2 × 107 cells) of two PregSure BVD vaccinated control cows and two BNP dams were stimulated with PWM and ConA (5 μg/ml) for 48 h. For LC-MS/MS analysis, peptides were separated on a reversed chromatography column (75 μm ID × 15 cm, Acclaim PepMAP 100 C18. 100Å/size, LC Packings, Thermo Fisher Scientific, Bremen, Germany) and the analysis was conducted with an Ultimate 3000 nano-HPLC system (Dionex, Idstein, Germany). Nano-HPLC was connected in a linear quadruple ion trap-Orbitrap (LTQ Orbitrap XL) mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). The mass spectrometer was operated in the data-dependent mode to automatically switch between Orbitrap-MS and LTQ-MS/MS acquisition. Up to 10 most intense ions were selected for fragmentation on the linear ion trap using collision induced dissociation at a target value of 100 ions and subsequently dynamically excluded for 30 s. Elevated spectra were imported into Progenesis software (version 2.5). After comparison and normalization, spectra were exported as Mascot Generic files and searched against the Ensembl bovine database (version 80) with Mascot (Matrix Science, version 2.4.1). Peptide assignment was reimported to Progenesis Software. All unique peptides allocated to a protein were considered for quantification. Only proteins quantified with at least two peptides were included for further analysis.

For hierarchical cluster analyses of normalized protein abundances, arithmetic means of two respective vaccinated control and BNP samples were generated and proteins with similar expression patterns were clustered with Perseus software algorithm (version 1.6.1.1; Computational Systems Biochemistry, Martinsried, Germany) (25). Proteins with a ratio of at least 2-fold in normalized abundance between control and BNP samples were defined as differentially.



Western Blots

For protein expression analyses with western blots, PBL were first lysed in lysis buffer (9 M Urea, 2 M Thiourea, 65 mM Dithioerythritol, 4% CHAPS). Proteins were then separated by SDS-PAGE on 8% gels (7 μg protein/slot) and blotted semidry onto 8.5 × 6 cm PVDF membranes (GE Healthcare, Freiburg, Germany) and blocked with 4% BSA (1 h). Blots were incubated overnight with respective primary antibodies: rabbit anti-pSTAT1 Tyr701, rabbit anti-pSTAT3 Tyr705 (Cell Signaling, Darmstadt, Germany, 1:500) or mouse anti-beta actin (Sigma, Taufkirchen, Germany, 1:5000). As secondary antibodies, either HRP-coupled goat anti-rabbit IgG (H+L) antibody (Cell Signaling, Darmstadt, Germany, 1:5000) or goat anti-mouse IgG (H+L) antibody (Sigma-Aldrich, Taufkirchen, Germany, 1:5000) were used (1 h). Signals were detected by enhanced chemiluminescence on X-ray film (SUPER-2000G ortho, Fuji; Christiansen, Planegg, Germany). Films were scanned on a transmission scanner and densitometric quantification of Western blot signals was performed using ImageJ software (open source: http://imagej.nih.gov/ij/). Abundances of pSTAT1 and pSTAT3 were subsequently normalized to beta actin.



Health Parameters

Milk production and health parameters (observed by veterinarians) of 100 non-PregSure BVD vaccinated cattle from one dairy farm were analyzed for 38 months retrospectively. Results were then correlated to immune response data of in vitro assays. Seventy-three control cows with low proliferation rate after ConA stimulation and 27 ID cows, which showed a BNP-like hyperproliferation to ConA, were included in this study. Ten health parameters [daily milk yield, average lactation performance (300 days), milk structure (lactose, fat, urea, somatic cell count), fertility parameters (amounts of inseminations, calving-to-conception intervals, medicinal induction of oestrus, ovarian cysts)] and 6 diseases [diseases of musculoskeletal system, claws, digestive tract, respiratory system, and metabolic disorders (ketosis, hypocalcemia)] were analyzed. All parameters were recorded and listed by the same veterinarians and the statistical analysis was performed using the odds ratio and chi-square distribution.



Statistical Analyses

Data were analyzed in Prism software (GraphPad, version 5.04) with Kolmogorow-Smirnow (KS) test. If KS test was significant (p < 0.05; normal distribution), Student's t-test was used for statistical analysis, if KS test was not significant (p > 0.05; no normal distribution) statistics were performed using Mann-Whitney test. For statistical analysis of health parameters, we used odds ratio and chi-square distribution. Differences were considered statistically significant with the following p-values: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




RESULTS


Lymphocytes of BNP Dams Show Hyperproliferation After Polyclonal Stimulation in vitro

After in vitro stimulation (48 h) with T and B cell mitogen PWM (26) and T cell mitogen ConA (27), a clearly divergent reaction of lymphocytes from PregSure BVD vaccinated cows became evident. Cells from cows known to produce alloreactive BNP antibodies after vaccination (BNP lymphocytes) proliferated significantly stronger (4.5-fold) than cells from vaccinated control dams after PWM stimulation (Figure 1A, BNP to Ctr, ****p < 0.0001) and ConA stimulation (8-fold stronger; Figure 1B, BNP to Ctr, ****p < 0.0001). Thus, in vitro proliferation assays revealed a highly significant hyperproliferation of BNP lymphocytes demonstrating an increased reaction to polyclonal immune stimulation in these cows.
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FIGURE 1. Hyperproliferation of BNP lymphocytes after polyclonal stimulation in vitro. (A) Lymphocytes from BNP cows (black bars, n = 5, technical replicates n = 98) proliferated 4.5 times stronger (****p < 0.0001 vs. control) after PWM stimulation than lymphocytes from control dams (white bars, n = 6, technical replicates n = 53). (B) Increased proliferation rate (8-fold; ****p < 0.0001 vs. control) of lymphocytes from BNP dams (black bars, n = 5, technical replicates n = 86) compared to control dams (white bars, n = 6, technical replicates n = 52) after in vitro stimulation with ConA. Proliferation rate shown in mean ± SD. Mann-Whitney test was used.





No Significant Differences in Lymphocyte Subsets Were Detectable

To exclude differences in lymphocyte subset percentages between control and BNP dams as a possible cause for the differential responses toward polyclonal immune stimulation, we analyzed the distribution of CD4+, CD8+, and B cells in control and BNP PBL. There were no significant differences in proportional composition of subpopulations between PregSure BVD vaccinated control and BNP animals (Figure 2).
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FIGURE 2. No differences in distribution of lymphocyte subsets between control and BNP dams. (A–J) Representative dot plots of flow cytometry analyses from lymphocytes of control and BNP cows. (A) Identification of lymphocytes (Lymph) based upon properties of forward (FSC) and sideward scatter (SSC). The population to be measured is shown in red (lymphocytes). (B) Unstained cells in Q3 to determine position of quadrants for gating. (C–J) Respective staining shown in Q4. (C) Expression of CD4 in control lymphocytes (45%). (D) Expression of CD4 in BNP lymphocytes (50%). (E) Respective isotype control staining for CD4 antibody (mIgG1, 1%). (F) Expression of CD8 in control lymphocytes (28%). (G) Expression of CD8 in BNP lymphocytes (27%). (H) Respective isotype control staining for CD8 antibody (mIgG2a, 1%). (I) Expression of B cell marker IgM in control lymphocytes (25%). (J) Expression of B cell marker IgM in BNP lymphocytes (20%). (K) Flow cytometry analyses of lymphocyte subset distribution revealed no significant differences (ns) between control (white bars; n = 4) and BNP cells (black bars; n = 3). Percentage of subset is shown in mean ± SD. For statistical analyses Mann-Whitney test was used.





Lymphocyte Proteomes Reveal Differential Protein Regulation Between Normal And Deviant Immune Responders to PregSure BVD Vaccination

To investigate if observed deviant reactions to in vitro stimulation originated from differences in immune cell regulation, we executed a differential proteomics experiment with PWM and ConA treated lymphocytes as well as unstimulated cells. Overall, we detected 5,471 proteins. Hierarchical cluster analysis of complete proteomes already visualized fundamental differences in protein abundances between PregSure BVD vaccinated control and BNP cows in constitutive protein levels (cE, Figures 3A,B). Differences in protein expression were also confirmed after immune stimulation (PWM and ConA, Figures 3A,B, hierarchical clustering of all identified proteins). These proteome analyses therefore revealed substantial quantitative differences on protein level.
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FIGURE 3. Lymphocyte proteomes reveal regulation of differential expression of proteins between normal and deviant immune responders to PregSure BVD vaccination. Differential proteome analyses of PBL from control (Ctr, n = 2, shown as arithmetic means) and BNP (n = 2, shown as arithmetic means) cows already revealed differences in protein expression patterns in constitutive expression (cE) of proteins, that shifted even stronger after (A) PWM and (B) ConA stimulation (48 h). Highly abundant proteins are presented in green and low abundant proteins in red. (C/D) In-depth analysis of part of the proteome relating to regulation of immune cells revealed some differentially (factor ≥ 2.0) expressed STAT proteins in bovine PBL after polyclonal activation with PWM (C) or ConA (D). STAT3 and STAT5A were selectively upregulated in BNP lymphocytes (C) compared to controls due to PWM. After ConA stimulation, controls significantly upregulated STAT1 and STAT6 (D), whereas in PBL of BNP cases STAT3 was enhanced during immune response (D).





Immune Stimulation Leads to Different Usage of STAT Pathways in PBL of Control and BNP Cows

Next, we used our dataset to perform more in-depth analyses on part of the proteome involved in transcription pathways of immune cell regulation. To identify possible differences in master transcription factor expression, we compared lymphocytes from vaccinated control and BNP cows after polyclonal in vitro stimulation. Signal transducers and activators of transcription (STAT) induce different T helper (Th) responses in mice and man (24) as master transcription factors. Therefor we analyzed all identified STATs from both proteomic approaches and characterized usage of different STAT pathways as a response to immune stimulation in both cow groups. After polyclonal activation of lymphocytes with PWM, STAT3 and STAT5A were selectively upregulated at least 2-fold in BNP lymphocytes (Figure 3C). ConA stimulation of control cells, however, caused upregulation of STAT1 and STAT6 expression levels (Figure 3D), whereas BNP PBL showed enhanced STAT3 in immune response (Figure 3D). Thus, control and BNP PBL upregulated different master transcription factors as response to stimulation pointing to usage of different immune pathways.



Lymphocytes of Control and BNP Cows Regulate Different STATs in Response to ConA Stimulation in vitro

Since we decided to further analyze the differential activation of STATs through T cell mitogen ConA, we determined phosphorylation of STAT1 and STAT3 in response to immune stimulation. In lymphocytes of vaccinated controls, phosphorylation of STAT1 Tyr701 significantly increased after in vitro stimulation with ConA compared to BNP PBL, where STAT1 Tyr701 phosphorylation decreased after ConA stimulation (Figures 4A,B, Ctr to BNP after ConA stimulation, **p < 0.01). In contrast, lymphocytes of BNP dams phosphorylated STAT3 Tyr705 comparatively stronger than PBL of vaccinated control cows after ConA (Figures 4C,D, BNP to Ctr after ConA stimulation, *p < 0.05). Thus, these experiments ascertained a qualitative difference in immune reactions between the cow groups to a T cell stimulus.
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FIGURE 4. In PBL of control and BNP cows, different transcription factors were activated after ConA stimulation in vitro. (A) Representative western blot of constitutive (cE) pSTAT1 Tyr701 expression and after stimulation with ConA (ConA) in control PBL (Ctr, n = 1) and BNP PBL (BNP, n = 1). (B) Lymphocytes of vaccinated control cows (white-black striped bars, n = 5) phosphorylated STAT1 Tyr701 significantly stronger than BNP lymphocytes (black-white striped bars, n = 5) after ConA stimulation (**p < 0.01). (C) Representative western blot of constitutive (cE) pSTAT3 Tyr705 expression and after stimulation with ConA (ConA) in control PBL (Ctr, n = 1) and BNP PBL (BNP, n = 1). (D) BNP lymphocytes (black-white striped bars, n = 5) phosphorylated STAT3 Tyr705 comparatively stronger than vaccinated control lymphocytes (white-black striped bars, n = 5) in response to ConA stimulation (*p < 0.05). (A/C) Phosphorylated STAT1 Tyr701 and pSTAT3 Tyr705 signals were normalized to beta-actin and quantified using Image-J software. Protein expression is shown in mean ± SD. For statistical analyses Student‘s t test was performed.





Inhibition of STAT3 in PBL of BNP Cows Abolishes Hyperproliferation as Reaction to Polyclonal Immune Stimulation

Since BNP lymphocytes responded to polyclonal stimulation with hyperproliferation and activation of STAT3, we next tested if inhibition of STAT3 reversed respective hyperproliferation. WP1066 (STAT3 inhibitor) significantly reduced proliferation of BNP lymphocytes after ConA stimulation (Figure 5, inhibition of BNP compared to Ctr, ***p < 0.001), but not of control lymphocytes. This verified the importance of STAT3-pathway for the hyperproliferation in BNP PBL after polyclonal T cell stimulation.
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FIGURE 5. STAT3 inhibitor WP1066 selectively inhibits hyperproliferation of lymphocytes from BNP cows. STAT3 inhibitor did not inhibit proliferation of control PBL (white bar, n = 4), but significantly inhibited ConA stimulated BNP cells (black bars, n = 4, ***p < 0.001). Percentage of inhibition rate shown in mean ± SD. Student‘s t-test was used for statistical analyses.





Immune Deviant Phenotype Is Also Detectable in Unvaccinated Cows

Since we first detected the deviant immune phenotype in BNP cows, we next tested cows that were never vaccinated with PregSure BVD in order to clarify whether the deviant phenotype was induced through vaccination or if it occurs naturally in a certain subset of cows. Therefore, we examined response of lymphocytes to different polyclonal stimuli in a large group of PregSure BVD unvaccinated cows. To exclude differences caused by environmental factors, cows all came from the same farm. In in vitro proliferation assays with T cell mitogen ConA we observed that 22% of the unvaccinated cows reacted similar to BNP dams by showing a hyperproliferative reaction to ConA (immune deviant (ID) phenotype; Figure 6A, reaction difference ID to controls or BNP to controls, ****p < 0.0001). Lymphocytes from ID cows with a hyperproliferative immune phenotype did not show significant differences to lymphocytes of BNP cows in these assays (Figure 6A, reaction difference BNP to ID). These data confirmed the natural occurrence of this ID phenotype in cattle and gave stronger evidence for genetic predisposition instead of vaccine-induced appearance.
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FIGURE 6. Immune deviant phenotype also detectable in unvaccinated cows. (A) In in vitro proliferation assays, 22% of unvaccinated cows showed a BNP-like hyperproliferative reaction to ConA [****p < 0.0001 vs. Ctr (white bar, n = 121)]. Lymphocytes from ID cows (gray bars, n = 27) with a hyperproliferative immune phenotype showed no significant (ns) differences to lymphocytes of BNP cows (black bars, n = 4, technical replicates n = 86). (B) After BanLec stimulation, ID lymphocytes reacted hyperproliferative in comparison to control lymphocytes (****p < 0.0001) and the proliferation rates of these ID lymphocytes did not show significant differences (ns) compared to BNP lymphocytes. (C) After IL-2 stimulation, lymphocytes of ID cows also reacted excessively (****p < 0.0001 vs. Ctr) just like lymphocytes from BNP donors (ns). (D/E) After bovine IFNγ (D) and IL-4 (E) stimulation, no significant differences between lymphocytes of unvaccinated and BNP cows were determined (ns). Proliferation rate shown in mean ± SD. Student‘s t-test was used.





Lymphocytes of ID Cows Also React to BanLec and IL-2 With Hyperproliferation

In order to further characterize the pathway targeted by the polyclonal activators PWM and ConA we tested additional mitogens. The T cell mitogen BanLec (28), which activates human T cells through the IL-2 pathway (29, 30), led to similar hyperproliferation of PBL from BNP dams as observed with ConA (Figure 6A, reaction difference factor: 5.0, BNP to controls, ****p < 0.0001). PBL of ID cows responded to BanLec stimulation with a similar immune response intensity as BNP cows (Figure 6B, reaction difference factor: 3.0, ID compared to controls, ****p < 0.0001). The reaction of lymphocytes showed no significant differences between ID and BNP cows. Since the results with ConA and BanLec pointed to a response via IL-2 pathway, we next tested stimulation with purified bovine IL-2 only. After IL-2 stimulation, lymphocytes of ID cows also reacted excessively (Figure 6C, reaction difference factor: 3.1, ID to controls, ****p < 0.0001) and did not show significant differences to BNP lymphocytes (Figure 6C, reaction difference factor: 3.7, BNP to controls, ****p < 0.0001).



IL-2, but Not IFNγ or IL-4 Promote the Different Immune Response in ID Cows

Finally, we tested further signature cytokines for different Th immune responses, bovine Interferon gamma (IFNγ; Th1) and Interleukin 4 (IL-4; Th2), to analyze differentiation of T helper subsets. We detected no significant differences between lymphocytes of vaccinated and unvaccinated controls and BNP cases after IFNγ or IL-4 stimulation in vitro (Figures 6D,E). This proves a crucial role for IL-2 in the deviant immune responses, but not for IFNγ or IL-4.



Immune Deviant Phenotype in Cows Correlates With Significantly Increased Incidence of Mastitis

In this study, the proliferative phenotype of controls and ID cows could be repeatedly tested during an overall observation period of 38 months. All of the sampled immune deviant cows showed hyperproliferative reaction to ConA at least three times. Overall, two-thirds of the ID animals consistently showed significant differences in their immune response compared to the unvaccinated control cows (Figure 7A). Since we wanted to know if this newly discovered immune deviant phenotype related to impaired health parameters in respective cows, we retrospectively analyzed milk production, health parameters and different diseases of control and ID cows from the same farm never vaccinated with PregSure BVD. From a total of 16 parameters tested, there was no difference in 15 parameters. However, mastitis incidence was significantly different between both cow groups. We detected that ID cows suffered from mastitis twice as often as control cows (Figure 7B, *p < 0.05). At the moment of blood sampling, all cows were clinically healthy and showed no signs of mastitis which could potentially influence adverse effects to immune stimulation. Thus, this clearly indicates that the hyperproliferative phenotype of ID cows has clinical relevance apart from the response to the BVD vaccine.
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FIGURE 7. Proliferation response types remain consistent and ID have a significantly increased incidence of mastitis. (A) The hyperproliferative phenotype of BNP cows (black) and ID cows (gray) as well as the low proliferation of control cows (white) were consistently detectable over the entire observation period (38 months). Three representative control cows and ID cows are shown and two BNP cows, white symbols = controls, gray symbols = ID, black symbols = BNP. (B) ID cows (gray, n = 27) suffered twice as often (difference in incidence *p < 0.05) from mastitis than the control cows (white, n = 73). Incidence of mastitis shown in percent. Odds ratio and chi-square distribution was used for statistical analyses.






DISCUSSION

BNP was the unwanted result of a fatal immune response to vaccination with PregSure BVD (8, 9). Five to ten percentage of vaccinated cattle produced disease inducing antibodies which were transferred via colostrum, killing 90% of receiving calves, regardless of kin (15, 31). It is still unclear, why a certain subgroup of cows responded differently to the vaccination. We hypothesize that the origin of this altered immune response lies in the existence of a naturally occurring deviant immune phenotype. In this study, we could effectively confirm a quantitative difference in immune cell activation of BNP PBL through hyperproliferative responses in vitro (Figures 1A,B). A shift in lymphocyte subpopulations (CD4+, CD8+, B cells) as a potential reason for these differential responses toward polyclonal immune stimulation could be excluded (Figure 2). The hierarchical clustering of identified lymphocyte proteins from our shotgun proteomics experiment substantiated a general quantitative difference in constitutive expression of proteins in PBL of controls and BNP dams (cE, Figures 3A,B). After immune stimulation, these differences increased even further (PWM/ConA, Figures 3A,B). In order to perform more in-depth investigations of potential functional differences, we subsequently focused on the analysis of master transcription factors of immune cell regulation from our dataset. As a result, we detected several differentially expressed STATs. STATs initiate the differentiation of various Th cell subsets (24) as first-response master regulators and provide lineage specificity by promoting the differentiation of a given Th cell subset while opposing the differentiation to alternative Th cell subsets (32). This makes them especially interesting to us, since expression of different STATs in controls and BNP specimen indicates divergent immune response pathways in these groups. In control lymphocytes we identified STAT1 with increased expression (Figure 3D) and significantly higher activation (Figures 4A,B) after T cell stimulation with ConA. In mice and man, STAT1 is important for the differentiation of naive CD4+ T cells to Th1 cells (33) or to type 1 regulatory (Tr) T cells (34). From these findings, we conclude that after immune stimulation, bovine control lymphocytes use the STAT1 pathway and we hypothesize that control cows react with a Th1 or Tr immune response in polyclonal stimulation assays. The effect of STAT1 inhibition could not be tested, since we found no STAT1 specific inhibitor that was commercially available. In contrast to controls, PBL proteome of BNP dams showed higher expression levels of STAT3 (Figure 3D), with increased phosphorylation (Figures 4C,D) in BNP lymphocytes after immune stimulation. STAT3 could therefore be a possible master regulator for the deviant immune response in BNP dams. In mouse and man, STAT3 induces the development of follicular Th (Tfh), Th17, and Th22 cells (32, 35, 36). Our findings proved a STAT3 pathway dependent immune response of BNP lymphocytes after polyclonal stimulation, but so far it is unknown which Th subsets exactly are regulated by STAT3 in cows. The dependence of the hyperproliferative phenotype of immune deviant PBL on STAT3 was shown by inhibition of respective factor using WP 1,066, a cell permeable tyrphostin analog which blocks the STAT3 pathway through inhibition of Janus kinase 2 (JAK2) protein tyrosine kinase (37). As a result, we observed a significantly reduced proliferation to 37% in BNP PBL, but no effect in control PBL (Figure 5). Our findings therefore show, that the deviant immune response of BNP donors is associated with STAT3/JAK2 pathway. Further studies will be needed to clarify whether immune cells from control cows differentiate to Th1 or Tr subsets and if BNP donor cows develop Tfh, Th17, or Th22 cells after immune stimulation. Hyper-reactivity of BNP PBL and the STAT3 driven differentiation of Tfh cells after immune stimulation are supported by findings of other research groups, describing higher alloantibody levels in BNP cows compared to PregSure BVD vaccinated control dams (22). This group also hypothesized, that differences between BNP and control dams are likely due to genes controlling the quantitative alloantibody response after vaccination (22). To find evidence for a genetic predisposition of this immune deviant BNP phenotype in cows (22, 23), we additionally analyzed the immune phenotypes of 121 non-PregSure BVD vaccinated cows. In our study, 22% of cows (ID cows) showed a BNP-like hyperproliferative response to T cell stimulation in vitro (ID, Figures 6A,B). This percentage fits to the findings of Benedictus et al., who hypothesized a heritability of 19% in dams for the development of BNP in the calf (22). This proves the existence of an immune deviant phenotype among a certain subpopulation of cattle, which is not triggered by vaccination with PregSure BVD but occurs naturally. The immune deviant response described here in these ID cows clearly depends on IL-2 (Figure 6C), which we could prove through hyperproliferative response of BNP and ID lymphocytes to stimulation with BanLec (Figure 6B), a mitogen that activates human T cells (28, 30) via the IL-2 pathway (29). For bovine T cells, the specific impact of IL-2 itself was not described so far. In man and mice, however, IL-2 has pleiotropic autocrine or paracrine functions that regulate proliferation of T cells (38). It also plays a key role in promoting development, homeostasis and function of regulatory T cells though IL-2/STAT5 signals (39) and balances expression of different STATs in Th cells of mice (40). Therefore, the association of IL-2 with the immune deviant response in cows is a very interesting finding which merits further in-depth investigations in future studies. To determine whether the newly detected deviant immune phenotype is of clinical relevance, we analyzed 10 clinical parameters and 6 diseases in 100 cows from the sampled dairy farm and compared incidence between controls (n = 73) and ID animals (n = 27). Interestingly, we found a significantly increased mastitis incidence in ID cows compared to controls (Figure 7B). This highly important correlation points to an altered immune reaction of ID cows to classical mastitis pathogens, facilitating mastitis onset in these animals.

In conclusion, we could prove the existence of an immune deviant phenotype in 22% of cattle, regardless of the vaccination status. The ID phenotype shows altered reactions to immune stimulation identical to BNP dams, such as hyperproliferation of lymphocytes, STAT3/JAK2 regulated pathway and association with IL-2. These features potentially triggered alloantigen-production after maternal PregSure BVD vaccination, causing BNP. The correlation of the ID phenotype with high mastitis incidence (Figure 7B) underlines its clinical relevance.
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Age of infants /children

3 months-6 year old Japanese infants
(active n = 18; control n = 26)and 1
month-3 year old Japanese orphaned
infants (active n = 6; control n = 7)
3-15 months old Australian infants
(active n = 55; control n = 56)

1-36 months old infants from
HongKong and India (actve n = 50;
placebo n = 102)

3-7 months old American infants
(actve n = 31; control n = 33)

3-6 months old Chilean children
(active n = 124; control n = 108)

3-6 months old lragi infants (n = 125)

1-6 year old Egyption children with
recurrent URTI and/or diarthea (GIT)
(n=160)

1-8 year old Indian children with
recurrent URTI and/or diarthea

(0= 605)

Product, dosage, and duration

Hyperimmune colostrum 0.6 IgG +
0.02-0.05 g Igh/day 20mL

Hyperimmune colostrum 50 mL/ 1
day, 10days

Hyperimmune colostrum 2 g/day. 3x
aday hospital stay + 3days after

Hyperimmune colostrum (0.2 mg/m
informule) >360mL formula/day,
max 6 months

Mik Ig concentrate, immunized cows
1g/day 0.5% wi/wt rota + 0.5%
Wi/t EPEC immune cone. 6 months

Hyperimmune colostrum 0.5 g/kg bw

Bovine colostrum 3 g/day for < 2
year 6gr/day for >2 years, 4 weeks

Bovine colostrum 3gr/day, 12 weeks

Type of study

Randomized

Randormized,
controlled

Randomized double
blind

Randomized,
controlled

Double blind

Randomized double
blind

Open,
non-comparative

Open,
non-comparative

Reported outcome

Prevention of rota infection but no.
effect on duration of diarthea, bowel
movements or virus shedding in stool.

Effective; 9/ 65 control children and
0/56 treated children acquired
rotavirus infection

0723, 0/27 in treated and /50 and
8/52 in control group showed rota
infection in India and HK resp.

No. of days with diarrhea and rota
‘associated diarhea sign lower in
treatment group. Incidence not sign
lower.

No effect on incidence nor duration of
diarthea

Lower incidence of diarrhea

Lower number of episodes and
hospitalizations for GITI (and URTI)

Lower number of episodes and
hospitalizations for GITl (and URT)
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Number of subjects

n=37

n =850

Active n = 45; control
n=42

Country of study

Germany

UK

Germany

Nigeria

America

Uganda

Uganda

Product, dosage, and
duration

Igs from bovine colostrum
(Lactobin) 10 g/day, 10 days

Igs from bovine colostrum
(Lactobin) 50 g/day, 14 days
Igs from bovine colostrum 10
g/day, 10 days, 20 g/day 10
days in non-responders
Bovine colostrum product
(ColoPlus) 2 x 50 g/day,
colostrum 32% containing
3-4919G /50g

Serum derived bovine Ig 2.5
gfday, 8 weeks

Colostrum based food

Colostrum based supplement
2 x 50 g/day, 4 wesks

Type of study

Non-controlled pilot
study

Case report

Prospecive, open,
uncontrolled

Open label

observational study

Open label

Field trial

Randomized
single-blind
controlled trial

Outcome

Mean daily stool frequency decreased
from 7.410 2.2 at the end of the
treatment

Giinical improvement of diarrhea and
elimination of parasite.

Complete (40%) or partial (24%)
remission of diarrhea in 64% of the
patients

Reduced nr defecations/day. Increase
haemaglobulin, albumin. Alleviated
fatique, increased CD4+ cels.

Improvement in symptoms with
reduced bowel movements/day
(P=0.008) and improvements in
stool consistency (P = 0.008)
Improved nutitional and immune
status (increased body weight,
decreased fatigue, transient rise in
CD4 Tells)

Daily stool frequency decraeased by
79% during study period in colostrum
group compared to 58% in control
group(p < 0.001)
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Subject characterisitics

INFANTS/CHILDREN

1-6 year old Egyptian children with
recurrent URTI andor diarrhea (n = 160)
1-8 y old Incian children with recurrent
URTldiarrhea (n = 605)

5-17 year old Turkish IgA deficient infants
with recurrent URTI (active n = 16;
placebon = 15)

3-9 year old healthy japanese children
(active n = 103; placebo n = 104)

3-7 year old Htafian children with recurrent
URTI (active n = 67; placebo n = 100)

/AbuLTS

>18 years old australian adults with 3 or
more URTIin the last 6 months (active
n = 53; placebo n = 52)

14-27 year okd Trained swimmers and
age matched controls (4 groups) from
New Zealand (active n = 25; placebo
n=28)

18-50 year okd adlls in the UK (active
n = 25; placebo n = 28)

25-30 year old trained Australian cyclists

18-85 year old Australian healthy
volunteers (active n = 93; placebo
n=81)

50-60 year okd Italian healthy volunteers
(1=41vs.n=36vs.n =39 vs.n =29

ELDERLY
60-70 year old Itaian elderly people with
high risk for influenza (heart/lung

problems) (¢ = 21 vs.n = 20 vs. n = 19)

Type of study

open,
non-comparative
open,
non-comparative
Placebo
controlled,
randomized,
double biind
Placebo
controlled,
randomized,
double biind
Relrospective
observational

study

Placebo
controlled,
randomized,
double blind
Placebo
controlled,
randormized,
double blind

Placebo
controlled,
randomized,
double blind

Placebo
controlled,
randomized,
double blind

Placebo
controlled,

randomized,
double blind

Randomized study

Randomized study

Product, dosage, and duration

Colostrum, 3 g/day for < 2 year 6
g/day for >2 years, 4 weeks

Colostrum 3 g/day, 12 weeks

Colostrum 3 x sucking tablet (incl
14mg colostrum+2.2mg lysozyme) /d,
3days

Late colostrum (10% Igs)- vs. semi
skimmed mik tablets 0.5 g/day.
weeks

Sinerga (incl. colostrum, incl probiotics)
vs. bacterial extracts 1 sachet (a
3gy/day, 10 days month 1, 20 days
months 2,3,4

Bovine lactoferin Awhey protein Ig-rich
fraction (LUGF) vs. placebo 2 x 300
mg/day, 90 days

Low protein colostrum powder (3% Ig
wiw) vs. isocaloric placebo 2 x 25
g/day, 10 weeks

Colostrum vs.
iso-energetic/-macronutrient placebo 2
x 25 g/day, 10 weeks

Colostrum protein concentrate (CPC,
20% Ig) vs. whey protein 10 g/day, 8
weeks

Colostrum protein concentrate (CPC)
vs. whey protein 3 x 20 g/day, 8 weeks

Vaccination  colostrum product vs.
colostrum only vs. no prophylaxis 1
tablet a 400mg (25-40% Ig)/day, 8
weeks

vaceination  colostrum product vs.
colostrum only vs. no prophylaxis 1

tablet a 400 mg (25-40% Ig)/day, 8

weeks

Reported outcome

Lower number of episodes and
hospitalizations for URTI (and GIT))
Lower number of episodes and
hospitalizations for URTI (and GIT))
Lower infection severity score in
treatment group, no effect on saiivary
lgA

Frequency and duration of URTI was.
lower in the treatment group vs. the
control group, especially i the 3-6 year
old children

Greater reduction i the frequency of
respiratory infections that needed
antibiotic therapy in the group of
children supplemented with Sinerga
than in the group treated with bacterial
extracts.

# Cold events over 90 days significant
lower in treatment group compared to
control group. Duration and severity of
cold was not different between groups.
Anon-significant trend for lower upper
respiratory symptoms in athletes
‘consuming colostrum vs. placebo was
reported. No effects in control group.
No differences between groups wit
saliva and serumIgs.

Significantly lower proportion of days
with URI during the 12 weeks in the
COL group (5%) compared to the PLA
group (9%). No difference on n vitro
immune functionalty, except for lower
bacterial load in saliva of colostrum
subjects.

Trend toward reduced incidence of
upper respiratory ilness symptoms in
the bovine CPC group (P = 0.055).
Diverse immune parameters changed in
CPC group.

Incidence but not duration of URTI was
significantly lower in CPG group
compared to whey group.

Number of days with flu was 3 times
higher i the non-colostrum compare to
the colostrum treated group
(colostrum-+vace 14 vs. vace only 57
vs. colostrum only 13 episodes vs.
non-treated 41)

“The incidence of compiications and
hospital admission was higher n the

group that received only a vacination
compared with the colostrum groups.
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Subject characterisitics

3 months—6 year Japanese children
with rotavirus diarrhea (acfive

n = 18/placebo n = 26)

6-24 months old Bangladeshian
chidren with rotavirus diarrhea (active
n = 35/placebo n = 33)

4-24 months old Bangladeshian
children with rotavirus diarrhea (active
n=40 placebon = 40)

<2 year old German children with
rotavirus diarthea facive n =
placebo n = 45 (ow titer] and factive
n = 43; placebo n = 30 (high titer])
6-30 months old Finnish children with
rotavirus diarrhea (0 = 42; n = 42;
n=41)

10 day~18 months German chiren
with ETEC diarrhea (n = 60)

4-24 months Bangladeshian children
with a history of acute watery diarrhea
for '48h (active n = 32; placebo
n=31)

4-29 months old H. pylor infected
Bangladeshian children (active

n = 12;placebo n = 12)

1-12 year old Bangladeshian children
with bloody mucoid diarrhea < 5
days, Shigelosis (active n = 34;
placebo n = 35)

1 months—18 year old German
children with E. colf associated
diarrhea (active n = 13;placebo
n=14)

Product, dosage, and duration

Hyper immune colostrum (tter 1:1280
- 1:5120) 20-50 mL/day, 3 days

Hyperimmune- vs. normal colostrum
rota strains WA, RV5, RV3 and ST3.
100-fold ite difference 100 mL/day,
3 days

Hyper immune colostrum 4 x 2.5
g/day, 4 days

Bovine antibody concentrate. Low
and high rotatiters (iow: 1.100 high
=1:6.000)2 g/kg bw/day, 5 days

Hyperimmune- vs. standard
colostrum vs. milk SA rotavirus tters:
1:597 vs. 1:128 vs. 1:16 4 x 100
mLiday, 4 days

Hyperimmune mik (0-7 days) 0.32
g/kg/day 1 g/kg, 10 days.
Hyperimmune- vs. non-immune mik
Ig against EPEC and ETEC, 45, 40%
respectively. 20 g/day, 4 days

Hyperimmune g preparation vs.
non-immune colostrum, 1 g/day, 30
days

Hyperimmune vs. non-immune
colostrumtiter 3,200-6,400
anti-shigella 3 x 100mL, 3 days

Immunoglobulin concentrate
(Lactobin) vs. placebo 80%
protein, > 5% Immunoglobulin 3x
79, 14 days

Type of study

Randomized

Randomized, double blind

Double blind

Open controlled

Randomized, double blind

Open
Phacebo controlied,
randomized, double blind

Placebo controlled, double
bind pilot

Placebo controlled,
randomized

Placebo controlled, double
biind

Reported outcome

No significant differences between
Rota colostrum recipients and
controls.

Redution of duration and severity of
diarthea in treatment group

Decreased stool output and
frequency; increased, and faster
clearance of rotavirus from the stool
Low titers, no effect. High titers; trend
for reduced duration diarthea, sign.
reduction viral shedding.

Trend but no significant differences for
weight gain, reduced duration and
frequency of diarrhea in hyperimmune
group compared to other 2 groups
Negative stool culture in 84% of the
patients

No effect of hyperimmune ik on any
of the outcomes.

No effect was observed by
hyperimmune product on H pylori
infection as determined by UBT

No difference between hyper and
non-immune colostrum group in any
of the outcomes

Stool frequency was reduced in lg
Concentrate treated group. No
effects on caniage pathogens and
‘complications of infections.
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Attribute Lactobacillus Lactobacillus Lactobacillus Lactobacillus Lactobacillus
delbrueckii subsp. delbrueckii subsp. delbrueckii subsp. delbrueckii subsp. delbrueckii subsp.
delbrueckii TUA4408L  delbrueckii KCTC 13731 delbrueckii DSM 20074  delbrueckii ACC 13439  delbrueckii NBRC 3202

GenBank accession CP021136 CPO18216 CP018615 LHPL00000000 BEWJ00000000
Genome size (bp) 2,012,440 1,910,506 1,953,716 1,766,190 1,787,098
DNA GC content (%) 49.9 500 496 50.1 503

Level Complete genome Complete genome Complete genome Conting Conting
Plasmid Not reported Not reported Not reported Not reported Not reported
RNA genes (5S, 168, 235) 27 (9,9, 9) 24(8,8,8) 27(9,9,9) 4(0,3,1) 3(1,1,1)
tRNA genes 9% 8 % 65 50

Other noRNA genes 3 3 3 Not reported 3

Proteins 1,756 1,617 1,587 1521 1,699
Predicted genes 2,029 1,921 1,984 1,804 1,816
Pseudo genes 149 193 272 214 161

CRISPR Arrays 1 1 Not reported Not reported 1
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Microbial metabolites Examples Hosts®  Beneficial effects Detrimental effects
Short-chain fatty acids (SCFAS) Butyrate AF Energy homeostasis anti-inflammatory  Mucosal disruption
effect, improve intestinal barrier
Propionate Neurotoxicity
Organic acids Lactate AF Increase butyrate production Acidosis, inflammation, neurotoxicity,
Succinate AP Glycemic control, feed PGPM, mineral  Feed pathogens
solubilization
Ammonia and amino acid derivatives. Ammoria, ammonium AF P Nirogen nutritional source, pH Inflammtion, mucosal damages,
neutralization increase oxidative stress
Biogenic amines AF Synthesis of neurotransmitter Production of uremic toxins,
(serotonin) carcinogenesis
Signaling molecules acting on the host  1AA, 2,4-DAPG, GABA AF,P Growth promotion, anti-inflammation
Signaling molecules acting on other AHL, A2 Maintenance of microbial structure (e.g., biofim formation),
microbes cell-to-cell communication between microbes
Antimicrobial compounds Bacteriocins, RiPPs AF P Defense against pathogens, Oytotoxicity
immunomodulatory effects
Vitamins. Vitamin By2, vitamin K, D AF Provisioning of host nutrition,
immunomodulation
Microbial cellular components LPS, Polysaccharide A AF,P  Immunomodulation, maintenance of Inflammation

intestinal homeostasis

a4, animals; F, fish; P, plants.
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Group Parameters

RBC (x10° mm-~) WBC (x10° mm-) Het (%) Hb (g dL-) Total protein (g dL~') Cholesterol (mg dL™)
Control 1.69 +0.07% 4212013 24.03£083 5.37 £0.13° 2.87£0.04° 568.06 +2.8°
Pb only 1.53 +0.08° 3.48.+0.09° 19.86 % 1.07° 3.89+0.11° 2.41£007 63.57 £2.4°
Pb + P16 1.58 + 0.05™ 3.96+0.14* 21.92£0.74° 4.92 +0.08 2.78 +0.06™ 61.19 £3.3%
P16 only 1.76 £ 0.09° 454£011° 2513+ 1.28° 6.08+0.14° 362+0.11° 57.88 +3.02°

RBC, red blood cell; WBC, white blood cel; Hct, hematocrit; Hb, hemoglobin,
Data are presented as mean + SD (n = 30 fish from each group). Means in the same column with different superscript small letters are significantly different (P < 0.05).
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Group Parameters

ALP (U L") AST (U mL~) ALT (U mL~) MPO (U L) Creatinine (mg dL-)
Control 2138+ 126" 1043+ 3.4° 32.06 + 146" 34.68 £ 183" 0.26 £ 0.08*
Pb only 17.821.14° 163.1 £ 4.7° 68.41£2.12° 2957 +1.24° 0.37 £0.07°
Pb + P16 2087 +0.83 107.6£2.8° 396+ 1.38° 82,92 +1.67° 0.29+0.08°
P16 only 2204 £1.06° 989+ 3.1° 31.33+1.6° 37.14.+0.92° 0.24 10,03

ALP, alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; MPO, myeloperoxidase.

Values in the same column with different superscript small letters are significantly different (P < 0.05).

Values are presented as mean + SD (n = 30).
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Target gene Primer sequence (5'-3) Thermocycling conditions Reference/accession no.

TNF-a GTCAACAAGTCTCAGAACAATCAGG 95°C 305, 40 cycles of 95°C 55, 61.1°C 305, and 72°G 30's (19)
TCCTGGTTCCTTICTCCAATGTAGCT

IL-1p ATCTTGGAGAATGTGATCGAAGAG 95°C 30’5, 40 cycles of 95°C 5 5, 61.5°C 30's, and 72°C 30's (19)
GATACGTTTTTGATCCTCAAGTGTGAAG

HSP70 GGC AGA AAG TTT GAT GAC CCA 95°C 30’5, 40 cycles of 95°C 5.5, 61.1°C 30's, and 72°C 30's (15)
GCA ATC TCC TTC ATA TTC ACC

HSPI0 GGAAATCTTCCTCCGAGAGC 95°C 30’5, 40 cycles of 95°C 55, 61.1°C 305, and 72°G 30's ©8)
CCGAATTGACCGATCATAGA

p-actin GACTTCGAGCAGGAGATGG 95°C 30’5, 40 cycles of 95°C 5 5, 62.4°C 30's, and 72°C 30's (19)

CAAGAAGGATGGCTGGAACA
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Group. Initial weight (g) Final weight (g) PWG (%)

Control 23.26 +0.38° 3286+ 1.07° 37.61+1.26°
Pb only 2321 £0.71° 2973 +1.14° 30.11+0.82°
Pb + P16 23.14 £ 0.63 3091+ 1.52° 33.26 + 0.64°
P16 only 23.18+0.52* 36.0.8 + 0.96° 54.76 £1.77¢

SGR (%)

090+ 02
0.71+0.08
0.83£0.07°
122+ 06°

FCR

2.04+0.08
2.47 £0.13°
2.28+0.13°
1.84 +06°

Survival (%)

100
911
100
100

PWG, percent weight gain; SGR, speciic growth rate; FCR, feed conversion ratio.
Values in the same column with different superscriot small ltters are significanty different (P < 0.05).
Values are presented as mean + SD (n = 45 fish in each group).
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Top 20 This Zhouet  Simpsonet  Liaoet  lzumiet  This Guetal.  Chenet  Maetal.
ranked study al. (8) al. (20) al.(19)  al(2)  study (13) al(22) (19

miRNA Human  Human  Human Human  Bovine  Porcine  Porcine  Porcine

let-7a-5p i 6 6 . 8 [ 8 9
miR-148a- 14 . 7
5 I N |

miR-30a-5p 10 NR 18 1 . 18 7
let-7¢-5p 9 e v . [ ] 9 7
miR-30d-5p i w . . 6
e e BT : :
miR-21-5p 7 NR 10 . a0 . 5
miR-22-3p 18 NR ] . NR 5
mR820adp [N R B o NR 5
miR-191-5p . NR . 13 Bl 7 4
mr200a3p G © b ] . NR 4
mR-181a-5p o NR . fo _ 4
mR92adp e NR . 8 18 NR 7 4
miR-182:6p e 8 10 . ¢ 4
miR-141-8p 7 B ;0 o NR 4
let-7g-5p 1 NR . 14 . 9 NR . 4
let-7c NR 18 i NR 10 4
mRS753p 14 NR L2 . 13 4
miR-26a-6p . NR 18 [ | NR 4
mR200c3p 4 MR . . 9 8 NR 3

The top 20 most abundant mIRNA (this study) were compared to the top 20 miRNA reported in the indicated publications on milk EVs (see Supplementary File 1 for al data; Table
shows the 20 most abundant miRNA ranked according to their presence in the top 20 of the selected studlies). If a miRNA wes present n the top 20, their ranking is stated and if their
position is 21-50, this is depicted with ». NR, not reported (these two studies only reported the top 10 or the top 13 most abundant miRNA). Red shading indlcates a high ranking
(position 1-10), while blue indicates a low ranking (position 11-20). Those miRNA that were identified within the top 20 of all species (in at least one human or porcine study, and in the
bovine and panda study) are depicted in bold.
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Thisstudy  Zhou (8) Simpson Liao (19) lzumi (21)  Thisstudy  Gu (13) Chen(22)  Ma (i8)
20

Species Human Human Human Human Bovine Porcine Porcine Porcine Panda

Dornors Poolof 4 4indviduals 54 Individuals 12 Individuals ~ 3Individuals 2 Individuals  3Individuals  NR 3 Individuals
individuals

Time 3-9months 60 days 3months. 1-8months  NR 3-dweeks  0-28days  1-5days 0-30 days

post-partum

Storageof  No Yes Yes Yes Yes No No Yes No

‘whole milk at

-80°C

EVisolaion  Differential  Differential  Differential  Exoquick Differential ~ Differential ~ Exoquick Differential ~ Differential

procedure centrifugation;  centrifugation;  centrifugation; centrifugation; ~ centrifugation; centrifugation; ~ centrifugation;
density Exoquick Exoquick ultra- density ultra- Exoquick
gradient centrifugation  gradient centrifugation

miRNA miRNeasy TRizol-LS miRNeasy TRizol miRNeasy miRNeasy TRizol-LS TRizol TRizol-LS

extraction kit

Library New England  NR Epicentre lumina Not lumina NR NR NR

preparation  Biolabs, Biotechnologies, TruSeq applcable  TruSeq

kit NebNext SeriptMiner

mRNA HiSeq 2000  Genome HiSeq2000  HiSeq2500  Microaray  HiSeq2000  Genome Solexa Genome

profiing (lumina) Analyzer I (lluming) (lumina) (670 bovine  (llumina) Analyzerll  sequencing  Analyzer I

method (Ilumina) MIRNA) (llumina) (Hurnina)

To be selected, a study should apply a method for the enrichment of EV's from the milk sample in combination with miRNA profiling by microarray or small RNA sequencing. The selected
papers focused on human, bovine, porcine or panda mik. Variations between sample numbers and time of sample collection are indicated, as well as differences in milk storage,
EVs/miRNA isolation procedures, and miRNA profiling methods. NR, not reported.
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Group

Concentration of Pb in tissues (ug g~ of wet tissue)

Gill Spleen Liver Kidney Intestine
Control 0.014 +0.001° 0.07 £0.01° 0.24+0.02* 0.37 +0.08" 0.11£0.02
Pb only 517 £+ 013> 3.86 + 0.07° 892 +0.13° 26.33 +2.28° 10.27 + 0.36°
Pb + P16 294014 2.11+0.08° 5.73+0.26° 17.08.+1.17° 892+ 061°
P16 only 0.011 £ 0001 0.05+0.01° 0.19£0.03 0.28.+0.03* 0.09 £ 0.004°

Values in the same column with different superscriot small ltters are significantly different (P < 0.05).

Values are presented as mean + SD (n

0 fish in each group).





