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Abstract

:

Considered an artifact just after discovery, the possibility of oral delivery of extracellular vesicles (EVs) and their functional cargos has recently gained much research attention. EVs from various sources, including edible plants, milk, bacteria and mammalian cells, have emerged as a platform for miRNA and drug delivery that seem to induce the expected immune effects locally and in distant tissues after oral administration. Such a possibility greatly expands the clinical applicability of EVs. The present review summarizes research findings that either support or deny the biological/therapeutical activity of orally administered EVs and their role in cross-species and cross-kingdom signaling.
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1. Introduction


Recently, extracellular vesicles (EVs) that may contain microRNA (miRNA) molecules together with freely circulating miRNAs have attracted research attention as promising candidates for various preventive and therapeutic interventions [1,2]. Therefore, a growing number of studies have evaluated the therapeutic potential of EVs and miRNAs, the possible maneuvers to increase their effectiveness in vivo [3,4], and their biodistribution, pharmacokinetics and pharmacodynamics [5,6,7,8]. In this regard, selection of the most efficient route of administration is a crucial step that determines further properties of EV- and miRNA-based therapeutics [9].



Postulated cross-species and cross-kingdom transmission of small non-coding RNAs, particularly miRNAs [10,11], via the oral route remains controversial. However, it has been speculated that lipids support the intestinal transmission of miRNAs [12]. This opened up another research direction, namely studies on EV-based transfer and functionality after oral delivery. As herein discussed, EVs from various donor organisms have recently emerged as a platform for miRNA and drug delivery via the oral route and seem to induce expected immune effects locally and in distant tissues (Figure 1).




2. Plant-Derived EVs in Cross-Kingdom Delivery—Truth or Imagination?


Recently, growing evidence has suggested possible therapeutic applications for nanoparticles derived from edible plants [13,14,15], especially when administered orally to induce immunomodulation. However, their entry pathways and activities are still debated. Studies on the Caco-2 cell line have suggested that apple-derived nanoparticles may be internalized by intestinal epithelial cells [16]. Additionally, other target cells for orally administered nanoparticles have been proposed, including intestinal macrophages [17,18], dendritic cells (DCs) [19] and mesenchymal stem cells [20] (Figure 1).



Orally delivered grapefruit-derived nanoparticles were shown to ameliorate dextran sulfate sodium (DSS)-induced colitis in mice by decreasing the expression of chemokine mRNAs, which reduces the recruitment of inflammatory T lymphocytes and monocytes. Intestinal macrophages were proposed to absorb these nanoparticles, likely through both micropinocytosis and clathrin-dependent pathways, which enhances the expression of anti-inflammatory factors, including IL-10 [17]. Similar alleviation of colitis was observed in mice with orally administered broccoli-derived nanoparticles that appear to target mesenteric lymph nodes and intestinal DCs, in which a reduction in TNF-α, IFN-γ and IL-17A, as well as overexpression of IL-10 was observed [19].



Other research described a protective effect against severe DSS-induced colitis in mice administered with nanoparticles derived from grapes by gavage that were found to be micropinocytosed by intestinal stem cells, which enhanced their proliferation in both the small intestine and colon [20]. This phenomenon may be of great importance in homeostasis maintenance because self-renewal of the intestinal epithelium is necessary to support proper integrity [21]. Grape-derived nanoparticles were also found to be resistant to the artificially created environment of the stomach and to induce overexpression of the Lgr5 receptor in rats’ intestinal stem cells [22], which suggests increased proliferation [23]. This provides further evidence of the effectiveness of an approach based on the use of plant-derived EVs in remodeling intestinal cells and exploiting the therapeutic effects of this process.



Nanoparticles obtained from acerola juice appear to conjugate with miRNA molecules, which makes the latter more stable in RNase, acidic and alkaline environments when compared with miRNA conjugated with human breast milk EVs. Acerola nanoparticles seem to be taken up by intestinal macrophages and then distributed via circulation to different organs, predominantly to the intestine, liver and bladder. Interestingly, some were also detected in mouse brains, indicating the possibility of using this route of administration to deliver miRNAs to the central nervous system [18].



Conversely, orally administered ginger-derived nanoparticles were primarily expressed in the liver and mesenteric lymph nodes but not in other organs in mice. The authors suggested that hepatocytes incorporated the nanoparticles using specific endocytosis pathways, leading to an increase in the expression of detoxifying/antioxidant genes, such as HO-1, NQO1, GCLC and GCLM, which may explain their demonstrated protective effect on alcohol-induced liver damage [24].



However, the role of plant-derived nanoparticles in cross-kingdom delivery remains controversial. Some studies failed to detect plant-enriched miRNAs in the plasma of different animals after plant product ingestion [25], while others demonstrated the presence of plant-derived miRNAs in mouse [26] and human sera [27]. Furthermore, some studies suggest the possibility of regulating mammalian cell transcripts by exogenous, diet-derived miRNAs [28,29,30,31]. This leads to the idea of supplementing food with therapeutic miRNAs. However, currently, the scientific community is far from being convinced of this idea [32,33], especially as some studies indicate an insufficient passage of exogenous plant miRNA to mouse sera after oral feeding [26]. On the other hand, miRNAs from edible plants may modulate gut microbiota [34], and such possible changes would in turn impact the body’s functioning. However, after absorption from the gastrointestinal tract, plant miRNAs may potentially target immune cells, and thus could play an important role in immune regulation [35]. Accordingly, EVs appear to be the most efficient vehicles for the oral delivery of plant miRNAs.



Interestingly, except from extrinsic miRNA, plant-derived nanoparticles could be conjugated with drugs, e.g., methotrexate. In DSS-induced colitis, an orally delivered methotrexate–grapefruit nanoparticle complex showed a pronounced immunomodulatory effect with reduced drug-dependent cytotoxicity [17]. Altogether, plant-derived nanoparticles could be considered promising candidates for the oral delivery of various therapeutics. On the other hand, EVs are also considered to be interesting carriers for favorable food additives, improving the nutritional value of food to increase their stability and bioavailability [36].




3. Bacterial EVs—Another Source for Consideration?


Current knowledge emphasizes the important immunomodulatory impact of microbiota, which may also be mediated by microbial EVs, formerly called outer membrane vesicles (OMVs). One of the most abundant species in human gut microbiota, Akkermansia muciniphila, acts as a “self-probiotic”, and its presence is inversely related to metabolic inflammatory disorders, including obesity and type 2 diabetes [37]. Interestingly, both A. muciniphila and its EVs, administered orally by gavage, reduced body weight gain in mice fed with a high-fat diet, which was associated with a decrease in fat tissue weight and the total cholesterol concentration. These observations were confirmed by significantly reduced expression of genes for TLR-4, TNF-α and IL-6 in epidydimal adipose tissue or/and in the colon. In contrast, PPAR-γ and PPAR-α mRNA levels increased [38]. Orally delivered A. muciniphila and its EVs also enhanced the expression of the IL-10 gene in the colon of healthy mice [39]. Furthermore, reduced permeability of the intestinal barrier through the regulation of tight junctions was observed in obese mice as well as in mice with type 2 diabetes after administration of A. muciniphila-derived EVs [38,40], which was also confirmed in an in vitro study [41]. However, four-week administration of this bacteria and their EVs to mice by oral gavage also affected serotonergic gene expression, both in the colon and hippocampus, indicating that bacterial EVs had an impact on the gut–brain axis [39]. Furthermore, it has been suggested that the possible penetration of the brain by orally administered Paenalcaligenes hominis-derived EVs through the blood and the vagus nerve may promote cognitive impairment in mice [42]. Metagenomic data revealed significant changes in stool EVs’ composition caused by DSS-induced inflammatory bowel disease (IBD), affecting A. muciniphila- and Bacteroides acidifaciens-derived EVs in particular. Moreover, oral application of A. muciniphila-derived EVs triggered a protective effect against IBD, which was manifested in a reduction in weight loss and colon inflammation [43]. EVs derived from a probiotic strain of Escherichia coli Nissle 1917, administered to mice by esophageal catheter, ameliorated inflammation and clinical symptoms of DSS-induced colitis [44]. Similar effects were induced by Lactobacillus rhamnosus-derived EVs by regulating murine gut microbiota [45]. It has been reported that Helicobacter pylori-derived EVs delivered intragastrically to mice may modulate both innate and adaptive immune responses using a NOD1-related pathway. Interestingly, bacterial EVs seem to be necessary for the delivery of NOD1-stimulating peptidoglycan to non-phagocytic intestinal epithelial cells [46].



Bacterial-derived EVs appear to be candidates for mucosal vaccines causing immune protection against specific pathogens [47,48,49]. Accordingly, massive production of both intestinal sIgA as well as serum IgG antibodies against EV-transmitted antigens was noted in mice that were orally immunized with three doses of chitosan-coated Campylobacter jejuni-derived EVs together with the induction of a specific cell-mediated immune response. Furthermore, after a subsequent intragastric challenge with C. jejuni, a significant reduction in the bacterial load and only slight histological changes in the cecal tissue was observed in immunized animals [47]. Similarly, four intragastric administrations of H. pylori-derived EVs with a cholera toxin as an adjuvant protected mice from H. pylori infection by activating the production of antibodies specific for EVs’ outer membrane protein [49]. Another example of a mucosal vaccine is described in studies on EVs derived from Vibrio cholerae. Immunization with EVs caused a long-lasting increase in antibody titers in serum depending on the route of administration. Intragastric vesicle delivery caused particularly robust responses in IgG1 and IgG2. Interestingly, the offspring of orally immunized mice were also protected from infection with V. cholerae [48].




4. “Milky Way”


Currently, growing evidence suggests that EVs at least partly mediate the immunomodulatory functions of dietary and breast milk [50,51]. The latter was shown to contain EVs that inhibited IL-2 production by peripheral blood mononuclear cells (PBMCs) and promoted activation of Foxp3+CD4+CD25+ regulatory T cells [52]. This appears to be mediated by immune-related miRNAs and pre-miRNAs, found in EVs isolated from the breast milk of various mammals [53,54,55], that are more abundant in early milk (especially colostrum) [54] and are evolutionarily conserved [56]. Additionally, miRNA composition seems to differ between EVs and supernatant fractions from ultracentrifuged milk [57]. Moreover, milk EVs may contain miRNAs of plant origin [58]. Studies with piglet serum revealed the time-dependent presence of some miRNAs from the previously administered milk, indicating their absorption from the gastrointestinal tract [57]. However, other studies described the possibility of postprandial transfer of milk/colostrum EVs’ membrane proteins, but not their miRNA cargo, into the bloodstream [59]. Similarly, some studies deny the transfer of dairy milk-derived miRNAs into adult human circulation [60]. On the other hand, Sadri et al. demonstrated in pregnant mice that orally delivered bovine milk EVs and their miRNA cargos may cross the placenta and accumulate in embryos, which may promote survival [61].



So far, oral delivery of bovine milk EVs to rodents was shown to not interfere with animal wellness [62,63]. However, slight changes in gene expression in muscles were noted in mice orally administered with milk-derived EVs [62], even though such EVs seem to transfer less efficiently from the gastrointestinal tract to the muscles compared with other tissues [62,64]. On the other hand, EV-depleted bovine milk administration resulted in an increase in muscle anabolism and in significant changes in the expression of various genes in rats’ skeletal muscles [65]. Although the underlying mechanism remains unknown, it could involve a potential influence on the gut microbiota of animals fed with such milk [65], especially changes in the microbial composition in mouse intestines following oral administration of milk-derived EVs, as has already been reported [66,67], and this is potentially related to an increase in the cecum size [68]. Orally delivered, bovine colostrum-derived EVs were shown to rebalance the gut microbiota disturbed by osteoporosis in mice, which correlated with the inhibition of bone resorption as well as with an improvement in bone remodeling [69]. Interestingly, EVs derived from milk could have an impact on the elongation of bones. An increase in mineral density and the average length of the tibia was noted in rats orally administered with bovine milk-derived EVs [63].



Similar to the studies about plant-derived EVs, in the case of per os administration of human and bovine milk-derived EVs, the alleviation of symptoms of DSS-induced colitis has also been described in mice and included earlier weight gain and less pronounced shortening of the colon together with downregulated expression of genes for proinflammatory cytokines, such as TNF-α and IL-6, and increased levels of TGF-β1 protein in the colon [70]. In fact, TGF-β1 is carried by some EVs [71,72], including those derived from milk [70,73], which could transfer this cytokine to tissues. The therapeutic effect of EVs may also be caused by enclosed miRNAs, including miRNA-375 and miRNA-320 [70]. Bovine milk EVs, administered by oral gavage to the small intestine, may have anti-inflammatory properties in ulcerative colitis in mice, expressed macroscopically, inter alia, through an improvement in both the appearance of ileal and colonic segments and the consistency of stool samples [74]. Conversely, mice treated with EV-depleted bovine milk develop exacerbated symptoms of IBD, associated with a decreased level of miRNA-200a-3p, abundant in bovine milk-derived EVs, and increased serum concentrations of CXCL9 [75]. The protective effect of orally delivered porcine milk EVs was reported in a study on toxin-induced damage of the small intestine in mice, which showed reduced levels of apoptosis-related caspases and the p53 protein in the jejunum tissue, a mitigated toxin-induced decrease in the expression of genes associated with cell proliferation (β-catenin and cyclin D1), as well as overexpression of genes (and related proteins) associated with intestinal tight junctions [76]. In addition, intragastric delivery of porcine milk EVs to healthy mice stimulates the proliferation of intestinal epithelial cells [77]. Similarly, human milk-derived EVs may exert beneficial effects on the intestines by protecting intestinal stem cells from oxidative stress [78]. Moreover, rat milk EVs also promoted intestinal epithelial cell growth and intestinal stem cell activity in vitro [79]. Altogether, these findings suggest the important role of milk EVs and their miRNAs in the maintenance of proper intestinal functions.



Milk EVs appear to be a promising treatment for some autoimmune disorders, as shown in the arthritis models in mice [80]. Arntz et al. noted a dose-dependent attenuation of collagen-induced arthritis after oral administration of cow’s milk-derived EVs added to drinking water one week before immunization with collagen. A similar improvement, expressed as a dose-dependent reduction in ankle joint swelling, in bone marrow cellularity and cartilage depletion, was observed after EV delivery by gavage to IL-1Ra−/− mice, which spontaneously developed polyarticular arthritis [80].



Furthermore, milk EVs could be loaded with chemotherapeutics and other drugs [81]. Agrawal et al. described that paclitaxel-loaded bovine milk-derived EVs efficiently inhibit tumor growth in the model of subcutaneous lung cancer in mice. Interestingly, a paclitaxel–EV complex was two times more effective after oral than intraperitoneal administration [82]. Moreover, EVs isolated from mid-lactation or commercial bovine milk reduce the primary tumor burden after oral administration to mice with colorectal or breast cancer. Surprisingly, the same EVs administered per os enhanced cancer cell invasiveness and metastasis by promoting the epithelial–mesenchymal transition, but this effect diminished after resection of the primary tumor [83]. Similarly, anti-cancer activity associated with the induction of cancer cell apoptosis was shown in the case of oral administration of camel milk EVs to rats with induced breast tumors [84]. Conversely, a single dose of liraglutide-loaded bovine milk-derived EVs effectively reduced blood glucose levels after sublingual administration to diabetic mice, while administration by oral gavage was ineffective [85]. Furthermore, locked nucleic acid-modified antisense oligonucleotides are potent modulators of RNA and protein functions at the molecular level, and thus have recently been proposed for therapeutic applications. In this regard, milk EVs appear to be an efficient shuttle for the oral delivery of such molecules [86].



Additionally, in vitro studies suggest that milk-derived EVs have an affinity for intestinal epithelial cells [87,88,89], and they can be endocytosed due to the presence of glycoproteins on the surface of both EVs and rat/human cells [90,91,92]. Milk EV-induced biological effects may differ depending on the condition of the intestinal epithelium, namely whether it is healthy or cancerous [93], and, in the case of bovine milk EVs, they may depend on the immune status of the donor cow, since dairy cows are classified as low, average or high immune responders [94]. Interestingly, human milk-derived EVs with their miRNA content may be resistant to the unfavorable simulated gastric/pancreatic environment [88,89,95] and are also stable after incubation with saliva or bile juice [89]. Milk EVs administered orally show a wide biodistribution (the signal of labeled EVs is detected in the liver, spleen, kidney, pancreas, ovary, lung, heart, brain and colon), depending on the time of delivery, origin and labeling of EVs [64,83,96,97], and could likely be taken up by tissue-resident macrophages [98].




5. Mammalian Cell-Derived EVs—A New Perspective


Notably, some studies have evaluated the possibility of inducing biological effects after oral administration of EVs released by mammalian cells. This may open up new perspectives on the therapeutic application of EVs, since the oral route is noninvasive and thus well-tolerated by patients.



Along these lines, human umbilical cord mesenchymal stem cell-derived EVs, orally administered to both healthy mice and animals suffering from CCl4-induced liver failure, accumulated in the liver, which correlated with a dose-dependent inhibition of liver destruction, an antioxidant effect in hepatocytes and a reduction in serum ALT and AST levels. The authors suggested this route of administration because, despite similarities to the intravenous route, it is less invasive [99]. Interestingly, EVs derived from human cardiac stromal cells are more effectively absorbed from the gastrointestinal tract after admixture with casein. Ten minutes after oral ingestion by mdx mice with muscular dystrophy, EVs and casein encapsulated within micelles were found in plasma and in the tibialis, soleus and diaphragm muscles. Moreover, this complex enhanced ejection fraction and skeletal muscle function, which may indicate a possible improvement in dystrophic muscle function [100].



Our recent studies revealed the mechanism of antigen-specific immune tolerance in mice, which is mediated by suppressor T cells [101] that act through the release of EVs carrying immune regulatory miRNA-150 [102,103]. The specificity of EVs’ action is ensured by the surface coating of antibody light chains [104], which also support cell targeting by EVs [105]. As a result, EV-targeted antigen-presenting cells, including macrophages [106], induce immune tolerance to self-antigens and contact allergens [107]. Remarkably, intragastric administration of miRNA-150-transmitting EVs to mice with elicited cutaneous symptoms of delayed-type hypersensitivity to food allergens, i.e., ovalbumin and casein, significantly ameliorated the course of the contact allergic reaction [108,109]. Based on our other research findings [110], we suspect that miRNA-carrying EVs could be endocytosed by macrophages in the digestive tract, which would stimulate these cells to release secondary EVs inducing a tolerogenic effect at distant tissues. Altogether, our findings provide research evidence for the possible application of immune regulatory EVs for oral treatment of various diseases, including allergies and autoimmunity diseases [111]. Moreover, the herein discussed research evidence implies that EVs are applicable for other diseases, as summarized in Table 1.




6. Upon Arrival at Destination—EVs in the Intestines


The mammalian intestinal immune system encompasses both the organized lymphoid tissue and scattered cells of innate and adaptive immunity with a substantial regional specialization [112]. Immune cells constantly interact with other intestinal cell populations and the microbiota to maintain the most complex homeostasis within the body, i.e., intestinal homeostasis [113]. These strictly controlled and regulated immune processes could additionally be modulated by food components [114], commensal and pathogenic microbes [115,116], as well as newly established therapeutic strategies [117]. Currently, EVs emerge as crucial factors involved in these immunomodulatory mechanisms [113,118,119], and dysregulation of EV-dependent intercellular signaling is observed in various inflammatory diseases of the gastrointestinal tract [120].



Most absorption of water and nutrients takes place in the intestines. One can speculate that the same could be true for orally delivered EVs since they seem to resist the harsh conditions of the stomach [22]. Accordingly, the digestive stability of milk EV-contained miRNAs has recently been evaluated in vitro by subsequent incubation in three electrolyte and enzyme solutions that mimicked the conditions of oral, gastric and intestinal phases of digestion, respectively. As a result, about 50% of all miRNAs were shown to survive oral and gastric phases of digestion [121]. Furthermore, miRNAs transfected to bovine milk EVs before their oral administration to mice were then detected in various distant tissues [121]. These findings provide indirect evidence for the digestive stability of EVs, which allows them to reach the intestines after oral administration.



According to the abovementioned properties (Table 1), orally-delivered EVs could be considered interesting candidates for therapeutic application to restore intestinal immune homeostasis in various inflammatory disorders. Furthermore, after absorption by the intestine [83], therapeutic EVs could induce expected effects at distant sites. Current observations suggest the involvement of the “neonatal” Fc receptor in the absorption of intact EVs [97] and the role of integrins in both tissue trafficking [122] and subsequent EV uptake by cells [123].



However, before introducing EV-based therapeutics into clinics, several different aspects have to be addressed to fulfill good manufacturing practice requirements. Those include the scalable production process [124], successful reduction in the variability of EVs’ preparations from different biological sources [125], and an increase in their bioavailability and biodistribution [6].



In regard to orally administered EVs, some studies have attempted to evaluate the bioavailability and tissue biodistribution of EVs labeled with fluorochromes in mice after oral gavage and showed vesicle presence in the intestines, liver, spleen, kidney, lung, heart and brain [64]. However, in vivo attempts to estimate the exact efficacy of EVs’ passage through the gastrointestinal tract, their absorption and further biodistribution have encountered some methodological difficulties [126] and are based on the detection of EV-contained miRNAs rather than vesicles themselves [26].




7. Conclusions


Although there is still a long road ahead before introducing EVs to clinics [127], growing research evidence seems to prove that orally delivered EVs and EV-transmitted miRNAs may influence immune cells in the digestive tract, which in turn induces effects both locally and in peripheral tissues, likely after transmission via blood and/or lymph (Figure 1, Table 1). Such a possibility would greatly expand the clinical applicability of EVs. However, validation of EV-based oral therapeutics still requires detailed investigation of pharmacokinetics, pharmacodynamics and mechanisms of action.
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Figure 1. Oral route of extracellular vesicle (EV) delivery could induce local and distant biological effects. Orally administered EVs originating from various sources were found to be resistant to harsh conditions, including acidic and alkaline pH, and thus not digested but instead absorbed in intestines. Then, EVs appear to target intestinal macrophages, dendritic cells (DC) and stem cells to induce expected modulatory/therapeutic effects either locally, in the digestive tract, or at the periphery, when transported in the blood plasma and/or lymph. Some of the icons were adopted from smart.servier.com (accessed on 12 June 2022) and used in compliance with the terms of the Creative Commons Attribution 3.0 Unported License. 
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Table 1. Therapeutic effects of orally administered EVs from various sources assessed in animal models of different diseases. AMPK, 5’AMP-activated protein kinase; CCl4, carbon tetrachloride; DC, dendritic cell; DSS, dextran sulfate sodium; NF-κB, nuclear factor kappa B; NLRP3, NLR family pyrin domain containing 3.
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	Disease/Condition
	Source of EVs
	EVs’ Action
	References





	DSS-induced colitis
	grapefruit
	relieving symptoms by inhibiting the production of proinflammatory cytokines
	[17]



	
	broccoli
	activation of AMPK in DCs, preventing DC activation and inducing tolerogenic phenotype, reduction in proinflammatory cytokines
	[19]



	
	grape
	increasing the proliferation of intestinal stem cells
	[20]



	
	Akkermansia muciniphila
	decreasing the production of proinflammatory cytokines in the colon and infiltration by inflammatory cells
	[43]



	
	Escherichia coli Nissle 1917
	ameliorating inflammation in the gut, reducing the increased levels of colonic proinflammatory cytokines, improving intestinal barrier functions
	[44]



	
	Lactobacillus rhamnosus GG
	reversal of overexpression of NF-κB and NLRP3 signaling pathways involved in inflammation
	[45]



	
	cow and human milk
	reducing the histopathological changes and shortening of the colon, reducing the production of proinflammatory cytokines
	[70]



	tamoxifen-induced ulcerative colitis
	bovine milk
	improvement of colon condition, macroscopic reduction of colon inflammation
	[74]



	deoxynivalenol-induced small intestine damage
	porcine milk
	restoring the disturbed proliferation of intestinal cells, reversal of apoptosis and intercellular junction disorders
	[76]



	alcohol-induced liver damage
	ginger
	enhancing the expression of liver detoxifying/antioxidant genes, inhibiting the production of reactive oxygen species
	[24]



	CCl4-induced liver failure
	human umbilical cord mesenchymal stem cells
	reduction in oxidative stress and apoptosis
	[99]



	diabetes
	Akkermansia muciniphila
	improving intestinal integrity by regulation of tight junctions through AMPK activation, improving glucose tolerance
	[40]



	bacterial infections
	Campylobacter jejuni
	immune protection against infection with C. jejuni, reducing the bacterial load in cecum
	[47]



	
	Vibrio cholerae
	strong stimulation of antibody production, long-term protective immune response against V. cholerae
	[48]



	
	Helicobacter pylori
	reducing bacterial numbers, production of H. pylori-specific antibodies
	[49]



	osteoporosis
	bovine milk
	improving bone mineral density, inhibition of bone resorption, restoration of disturbed intestinal microbiota
	[69]



	arthritis
	bovine milk
	reducing proinflammatory cytokines, improved histology of joints
	[80]



	muscular dystrophy
	human cardiac stromal cells
	improvement of cardiac ejection fraction, muscle strength and exercise capacity
	[100]



	solid tumors
	cow milk
	reducing the primary tumor burden
	[83]



	
	camel milk
	induction of cancer cell apoptosis, reduction of angiogenesis and metastasis in tumor tissues
	[84]



	delayed-type hypersensitivity to food allergens (ovalbumin, casein)
	suppressor T cells
	suppressing cutaneous symptoms of hypersensitivity reaction
	[108,109]
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