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Abstract

:

In humans, the ribonuclease A (RNase A) superfamily contains eight different members that have RNase activities, and all of these members are encoded on chromosome 14. The proteins are secreted by a large variety of different tissues and cells; however, a comprehensive understanding of these proteins’ physiological roles is lacking. Different biological effects can be attributed to each protein, including antiviral, antibacterial and antifungal activities as well as cytotoxic effects against host cells and parasites. Different immunomodulatory effects have also been demonstrated. This review summarizes the available data on the human RNase A superfamily and illustrates the significant role of the eight canonical RNases in inflammation and the host defence system against infections.
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1. Introduction


The protein ribonuclease A (RNase A) was initially extracted from the bovine pancreas and is one of the best-characterized mammalian proteins in the literature. Over time, several other proteins with significant sequence homology were identified in mammals and other vertebrates, allowing assembly of the vertebrate-specific RNase A superfamily [1,2]. The members of this superfamily can be distinguished from other exo- and endoribonucleases, which show different distributions and properties [3]. In humans, eight secreted RNases have been described and are generally referred to as the canonical RNases. The following paragraph will highlight selected common features of these RNases with regard to their sequences, conformations, phylogenesis, biochemical characterization and regulation.



The proteins show a tertiary structure that is stabilized by eight disulphide bridges, with the exception of RNase 5, which has six cysteine residues. Two histidine residues and one lysine residue determine the catalytic activity of these RNases; the lysine residue lies within the common invariant sequence motif CKxxNTF. Each RNase initially contains an N-terminal signal sequence that directs protein biosynthesis within the endoplasmic reticulum, with its final form being secretory. Moreover, the N-terminal portion of the mature extracellular RNase appears to be required for antimicrobial activity [4]. This feature was demonstrated by generating N-terminus-derived peptides that showed similar antimicrobial activity. The ribonucleolytic activity, in contrast, appears to not be crucial for the activity against microbes [5].



The antibacterial activity of this protein family has been best characterized based on RNase 3 and is associated with disruption of the bacterial membrane. However, the mechanism of activity against viruses, fungi and parasites has not yet been resolved. Regarding antiviral activity, targeting of the virion is hypothesized. In addition to targeting the virion, the intracellular activity of these proteins in the cytosol might degrade viral RNA to inhibit viral replication or may induce host cell apoptosis [6,7]. As part of the Human Genome Project, corresponding genes were found to be located on chromosome 14, within cluster 14q11.2. Five additional proteins with relevant sequence similarity did not show ribonuclease activity or the characteristic N-terminal signal sequence [4,8]. The phylogenetic origin of the RNase A superfamily was extensively evaluated and further assessed with respect to the genome sequences of additional species. As a result, RNases 2 and 3 can be grouped together, as can RNases 7 and 8. Together with RNase 6, these RNases seem closely related. Meanwhile, RNases 1, 4 and 5 can be grouped, with a closer relationship between RNases 1 and 4 [9,10,11].



There is further information on the ancestral origin and role of this superfamily. While results regarding the function of RNases in zebrafish (Danio rerio) suggest an ancestral origin consisting of angiogenesis-related ribonucleases, a host defence-associated role was proposed in studies on birds and mammals [12,13,14,15]. This hypothesis was based on the proteins’ structure, biochemical properties and bactericidal functions.



In comparison to other immune-associated proteins/genes, the RNase A superfamily also exhibits high rates of duplication and amino acid substitution. Additionally, these RNases have high isoelectric points and positive net charges (with theoretically calculated pIs ranging from 8.69–10.12) [8,16]. Both properties are associated with antibacterial activity and strong interactions with the respective substrates of the enzyme reaction, namely, negatively charged polynucleotides. For the canonical RNases, each varies in ribonuclease activity and nucleotide preference for substrate cleavage, without strict selectivity for cleavage and recognition sites [10].



Different patterns of regulation of RNases, e.g., on the level of transcription or secretion, have been recognized. Notably, the ribonuclease inhibitor (RI), which can be found in all mammalian cells, controls the activity of all RNases in different ways. The RI binds to ribonucleases with femtomolar affinity and inhibits or attenuates the biological effects of the RNases by generating an RNase:RI complex. The presence of cytosolic RI protects the host cells from the cytotoxic activity of RNases [17].



Although the biochemical properties of RNase 1 and the emergence of the RNase A gene superfamily have been evaluated extensively, the RNases’ physiological function needs further clarification. To date, different reports have suggested the relevance of the RNases to host defence, angiogenesis and digestion. The present review summarizes information regarding the significance of the canonical RNases for human host defence (Table 1) and aims to provide a synopsis of current data with regard to the antimicrobial activity of the RNases and their roles in host immune responses.




2. Ribonuclease (RNase) 1


RNase 1, also known as RNase A or pancreatic-type RNase, can be found in various organs, so its expression is not restricted to the exocrine pancreas [65]. This protein is known to undergo different post-translational modifications, and purified samples from the urine, seminal plasma, kidney and brain show different patterns of glycosylation [66,67,68,69]. The proposed functions of RNase 1 in immune defence are summarized in Figure 1. When taking into account the origin of these different modifications, the endothelial cells of the circulatory system appear to be one possible source, as they selectively produce and secrete RNase 1 in reasonable amounts, as demonstrated in vitro in human endothelial cells derived from veins, arteries and capillaries. Interestingly, human umbilical vein endothelial cells expressed and released the highest concentrations of RNase 1. Although endothelial cells constitutively secrete RNase 1, a fraction is stored in Weibel-Palade bodies, which are also known for storage and induced release of von Willebrand factor [70,71].



In ruminants, the RNase 1 secreted by the exocrine pancreas degrades dietary RNA to aid in nutrition, whereas in humans, digestion is not the main function [1,72]. The endothelial origin suggests association of this protein with vascular homeostasis [2]. RNase 1 has distinct ribonuclease activity, which allows degradation of single- and double-stranded polyRNA as well as DNA-RNA hybrids. Extracellular RNA is known as a dangerous molecule that can induce coagulation and endothelial permeability as well as modulation of the inflammatory response, partly through liberation of cytokines [18,73,74,75,76]. Therefore, RNase 1 is a potent polynucleotide scavenger that serves as an opposing force to vascular RNA in terms of coagulation, endothelial permeability and inflammation. Additionally, RNase 1 might be important for normalization of serum viscosity and clearance of perivascular pathogenic polynucleotides [70]. Although experimental data on humans are limited, the importance of extracellular RNA and RNase 1 has been illustrated very recently in different studies of animals [19]. Clinical proof of this concept was demonstrated by Cabrera-Fuentes et al. [77], who utilized upper-limb ischaemia for remote ischaemic preconditioning before cardiac surgery to protect the heart against ischaemia-reperfusion injury. By preconditioning, the blood levels of protective RNase 1 were increased, whereas vascular RNA and tumour necrosis factor α (TNFα) decreased. These findings indicate that enhancing the levels of RNase 1 by preconditioning before heart surgery may improve patient outcomes.



The relevance of RNase 1 to host defence is supported by reports of its antiviral activity. RNase 1 extracts from the urine for human chorionic gonadotropin preparations as well as recombinant RNase 1 showed antiviral activity against human immunodeficiency virus (HIV)-1, suggesting possible protection of the foetus during pregnancy [20,21,22]. Additionally, RNase 1 was demonstrated to induce activation and maturation of dendritic cells as well as subsequent production of different cytokines (e.g., TNFα, interleukin (IL)-6 and IL-12) [23]. Interestingly, for endothelial cells, studies have shown somewhat contradictory results. Following incubation with IL-1β or TNFα, endothelial cells were reported to have decreased secretion and cellular expression of RNase 1 due to an epigenetic mechanism [26]. These results indicate a disturbance of the vascular RNA/RNase system as a result of exposure to inflammatory stimuli.




3. RNase 2


RNase 2, commonly known as eosinophil-derived neurotoxin (EDN), can be found in the secondary granules of eosinophil granulocytes and is one of the four major secretory proteins released upon activation of eosinophils [27,28,29]. The discovery of this RNase is connected to the Gordon phenomenon, a non-physiological syndrome in rabbits that is characterized by cerebellar dysfunction upon intrathecal injection of EDN, as also shown in guinea pigs [78,79].



EDN shows antiviral activity against HIV and respiratory syncytial virus (RSV) in vitro [20,21,22,24,25]. Through cell culture experiments, it was shown that EDN reduces the infectivity of HIV and RSV. The ribonuclease activity of EDN appears to be crucial for the antiviral activity, as the RI eliminated the antiviral effect of activated eosinophils. Similarly, sequence-altered recombinant EDN lost its antiviral activity upon loss of ribonuclease activity [24]. However, the activation of EDN-producing eosinophil granulocytes is also associated with allergic inflammation, such as that related to asthma, in the respiratory tract. These two facets of eosinophil activation in the respiratory system could be considered as a side effect of host defence. The antiviral response against RSV by eosinophil granulocytes could be associated with immunization against allergen [80,81].



Eosinophils are not the only cells capable of EDN secretion; human monocyte-derived macrophages also produce this RNase upon stimulation with lipopolysaccharide (LPS) and TNFα [23]. Although EDN does not exhibit potent anthelmintic or antibacterial activity, eosinophils express different pattern recognition receptors, such as toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors, which determine interaction with bacteria and helminths [38,82,83]. Studies have reported the release of EDN upon incubation of eosinophils with pathogenic bacteria, such as Clostridium difficile or Staphylococcus aureus, but not with Bifidobacteria, Hemophilus or Prevotella species [30,31]. However, the specific mechanism of distinction between different bacteria needs further investigation. Yang et al. [32] described EDN as an alarmin because the ribonuclease was shown to facilitate antigen recognition by binding to TLR2 and stimulating a type 2 helper T (Th2)-polarized response. Further studies illustrated the effect of EDN on dendritic cells, with EDN acting as a chemoattractant for immature human dendritic cells. Furthermore, EDN was found to induce maturation and activation of cultured dendritic cells [23,33].



In summary, there is a strong need for further investigations into the role of EDN in host defence. Current thinking suggests that EDN causes elimination of cells by triggering an inflammatory response that activates killer cells or cell death pathways. Alternatively, EDN may be internalized by infected cells to degrade viral RNA in the cytoplasm or may be secreted by eosinophils or monocytes/macrophages to further modulate the immune response.




4. RNase 3


RNase 3, or eosinophil cationic protein (ECP), is another ribonuclease found in the secondary granules of eosinophils and is released upon cell activation/stimulation. Similar to EDN, ECP displays antiviral and neurotoxic activities, and anthelmintic, bactericidal and cytotoxic effects have also been described [8]. For example, incubation of ECP with target cell cultures reduced the infectivity of RSV group B. As with EDN, the antiviral activity of ECP is dependent upon its enzymatic, ribonucleolytic function. However, ECP’s bactericidal activity remains unaltered in enzymatically inactive RNase. With regard to the complex of the RI and ECP, the issue of pathogen toxicity is less clear. Data illustrating this topic are only available for parasites, as incubation of ECP with the RI suppresses the antiparasitic nature of the RNase [84,85]. Similar antiviral activity was described for EDN, and the antiviral activities of both ECP and EDN are dependent on their ribonuclease activity [34]. However, enzymatic function is not necessary for the antibacterial activity of ECP. Gram-positive and Gram-negative bacteria as well as certain mycobacterial strains (Staphylococcus aureus, Escherichia coli and Mycobacterium vaccae) have been shown to be susceptible to the antibacterial activity of ECP in vitro [35,36]. The mechanism of the antibacterial activity was demonstrated in recent studies, and a stepwise process was suggested. For Gram-negative bacteria, ECP appears to display an amyloid-like aggregation. ECP binds to the bacterial surface, which causes conformational alterations in the protein. This rearrangement of the protein enables bacterial agglutination by binding of the protein to other rearranged ECP molecules attached to bacterial surfaces. Finally, these ECP aggregates disrupt the LPS bilayer, which may result in membrane disruption and bacterial [36,86]. In this context, it is worth mentioning that the Alzheimer’s disease-associated amyloid β (Aβ) peptide has been discussed as a host defence strategy against fungal challenge, as amyloids possess antimicrobial properties [8,44,86,87,88,89,90,91]. These observations, although not completely understood, stress the role of ECP in bacterial clearance. As a result, further inflammatory pathways are initialized directly via the protein’s immunomodulatory effects, such as mast cell degranulation, and indirectly by the aforementioned antibacterial activity [37].



Eosinophils are associated with host defence strategies against helminthic parasites, and for granular proteins, ECP is the most potent anthelmintic member. ECP’s high toxic activity has been demonstrated in vitro against Schistosoma mansoni [38]. In vivo, epidemiological studies have illustrated the importance of ECP. The ECP gene shows sequence polymorphism, with the respective proteins differing in toxic activity against Schistosoma mansoni. Ugandan populations, which live in regions where the parasites are endemic, were tested for their distribution of ECP alleles. In this study, homozygous carriers of the more cytotoxic allele of ECP (434GG) showed a lower prevalence of Schistosoma mansoni infection. This finding indicates that the more cytotoxic variant of ECP improves elimination of Schistosoma mansoni infection. Additionally, another sequence polymorphism-related allele, 371G, was associated with a higher susceptibility to cerebral malaria, the most severe manifestation of infection with the parasite Plasmodium falciparum [39,40]. In addition, ECP showed toxic activity in other diseases caused by parasites, and specifically Brugia pahangi and Trichinella spiralis [41,42]. However, the specific mechanism needs further investigation.



Cytotoxic effects of ECP have been demonstrated against different host mammalian cell lines, including epithelial cells [43,44]. The process of the antimicrobial activity was reviewed previously [86,87], but further research needs to be performed to determine the significance of (host) cytotoxicity as an adverse effect of bactericidal, antiviral and anthelmintic activities or as a driver for tissue remodelling. In this regard, ECP has been shown to induce apoptosis in bronchial epithelial cells; however, the downstream mechanism of apoptosis needs further investigation. Intracellular as well as extracellular pathways were suggested for the apoptotic effect of ECP (heparan sulphate proteoglycan-mediated internalization for the former and cell surface aggregation for the latter), in addition to TNFα production and activation of the caspase-8 and caspase-3 pathways [92,93,94]. A summary of the activities of ECP is illustrated in Figure 2.




5. RNase 4


The significance of RNase 4 for physiological function in general and for host defence in particular is widely unknown because very few studies have been performed to investigate its function. RNase 4 mRNA was detected in several human somatic tissues, such as the skeletal muscle, pancreas, lung, kidney, placenta, liver and blood (i.e., in monocytes) [45,46,47]. The last two sources suggest a role in host defence, as these tissues play a significant role in this regard. No direct evidence for antimicrobial activity of RNase 4 in humans has been described to date, but two observations are worth noting. First, RNase 4 extracted from bovine milk reduced the viability of Candida albicans in vitro, and the antimicrobial effects of lactoferrin and lactoferricin against E. coli were enhanced by co-incubation with a mixture of RNases 4 and 5. Second, in vitro studies showed that the mRNA of RNase 4 was found in proliferating and differentiated human keratinocytes [48,95,96]. In these studies, RNase 4 expression was associated with the expression of RNase 5, another member of the RNase family with proven antimicrobial activity.




6. RNase 5


RNase 5, or angiogenin, was named after its angiogenic potency, which induces extensive blood vessel growth [97]. This angiogenic property requires ribonuclease activity, but in comparison to the enzymatic activity of RNase 1, RNase 5 has much lower activity levels (1 × 10−5–1 × 10−6) [8,98,99,100]. Both its enzymatic activity and its angiogenic effect are modulated by the RI. RNase 5 can be detected in different tissues and organs and is associated with a number of (patho) physiological processes, including neoplasia, reproduction and regeneration of damaged tissue [101,102,103]. The aforementioned processes include activation of both the immune system and angiogenesis, each happening at different stages, which hampers distinction between those processes. For RNase 5, the patterns of expression vary in comparison to those of other inducers, such as vascular endothelial growth factor. These observations hint at a broader physiological role for RNase 5 in addition to a significant role in inflammatory processes and host defence. The broad biological relevance of this protein was recently reviewed, with a focus on its function in host defence [100]. It was reported that serum levels of RNase 5 increase during acute-phase responses [49,50]. Similar to RNase 4, RNase 5 is secreted by proliferating and activated keratinocytes; in fact, in the cervical-vaginal lavage of women with a sexually transmitted disease, RNase 5 levels were elevated [48,51]. The antimicrobial and antiviral activities of RNase 5 were also demonstrated in vitro. RNase 5 inhibited the reproduction of HIV-1 and reduced the number of colony counts of Streptococcus pneumoniae and Candida albicans [22,52]. Although the latter observation has been questioned, research in other species supports the antimicrobial property of RNase 5 [53]. In bovine milk, RNase 5 showed antifungal activity against Candida albicans, and particularly the hyphal form. The antimicrobial effects of lactoferrin and lactoferricin against E. coli were enhanced by co-incubation with a mixture of RNases 4 and 5 [95,96]. Furthermore, the antifungal activity against Candida albicans depends on the ribonuclease activity because blocking the enzyme significantly reduced the capacity to kill Candida [48]. In addition, murine analogues of RNase 5 (Ang1 and Ang4) showed antimicrobial activity; Ang4 was secreted into the murine intestine by Paneth cells and goblet cells of the colon upon microbiological challenge with LPS or Salmonella species, for example [52,104,105].



The direct effects of RNase 5 on host defence cells have also been reported. Upon microbiological challenge, mast cells synthesize RNase 5 and store it in their granules. In particular, LPS, E. coli and peptidoglycans can induce the secretion of this protein. Incubation with RNase 5 stimulated leukocytes to synthesize pro-inflammatory cytokines such as IL-6 and TNFα. In contrast, degranulation of neutrophil granulocytes was inhibited by incubation with RNase 5, which in turn can inhibit hyper-inflammatory states during the immune response [54,55,56,57].



Together, these reports suggest that RNase 5 plays a role involving not only direct antimicrobial activity but also modulation of the immune response as part of the host defence system.




7. RNase 6


Little evidence for the significance of RNase 6 has been found to date. mRNA transcripts of this protein were found in different tissues, including those of the lung, heart, brain, placenta, liver, skeletal muscle, kidney and pancreas. Detection in neutrophil granulocytes and monocytes suggested a role in inflammation [106]. Very recently, disease-associated functions for RNase 6 were described. It was demonstrated that RNase 6 protein levels in the urinary tract were elevated upon infection in vivo. Monocytes/macrophages secreted RNase 6 upon E. coli challenge. The protein showed in vitro antimicrobial activity against different uropathogenic bacterial strains, including E. coli, Staphylococcus saprophyticus and Enterococcus faecalis [58]. The mechanism of this antimicrobial activity was evaluated recently. The protein is able to destabilize the membrane of Gram-negative bacteria and to agglutinate them [59]. As demonstrated for RNase 1, 2 and 5, also RNase 6 has impact on the HI virus. Incubation of RNase 6 with target cells in vitro inhibits HIV infection [107]. These findings highlight the role of RNase 6 for host defence.




8. RNase 7


RNase 7 was first detected and purified from human skin; in fact, it is the most abundant RNase found in the skin and is constitutively expressed. It has been proposed that this protein, together with additional components, such as the secreted antimicrobial proteins β-defensin and psoriasin, constitutes the host defence system of the cutaneous epithelia. In psoriatic lesions, the levels of these proteins are elevated. This finding suggests a possible cause for the low incidence of infections related to psoriatic lesions [48,108,109,110]. RNase 7 is also expressed by various epithelial tissues, such as the genitourinary tissues; respiratory tissues and, to a lesser extent, the cells of the gastrointestinal tract, and is associated with the host defence properties of these tissues in response to environmental and microbial challenges [60,61]. In skin, keratinocytes are the major source of RNase 7; the protein was shown to be secreted in combination with the RI. The proteolytic activity in the stratum corneum reveals the broad-spectrum antimicrobial activity of RNase 7 upon degradation of the RI [48]. For the urogenital tract, a distinct form of control was recently demonstrated, as shown by decreased RI expression upon infectious challenge causing pyelonephritis [48,60]. Although RNase 7 shows high constitutive expression in keratinocytes, the expression of RNase 7 in cultured primary keratinocytes can be further enhanced by incubation with TNFα, IL-1β, or interferon γ (IFNγ) or by microbial challenge with Pseudomonas aeruginosa, E. coli, Staphylococcus aureus and epidermidis, Streptococcus pyogenes or Trichophyton rubrum. It has also been demonstrated in vitro that cigarette smoke enhanced RNase 7 expression in the respiratory epithelium and that protozoan challenge with Acanthamoeba castellanii increased mRNA expression of RNase 7 in corneal epithelial cells [108,111,112]. In these studies, recognition and signal transduction were associated with the TLR2, epidermal growth factor receptor (EGFR), nuclear factor κ-light-chain enhancer of activated B cells (NFκB), signal transducer and activator of transcription (STAT) 3 and mitogen-activated protein kinase (MAPK) pathways [62,63,111,113]. In human umbilical vein endothelial cells, RNase 7 was induced upon incubation with inflammatory cytokines, including TNFα, or co-incubation with IL-1β and IFNγ, suggesting a role in host defence of the tissue-blood barrier [114]. Broad antimicrobial activity was demonstrated for RNase 7 against different bacterial strains and fungi, but antiviral activity has not yet been described. It was reported that the protein is active against both Gram-positive and Gram-negative bacteria of clinical interest (E. coli, Enterococcus faecium, Pseudomonas aeruginosa and Staphylococcus aureus) as well as against mycobacteria (Mycobacterium vaccae), which are emerging in the clinic. RNase 7 shows activity at micromolar concentrations, even against multidrug-resistant isolates of Enterococcus faecium (vancomycin-resistant Enterococci, or VRE). Additionally, fungi, such as Candida albicans or the dermatophyte Epidermophyton floccosum, are susceptible to RNase 7 [36,108,115,116]. The mechanism of the antimicrobial activity is not yet fully understood, but several studies have sought to address this question. The ribonuclease activity does not appear to be relevant to the antimicrobial activity; rather, it is proposed that RNase 7 has the ability to disrupt bacterial membranes. In contrast to the action of RNase 3, there is no agglutination of the bacteria. It has been reported that the cationic protein interacts electrostatically with synthetic lipid vesicles, which causes leakage of the spheres. It was also reported that the positively charged protein is capable of forming a complex with LPS as well as outer membrane protein I (OprI) from Pseudomonas aeruginosa. For this bacterium, the interaction causes permeation of the membrane and triggers cell death [64,117].




9. RNase 8


Although there is a strong sequence homology between RNase 7 and RNase 8, their distinct patterns of expression imply different roles. RNase 8 is expressed in the placenta and later on in the spleen, lung and testis [118]. However, its physiological function is still unknown. The antimicrobial activity of this protein has been demonstrated by its killing of different clinically relevant Gram-positive and Gram-negative bacteria, including different multidrug-resistant strains (methicillin-resistant Staphylococcus aureus and VRE), as well as Candida albicans [119]. The antimicrobial properties and the expression of RNase 8 in the placenta suggest its significance during host defence in pregnant women. This implies an additional defence system between the mother and her sterile foetus because different pathogens are known to pass through the placenta to the foetus [120].




10. Conclusions


The scientific investigation of pancreatic RNase and the RNase A superfamily began with an evaluation of the biochemical properties of these proteins and was continued to obtain a better understanding of the biological significance of each family member in terms of homeostasis and pathophysiology. The canonical RNases are able to digest polynucleotides in addition to their antiviral, antibacterial, anthelmintic, antifungal and cytotoxic activities. They are secreted by different tissues and by cells of the immune system, so they also possess immunomodulatory properties (Figure 3) [8,121]. These findings demonstrate the significance of canonical RNases for human host defence in general and as a backbone of the innate immune system in particular. However, there is a strong need for further evaluation. In humans, RNases appear to strongly protect the body’s interfaces with the environment, which include the cutaneous, urogenital and respiratory epithelia. Information regarding the significant role of RNases in protection against infection and severe inflammatory diseases, such as sepsis, is very limited, but as recently shown by our group, these proteins appear to be important players in acute infections [122].



Another benefit to gaining a better understanding of secreted RNases is the pharmacological exploitation of this family of proteins. With the deluge of multidrug-resistant bacteria and a drought in the antibiotic pipeline, conventional antibiotics have lost some of their usefulness in the battle against infections. Together with antimicrobial peptides, for which resistance is less threatening, RNases could offer a new solution with concurrent use of conventional antibiotics [123]. Further research is needed to evaluate the usefulness of treating infections directly with RNases and of exploiting their antimicrobial activity for the creation of synthetic analogues for tailored applications.
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	RNase A
	Ribonuclease A



	RI
	Ribonuclease inhibitor



	RNA
	Ribonucleic acid



	DNA
	Deoxyribonucleic acid
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	Human immunodeficiency virus
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	Respiratory syncytial virus



	TNFα
	Tumour necrosis factor α



	IL
	Interleukin



	EDN
	Eosinophil-derived neurotoxin



	LPS
	Lipopolysaccharide



	TLR
	Toll-like receptor



	NOD
	Nucleotide-binding oligomerization domain



	Th2
	Type 2 helper T



	ECP
	Eosinophil cationic protein



	E. coli
	Escherichia coli
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	Epidermal growth factor receptor



	NFκB
	Nuclear factor κ-light-chain enhancer of activated B cells



	STAT
	Signal transducer and activator of transcription



	MAPK
	Mitogen-activated protein kinase



	IFNγ
	Interferon γ



	VRE
	Vancomycin-resistant enterococci
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	Outer membrane protein I







References


	



Beintema, J.J.; Kleinedam, R.G. The ribonuclease A superfamily: General discussion. Cell. Mol. Life Sci. 1998, 54, 825–832. [Google Scholar] [CrossRef] [PubMed]

	



Sorrentino, S. The eight human “canonical” ribonucleases: Molecular diversity, catalytic properties, and special biological actions of the enzyme proteins. FEBS Lett. 2010, 584, 2194–2200. [Google Scholar] [CrossRef] [PubMed]

	



Luhtala, N.; Parker, R. T2 Family ribonucleases: Ancient enzymes with diverse roles. Trends Biochem. Sci. 2010, 35, 253–259. [Google Scholar] [CrossRef] [PubMed]

	



Lander, E.S.; Linton, L.M.; Birren, B.; Nusbaum, C.; Zody, M.C.; Baldwin, J.; Devon, K.; Dewar, K.; Doyle, M.; FitzHugh, W.; et al. Initial sequencing and analysis of the human genome. Nature 2001, 409, 860–921. [Google Scholar] [CrossRef] [PubMed]

	



Torrent, M.; Pulido, D.; Valle, J.; Nogués, M.V.; Andreu, D.; Boix, E. Ribonucleases as a host-defence family: Evidence of evolutionarily conserved antimicrobial activity at the N-terminus. Biochem. J. 2013, 456, 99–108. [Google Scholar] [CrossRef] [PubMed]

	



Malik, A.; Batra, J.K. Antimicrobial activity of human eosinophil granule proteins: Involvement in host defence against pathogens. Crit. Rev. Microbiol. 2012, 38, 168–181. [Google Scholar] [CrossRef] [PubMed]

	



Rosenberg, H.F. Eosinophil-derived neurotoxin (EDN/RNase 2) and the mouse eosinophil-associated RNases (mEars): Expanding roles in promoting host defense. Int. J. Mol. Sci. 2015, 16, 15442–15455. [Google Scholar] [CrossRef] [PubMed]

	



Boix, E.; Nogués, M.V. Mammalian antimicrobial proteins and peptides: Overview on the RNase A superfamily members involved in innate host defence. Mol. Biosyst. 2007, 3, 317–335. [Google Scholar] [CrossRef] [PubMed]

	



Dubois, J.Y.; Ursing, B.M.; Kolkman, J.A.; Beintema, J.J. Molecular evolution of mammalian ribonucleases 1. Mol. Phylogenet. Evol. 2003, 27, 453–463. [Google Scholar] [CrossRef]

	



Rosenberg, H.F. RNase A ribonucleases and host defense: An evolving story. J. Leukoc. Biol. 2008, 83, 1079–1087. [Google Scholar] [CrossRef] [PubMed]

	



Premzl, M. Comparative genomic analysis of eutherian ribonuclease A genes. Mol. Genet. Genom. 2014, 289, 161–167. [Google Scholar] [CrossRef] [PubMed]

	



Dyer, K.D.; Rosenberg, H.F. The RNase a superfamily: Generation of diversity and innate host defense. Mol. Divers. 2006, 10, 585–597. [Google Scholar] [CrossRef] [PubMed]

	



Cho, S.; Beintema, J.J.; Zhang, J. The ribonuclease A superfamily of mammals and birds: Identifying new members and tracing evolutionary histories. Genomics 2005, 85, 208–220. [Google Scholar] [CrossRef] [PubMed]

	



Pizzo, E.; Buonanno, P.; di Maro, A.; Ponticelli, S.; de Falco, S.; Quarto, N.; Cubellis, M.V.; D’Alessio, G. Ribonucleases and angiogenins from fish. J. Biol. Chem. 2006, 281, 27454–27460. [Google Scholar] [CrossRef] [PubMed]

	



Cho, S.; Zhang, J. Zebrafish ribonucleases are bactericidal: Implications for the origin of the vertebrate RNase A superfamily. Mol. Biol. Evol. 2007, 24, 1259–1268. [Google Scholar] [CrossRef] [PubMed]

	



Artimo, P.; Jonnalagedda, M.; Arnold, K.; Baratin, D.; Csardi, G.; de Castro, E.; Duvaud, S.; Flegel, V.; Fortier, A.; Gasteiger, E.; et al. ExPASy: SIB bioinformatics resource portal. Nucleic Acids Res. 2012, 40, W597–W603. [Google Scholar] [CrossRef] [PubMed]

	



Rutkoski, T.J.; Raines, R.T. Evasion of ribonuclease inhibitor as a determinant of ribonuclease cytotoxicity. Curr. Pharm. Biotechnol. 2008, 9, 185–189. [Google Scholar] [CrossRef] [PubMed]

	



Sorrentino, S.; Naddeo, M.; Russo, A.; D’Alessio, G. Degradation of double-stranded RNA by human pancreatic ribonuclease: Crucial role of noncatalytic basic amino acid residues. Biochemistry 2003, 42, 10182–10190. [Google Scholar] [CrossRef] [PubMed]

	



Zernecke, A.; Preissner, K.T. Extracellular ribonucleic acids (RNA) enter the stage in cardiovascular disease. Circ. Res. 2016, 118, 469–479. [Google Scholar] [CrossRef] [PubMed]

	



Lee-Huang, S.; Huang, P.L.; Sun, Y.; Huang, P.L.; Kung, H.F.; Blithe, D.L.; Chen, H.C. Lysozyme and RNases as anti-HIV components in β-core preparations of human chorionic gonadotropin. Proc. Natl. Acad. Sci. USA 1999, 96, 2678–2681. [Google Scholar] [CrossRef] [PubMed]

	



Rugeles, M.T.; Trubey, C.M.; Bedoya, V.I.; Pinto, L.A.; Oppenheim, J.J.; Rybak, S.M.; Shearer, G.M. Ribonuclease is partly responsible for the HIV-1 inhibitory effect activated by HLA alloantigen recognition. Aids 2003, 17, 481–486. [Google Scholar] [CrossRef] [PubMed]

	



Bedoya, V.I.; Boasso, A.; Hardy, A.W.; Rybak, S.; Shearer, G.M.; Rugeles, M.T. Ribonucleases in HIV type 1 inhibition: Effect of recombinant RNases on infection of primary T cells and immune activation-induced RNase gene and protein expression. AIDS Res. Hum. Retrovir. 2006, 22, 897–907. [Google Scholar] [CrossRef] [PubMed]

	



Yang, D.; Chen, Q.; Rosenberg, H.F.; Rybak, S.M.; Newton, D.L.; Wang, Z.Y.; Fu, Q.; Tchernev, V.T.; Wang, M.; Schweitzer, B.; et al. Human ribonuclease A superfamily members, eosinophil-derived neurotoxin and pancreatic ribonuclease, induce dendritic cell maturation and activation. J. Immunol. 2004, 173, 6134–6142. [Google Scholar] [CrossRef] [PubMed]

	



Domachowske, J.B.; Dyer, K.D.; Bonville, C.A.; Rosenberg, H.F. Recombinant human eosinophil-derived neurotoxin/RNase 2 functions as an effective antiviral agent against respiratory syncytial virus. J. Infect. Dis. 1998, 177, 1458–1464. [Google Scholar] [CrossRef] [PubMed]

	



Rosenberg, H.F.; Dyer, K.D.; Domachowske, J.B. Respiratory viruses and eosinophils: Exploring the connections. Antivir. Res. 2009, 83, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Gansler, J.; Preissner, K.T.; Fischer, S. Influence of proinflammatory stimuli on the expression of vascular ribonuclease 1 in endothelial cells. FASEB J. 2014, 28, 752–760. [Google Scholar] [CrossRef] [PubMed]

	



Rosenberg, H.F.; Dyer, K.D.; Foster, P.S. Eosinophils: Changing perspectives in health and disease. Nat. Rev. Immunol. 2013, 13, 9–22. [Google Scholar] [CrossRef] [PubMed]

	



Lacy, P.; Moqbel, R. Signaling and degranulation. In Eosinophils in Health and Disease; Lee, J.J., Rosenberg, H.F., Eds.; Elsevier Press: Waltham, MA, USA, 2013; pp. 206–219. [Google Scholar]

	



Abu-Ghazaleh, R.I.; Dunnette, S.L.; Loegering, D.A.; Checkel, J.L.; Kita, H.; Thomas, L.L.; Gleich, G.J. Eosinophil granule proteins in peripheral blood granulocytes. J. Leukoc. Biol. 1992, 52, 611–618. [Google Scholar] [PubMed]

	



Hosoki, K.; Nakamura, A.; Nagao, M.; Hiraguchi, Y.; Tokuda, R.; Wada, H.; Nobori, T.; Fujisawa, T. Differential activation of eosinophils by “probiotic” Bifidiobacterium bifidum and “pathogenic” Clostridium difficle. Int. Arch. Allergy Immunol. 2010, 152, 83–89. [Google Scholar] [CrossRef] [PubMed]

	



Hosoki, K.; Nakamura, A.; Kainuma, K.; Sugimoto, M.; Nagao, M.; Hiraguchi, Y.; Tanida, H.; Tokuda, R.; Wada, H.; Nobori, T.; et al. Differential activation of eosinophils by bacteria associated with asthma. Int. Arch. Allergy Immunol. 2013, 161, 16–22. [Google Scholar] [CrossRef] [PubMed]

	



Yang, D.; Chen, Q.; Su, S.; Zhang, P.; Kurosaka, K.; Caspi, R. Eosinophil-derived neurotoxin acts as an alarmin to activate the TLR2–MyD88 signal pathway in dendritic cells and enhances Th2 immune responses. J. Exp. Med. 2008, 205, 79–90. [Google Scholar] [CrossRef] [PubMed]

	



Yang, D.; Rosenberg, H.F.; Chen, Q.; Dyer, K.D.; Kurosaka, K.; Oppenheim, J.J. Eosinophil-derived neurotoxin (EDN), an antimicrobial protein with chemotactic activities for dendritic cells. Blood 2003, 102, 3396–3403. [Google Scholar] [CrossRef] [PubMed]

	



Domachowske, J.B.; Dyer, K.D.; Adams, A.G.; Leto, T.L.; Rosenberg, H.F. Eosinophil cationic protein/RNase 3 is another RNase A-family ribonuclease with direct antiviral activity. Nucleic Acids Res. 1998, 26, 3358–3363. [Google Scholar] [CrossRef] [PubMed]

	



Pulido, D.; Moussaoui, M.; Nogués, M.V.; Torrent, M.; Boix, E. Towards the rational design of antimicrobial proteins single point mutations can switch on bactericidal and agglutinating activities on the RNase A superfamily lineage. FEBS J. 2013, 280, 5841–5852. [Google Scholar] [CrossRef] [PubMed]

	



Pulido, D.; Torrent, M.; Andreu, D.; Nogués, M.V.; Boix, E. Two human host defense ribonucleases against mycobacteria, the eosinophil cationic protein (RNase 3) and RNase 7. Antimicrob. Agents Chemother. 2013, 57, 3797–3805. [Google Scholar] [CrossRef] [PubMed]

	



Venge, P.; Byström, J.; Carlson, M.; Hâkansson, L.; Karawacjzyk, M.; Peterson, C.; Sevéus, L.; Trulson, A. Eosinophil cationic protein (ECP): Molecular and biological properties and the use of ECP as a marker of eosinophil activation in disease. Clin. Exp. Allergy 1999, 29, 1172–1186. [Google Scholar] [CrossRef] [PubMed]

	



Ackerman, S.J.; Gleich, G.J.; Logering, D.A.; Richardson, B.A.; Butterworth, A.E. Comparative toxicity of purified human eosinophil granule cationic proteins for schistosomula of Schistosoma mansoni. Am. J. Trop. Med. Hyg. 1985, 34, 735–745. [Google Scholar] [PubMed]

	



Eriksson, J.; Reimert, C.M.; Kabatereine, N.B.; Kazibwe, F.; Ireri, E.; Kadzo, H.; Eltahir, H.B.; Mohamed, A.O.; Vennervald, B.J.; Venge, P. The 434(G>C) polymorphism within the coding sequence of eosinophil cationic protein (ECP) correlates with the natural course of Schistosoma mansoni infection. Int. J. Parasitol. 2007, 37, 1359–1366. [Google Scholar] [CrossRef] [PubMed]

	



Adu, B.; Dodoo, D.; Adukpo, S.; Gyan, B.A.; Hedley, P.L.; Goka, B.; Adjei, G.O.; Larsen, S.O.; Christiansen, M.; Theisen, M. Polymorphisms in the RNASE3 gene are associated with susceptibility to cerebral malaria in ghanaian children. PLoS ONE 2011, 6, e29465. [Google Scholar] [CrossRef] [PubMed]

	



Hamann, K.; Gleich, G.; Checkel, J.; Loegering, D.; McCall, J.; Barker, R. In vitro killing of microfilariae of Brugia pahangi and Brugia malayi by eosinophil granule proteins. J. Immunol. 1990, 144, 3166–3173. [Google Scholar] [PubMed]

	



Hamann, K.; Barker, R.; Loegering, D.; Gleich, G. Comparative toxicity of purified human eosinophil granule proteins for newborn larvae of Trichinella spiralis. J. Parasitol. 1987, 73, 523–529. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, T.; Kitazoe, M.; Tada, H.; de Llorens, R.; Salomon, D.S.; Ueda, M. Growth inhibition of mammalian cells by eosinophil cationic protein. Eur. J. Biochem. 2002, 269, 307–316. [Google Scholar] [CrossRef] [PubMed]

	



Carreras, E.; Boix, E.; Rosenberg, H.F.; Cuchillo, C.M.; Nogués, M.V. Both aromatic and cationic residues contribute to the membranelytic and bactericidal activity of eosinophil cationic protein. Biochemistry 2003, 42, 6636–6644. [Google Scholar] [CrossRef] [PubMed]

	



Rosenberg, H.F.; Dyer, K.D. Human ribonuclease 4 (RNase 4): Coding sequence, chromosomal localization and identification of two distinct transcripts in human somatic tissues. Nucleic Acids Res. 1995, 23, 4290–4295. [Google Scholar] [CrossRef] [PubMed]

	



Egesten, A.; Dyer, K.D.; Batten, D.; Domachowske, J.B.; Rosenberg, H.F. Ribonucleases and host defense: Identification, localization and gene expression in adherent monocytes in vitro. Biochim. Biophys. Acta 1997, 1358, 255–260. [Google Scholar] [CrossRef]

	



Futami, J.; Tsushima, Y.; Murato, Y.; Tada, H.; Sasaki, J.; Seno, M.; Yamada, H. Tissue-specific expression of pancreatic-type RNases and RNase inhibitor in humans. DNA Cell Biol. 1997, 16, 413–419. [Google Scholar] [CrossRef] [PubMed]

	



Abtin, A.; Eckhart, L.; Mildner, M.; Ghannadan, M.; Harder, J.; Schröder, J.M.; Tschachler, E. Degradation by stratum corneum proteases prevents endogenous RNase inhibitor from blocking antimicrobial activities of RNase 5 and RNase 7. J. Investig. Dermatol. 2009, 129, 2193–2201. [Google Scholar] [CrossRef] [PubMed]

	



Koutroubakis, I.E.; Xidakis, C.; Karmiris, K.; Sfiridaki, A.; Kandidaki, E.; Kouroumalis, E.A. Serum angiogenin in inflammatory bowel disease. Dig. Dis. Sci. 2004, 49, 1758–1762. [Google Scholar] [CrossRef] [PubMed]

	



Nittoh, T.; Hirakata, M.; Mue, S.; Ohuchi, K. Identification of cDNA encoding rat eosinophil cationic protein/eosinophil-associated ribonuclease. Biochim. Biophys. Acta 1997, 1351, 42–46. [Google Scholar] [CrossRef]

	



Spear, G.T.; Kendrick, S.R.; Chen, H.Y.; Thomas, T.T.; Bahk, M.; Balderas, R.; Ghosh, S.; Weinberg, A.; Landay, A.L. Multiplex immunoassay of lower genital tract mucosal fluid from women attending an urban STD clinic shows broadly increased IL1β and lactoferrin. PLoS ONE 2011, 6, e19560. [Google Scholar] [CrossRef] [PubMed]

	



Hooper, L.V.; Stappenbeck, T.S.; Hong, C.V.; Gordon, J.I. Angiogenins: A new class of microbicidal proteins involved in innate immunity. Nat. Immunol. 2003, 4, 269–273. [Google Scholar] [CrossRef] [PubMed]

	



Avdeeva, S.V.; Chernukha, M.U.; Shaginyan, I.A.; Tarantul, V.Z.; Naroditsky, B.S. Human angiogenin lacks specific antimicrobial activity. Curr. Microbiol. 2006, 53, 477–478. [Google Scholar] [CrossRef] [PubMed]

	



Kulka, M.; Fukuishi, N.; Metcalfe, D.D. Human mast cells synthesize and release angiogenin, a member of the ribonuclease A (RNase A) superfamily. J. Leukoc. Biol. 2009, 86, 1217–1226. [Google Scholar] [CrossRef] [PubMed]

	



Shcheglovitova, O.; Maksyanina, E.; Ionova, I.; Rustam’yan, Y.L.; Komolova, G. Cow milk angiogenin induces cytokine production in human blood leukocytes. Bull. Exp. Biol. Med. 2003, 135, 158–160. [Google Scholar] [CrossRef] [PubMed]

	



Tschesche, H.; Kopp, C.; Hörl, W.; Hempelmann, U. Inhibition of degranulation of polymorphonuclear leukocytes by angiogenin and its tryptic fragment. J. Biol. Chem. 1994, 269, 30274–30280. [Google Scholar] [PubMed]

	



Schmaldienst, S.; Oberpichler, A.; Tschesche, H.; Hörl, W.H. Angiogenin: A novel inhibitor of neutrophil lactoferrin release during extracorporeal circulation. Kidney Blood Press. Res. 2000, 26, 107–112. [Google Scholar] [CrossRef]

	



Becknell, B.; Eichler, T.E.; Beceiro, S.; Li, B.; Easterling, R.S.; Carpenter, A.R.; James, C.L.; McHugh, K.M.; Hains, D.S.; Partida-Sanchez, S.; et al. Ribonucleases 6 and 7 have antimicrobial function in the human and murine urinary tract. Kidney Int. 2015, 87, 151–161. [Google Scholar] [CrossRef] [PubMed]

	



Pulido, D.; Arranz-Trullén, J.; Prats-Ejarque, G.; Velázquez, D.; Torrent, M.; Moussaoui, M.; Boix, E. Insights into the antimicrobial mechanism of action of human RNase6: Structural determinants for bacterial cell agglutination and membrane permeation. Int. J. Mol. Sci. 2016, 17, 552. [Google Scholar] [CrossRef] [PubMed]

	



Spencer, J.D.; Schwaderer, A.L.; Eichler, T.; Wang, H.; Kline, J.; Justice, S.S.; Cohen, D.M.; Hains, D.S. An endogenous ribonuclease inhibitor regulates the antimicrobial activity of ribonuclease 7 in the human urinary tract. Kidney Int. 2014, 85, 1179–1191. [Google Scholar] [CrossRef] [PubMed]

	



Laudien, M.; Dressel, S.; Harder, J.; Gläser, R. Differential expression pattern of antimicrobial peptides in nasal mucosa and secretion. Rhinology 2011, 49, 107–111. [Google Scholar] [PubMed]

	



Wanke, I.; Steffen, H.; Christ, C.; Krismer, B.; Götz, F.; Peschel, A.; Schaller, M.; Schittek, B. Skin commensals amplify the innate immune response to pathogens by activation of distinct signaling pathways. J. Investig. Dermatol. 2010, 131, 382–390. [Google Scholar] [CrossRef] [PubMed]

	



Simanski, M.; Rademacher, F.; Schröder, L.; Schumacher, H.M.; Gläser, R.; Harder, J. IL-17A and IFN-γ synergistically induce RNase 7 expression via STAT3 in primary keratinocytes. PLoS ONE 2013, 8, e59531. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.M.; Wu, S.J.; Chang, T.W.; Wang, C.F.; Suen, C.S.; Hwang, M.J.; et al. Outer membrane protein I of Pseudomonas aeruginosa is a target of cationic antimicrobial peptide/protein. J. Biol. Chem. 2010, 285, 8985–8994. [Google Scholar] [CrossRef] [PubMed]

	



Morita, T.; Niwata, Y.; Ohgi, K.; Ogawa, M.; Irie, M. Distribution of two urinary ribonuclease-like enzymes in human organs and body fluids. J. Biochem. 1986, 99, 17–25. [Google Scholar] [PubMed]

	



Iwama, M.; Kunihiro, M.; Ohgi, K.; Irie, M. Purification and properties of human urine ribonucleases. J. Biochem. 1981, 89, 1005–1016. [Google Scholar] [PubMed]

	



De Prisco, R.; Sorrentino, S.; Leone, E.; Libonati, M. A ribonuclease from human seminal plasma active on double-stranded RNA. Biochim. Biophys. Acta 1984, 788, 356–363. [Google Scholar] [CrossRef]

	



Yasuda, T.; Nadano, D.; Takeshita, H.; Kishi, K. Two distinct secretory ribonucleases from human cerebrum: Purification, characterization and relationships to other ribonucleases. Biochem. J. 1993, 296, 617–625. [Google Scholar] [CrossRef] [PubMed]

	



Mizuta, K.; Awazu, S.; Yasuda, T.; Kishi, K. Purification and characterization of three ribonucleases from human kidney: Comparison with urine ribonucleases. Arch. Biochem. Biophys. 1990, 281, 144–151. [Google Scholar] [CrossRef]

	



Landré, J.B.; Hewett, P.W.; Olivot, J.M.; Friedl, P.; Ko, Y.; Sachinidis, A.; Moenner, M. Human endothelial cells selectively express large amounts of pancreatic-type ribonuclease (RNase 1). J. Cell. Biochem. 2002, 86, 540–552. [Google Scholar] [CrossRef] [PubMed]

	



Fischer, S.; Nishio, M.; Dadkhahi, S.; Gansler, J.; Saffarzadeh, M.; Shibamiyama, A.; Kral, N.; Baal, N.; Koyama, T.; Deindl, E.; et al. Expression and localisation of vascular ribonucleases in endothelial cells. Thromb. Haemost. 2011, 105, 345–355. [Google Scholar] [CrossRef] [PubMed]

	



Barnard, E.A. Biological function of pancreatic ribonuclease. Nature 1969, 221, 340–344. [Google Scholar] [CrossRef] [PubMed]

	



Kannemeier, C.; Shibamiya, A.; Nakazawa, F.; Trusheim, H.; Ruppert, C.; Markart, P.; Song, Y.; Tzima, E.; Kennerknecht, E.; Niepmann, M.; et al. Extracellular RNA constitutes a natural procoagulant cofactor in blood coagulation. Proc. Natl. Acad. Sci. USA 2007, 104, 6388–6393. [Google Scholar] [CrossRef] [PubMed]

	



Fischer, S.; Gerriets, T.; Wessels, C.; Walberer, M.; Kostin, S.; Stolz, E.; Zheleva, K.; Hocke, A.; Hippenstiel, S.; Preissner, K.T. Extracellular RNA mediates endothelial-cell permeability via vascular endothelial growth factor. Blood 2007, 110, 2457–2465. [Google Scholar] [CrossRef] [PubMed]

	



Fischer, S.; Grantzow, T.; Pagel, J.I.; Tschernatsch, M.; Sperandio, M.; Preissner, K.T.; Deindl, E. Extracellular RNA promotes leukocyte recruitment in the vascular system by mobilising proinflammatory cytokines. Thromb. Haemost. 2012, 108, 730–741. [Google Scholar] [CrossRef] [PubMed]

	



Cabrera-Fuentes, H.A.; Lopez, M.L.; McCurdy, S.; Fischer, S.; Meiler, S.; Baumer, Y.; Galuska, S.P.; Preissner, K.T.; Boisvert, W.A. Regulation of monocyte/macrophage polarisation by extracellular RNA. Thromb. Haemost. 2015, 113, 473–481. [Google Scholar] [CrossRef] [PubMed]

	



Cabrera-Fuentes, H.A.; Niemann, B.; Grieshaber, P.; Wollbrueck, M.; Gehron, J.; Preissner, K.T.; Böning, A. RNase1 as a potential mediator of remote ischaemic preconditioning for cardioprotection. Eur. J. Cardio-Thorac. Surg. 2015, 48, 732–737. [Google Scholar] [CrossRef] [PubMed]

	



Gordon, M.H. Remarks on Hodgkin’s disease: A pathogenic agent in the glands, and its application in diagnosis. Br. Med. J. 1933, 1, 641–644. [Google Scholar] [CrossRef] [PubMed]

	



Durack, D.T.; Sumi, S.M.; Klebanoff, S.J. Neurotoxicity of human eosinophils. Proc. Natl. Acad. Sci. USA 1979, 76, 1443–1447. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, A.M.; Bonville, C.A.; Rosenberg, H.F.; Domachowske, J.B. Respiratory syncytical virus-induced chemokine expression in the lower airways: Eosinophil recruitment and degranulation. Am. J. Respir. Crit. Care Med. 1999, 159, 1918–1924. [Google Scholar] [CrossRef] [PubMed]

	



Jacobsen, E.A.; Ochkur, S.I.; Lee, N.A.; Lee, J.J. Eosinophils and asthma. Curr. Allergy Asthma Rep. 2007, 7, 18–26. [Google Scholar] [CrossRef] [PubMed]

	



Kvarnhammar, A.M.; Cardell, L.O. Pattern recognition receptors in human eosinophils. Immunology 2012, 136, 11–20. [Google Scholar] [CrossRef] [PubMed]

	



Lehrer, R.I.; Szklarek, D.; Barton, A.; Ganz, T.; Hamann, K.J.; Gleich, G.J. Antibacterial properties of eosinophil major basic protein and eosinophil cationic protein. J. Immunol. 1989, 142, 4428–4434. [Google Scholar] [PubMed]

	



Rosenberg, H.F. Recombinant human eosinophil cationic protein. Ribonuclease activity is not essential for cytotoxicity. J. Biol. Chem. 1995, 270, 7876–7881. [Google Scholar] [CrossRef] [PubMed]

	



Molina, H.A.; Kierszenbaum, F.; Hamann, K.J.; Gleich, G.J. Toxic effects produced or mediated by human eosinophil granule components on Trypanosoma cruzi. Am. J. Trop. Med. Hyg. 1988, 38, 327–334. [Google Scholar] [PubMed]

	



Boix, E.; Salazar, V.A.; Torrent, M.; Pulido, D.; Nogués, M.V.; Moussaoui, M. Structural determinants of the eosinophil cationic protein antimicrobial activity. Biol. Chem. 2012, 393, 801–815. [Google Scholar] [CrossRef] [PubMed]

	



Torrent, M.; Pulido, D.; Nogués, M.V.; Boix, E. Exploring new biological functions of amyloids: Bacteria cell agglutination mediated by host protein aggregation. PLoS Pathog. 2012, 8, e1003005. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Pisa, D.; Alonso, R.; Rábano, A.; Rodal, I.; Carrasco, L. Different brain regions are infected with fungi in Alzheimer’s disease. Sci. Rep. 2015, 5, 15015. [Google Scholar] [CrossRef] [PubMed]

	



Young, J.D.E.; Peterson, C.G.B.; Venge, P.; Cohn, Z.A. Mechanism of membrane damage mediated by human eosinophil cationic protein. Nature 1986, 321, 613–616. [Google Scholar] [CrossRef] [PubMed]

	



Torrent, M.; Cuyás, E.; Carreras, E.; Navarro, S.; López, O.; de la Maza, A.; Nogués, M.V.; Reshetnyak, Y.K.; Boix, E. Topography studies on the membrane interaction mechanism of the eosinophil cationic protein. Biochemistry 2007, 46, 720–733. [Google Scholar]

	



Torrent, M.; Navarro, S.; Moussaoui, M.; Nogués, M.V.; Boix, E. Eosinophil cationic protein high-affinity binding to bacteria-wall lipopolysaccharides and peptidoglycans. Biochemistry 2008, 47, 3544–3555. [Google Scholar] [CrossRef] [PubMed]

	



Navarro, S.; Aleu, J.; Jiménez, M.; Boix, E.; Cuchillo, C.; Nogués, M.V. The cytotoxicity of eosinophil cationic protein/ribonuclease 3 on eukaryotic cell lines takes place through its aggregation on the cell membrane. Cell. Mol. Life Sci. 2008, 65, 324–337. [Google Scholar] [CrossRef] [PubMed]

	



Chang, K.C.; Lo, C.W.; Fan, T.; Chang, M.D.T.; Shu, C.W.; Chang, C.H.; Chung, C.T.; Fang, S.L.; Chao, C.C.; Tsai, J.J.; et al. TNF-α Mediates eosinophil cationic protein-induced apoptosis in BEAS-2 B cells. BMC Cell Biol. 2010, 11, 6. [Google Scholar] [CrossRef] [PubMed]

	



Fan, T.C.; Chang, H.T.; Chen, I. A heparan sulfate-facilitated and raft-dependent macropinocytosis of eosinophil cationic protein. Traffic 2007, 8, 1778–1795. [Google Scholar] [CrossRef] [PubMed]

	



Harris, P.; Johannessen, K.M.; Smolenski, G.; Callaghan, M.; Broadhurst, M.K.; Kim, K.; Wheeler, T.T. Characterisation of the anti-microbial activity of bovine milk ribonuclease4 and ribonuclease5 (angiogenin). Int. Dairy J. 2010, 20, 400–407. [Google Scholar] [CrossRef]

	



Murata, M.; Wakabayashi, H.; Yamauchi, K.; Abe, F. Identification of milk proteins enhancing the antimicrobial activity of lactoferrin and lactoferricin. J. Dairy Sci. 2013, 96, 4891–4898. [Google Scholar] [CrossRef] [PubMed]

	



Fett, J.W.; Strydom, D.J.; Lobb, R.R.; Alderman, E.M.; Bethune, J.L.; Riordan, J.F.; Vallee, B.L. Isolation and characterization of angiogenin, an angiogenic protein from human carcinoma cells. Biochemistry 1985, 24, 5480–5486. [Google Scholar] [CrossRef] [PubMed]

	



Harper, J.W.; Vallee, B.L. A covalent angiogenin/ribonuclease hybrid with a fourth disulfide bond generated by regional mutagenesis. Biochemistry 1989, 28, 1875–1884. [Google Scholar] [CrossRef] [PubMed]

	



Lee, F.S.; Vallee, B.L. Characterization of ribonucleolytic activity of angiogenin towards tRNA. Biochem. Biophys. Res. Commun. 1989, 161, 121–126. [Google Scholar] [CrossRef]

	



Sheng, J.; Xu, Z. Three decades of research on angiogenin: A review and perspective. Acta Biochim. Biophys. Sin. 2016, 48, 399–410. [Google Scholar] [CrossRef] [PubMed]

	



Tsuji, T.; Sun, Y.; Kishimoto, K.; Olson, K.A.; Liu, S.; Hirukawa, S.; Hu, G.F. Angiogenin is translocated to the nucleus of HeLa cells and is involved in ribosomal RNA transcription and cell proliferation. Cancer Res. 2005, 65, 1352–1360. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.S.; Lee, I.; Kang, T.C.; Jeong, G.B.; Chang, S.I. Angiogenin is involved in morphological changes and angiogenesis in the ovary. Biochem. Biophys. Res. Commun. 1999, 257, 182–186. [Google Scholar] [CrossRef] [PubMed]

	



King, T.V.; Vallee, B.L. Neovascularisation of the meniscus with angiogenin. An experimental study in rabbits. J. Bone Jt. Surg. 1991, 73, 587–590. [Google Scholar]

	



Walker, C.R.; Hautefort, I.; Dalton, J.E.; Overweg, K.; Egan, C.E.; Bongaerts, R.J.; Newton, D.J.; Cruickshank, S.M.; Andrew, E.M.; Carding, S.R. Intestinal intraepithelial lymphocyte-enterocyte crosstalk regulates production of bactericidal angiogenin 4 by Paneth cells upon microbial challenge. PLoS ONE 2013, 8, e84553. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Forman, R.A.; deSchoolmeester, M.L.; Hurst, R.J.; Wright, S.H.; Pemberton, A.D.; Else, K.J. The goblet cell is the cellular source of the anti-microbial angiogenin 4 in the large intestine post Trichuris muris infection. PLoS ONE 2012, 7, e42248. [Google Scholar] [CrossRef] [PubMed]

	



Rosenberg, H.F.; Dyer, K.D. Molecular cloning and characterization of a novel human ribonuclease (RNase k6): Increasing diversity in the enlarging ribonuclease gene family. Nucleic Acids Res. 1996, 24, 3507–3513. [Google Scholar] [CrossRef] [PubMed]

	



Christensen-Quick, A.; Lafferty, M.; Sun, L.; Marchionni, L.; DeVico, A.; Garzino-Demo, A. Human Th17 cells lack HIV-inhibitory RNases and are highly permissive to productive HIV infection. J. Virol. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Harder, J.; Schröder, J. RNase 7, a novel innate immune defense antimicrobial protein of healthy human skin. J. Biol. Chem. 2002, 277, 46779–46784. [Google Scholar] [CrossRef] [PubMed]

	



Zasloff, M. Antimicrobial RNases of human skin. J. Investig. Dermatol. 2009, 129, 2091–2093. [Google Scholar] [CrossRef] [PubMed]

	



Harder, J.; Schröder, J.M. Psoriatic scales: A promising source for the isolation of human skin-derived antimicrobial proteins. J. Leukoc. Biol. 2005, 77, 476–486. [Google Scholar] [CrossRef] [PubMed]

	



Firat, Y.H.; Simanski, M.; Rademacher, F.; Schröder, L.; Brasch, J.; Harder, J. Infection of keratinocytes with Trichophytum rubrum induces epidermal growth factor-dependent RNase 7 and human β-defensin-3 expression. PLoS ONE 2014, 9, e93941. [Google Scholar] [CrossRef] [PubMed]

	



Otri, A.M.; Mohammed, I.; Abedin, A.; Cao, Z.; Hopkinson, A.; Panjwani, N.; Dua, H.S. Antimicrobial peptides expression by ocular surface cells in response to Acanthamoeba castellanii: An in vitro study. Br. J. Ophthalmol. 2010, 94, 1523–1527. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed, I.; Yeung, A.; Abedin, A.; Hopkinson, A.; Dua, H.S. Signalling pathways involved in ribonuclease-7 expression. Cell. Mol. Life Sci. 2010, 68, 1941–1952. [Google Scholar] [CrossRef] [PubMed]

	



Burgey, C.; Kern, W.V.; Römer, W.; Sakinc, T.; Rieg, S. The innate defense antimicrobial peptides hBD3 and RNase7 are induced in human umbilical vein endothelial cells by classical inflammatory cytokines but not Th17 cytokines. Microbes Infect. 2015, 17, 353–359. [Google Scholar] [CrossRef] [PubMed]

	



Köten, B.; Simanski, M.; Gláser, R.; Podschun, R.; Schröder, J.M.; Harder, J. RNase 7 contributes to the cutaneous defense against Enterococcus faecium. PLoS ONE 2009, 4, e6424. [Google Scholar] [CrossRef] [PubMed]

	



Fritz, P.; Beck-Jendroschek, V.; Brasch, J. Inhibition of dermatophytes by the antimicrobial peptides human β-defensin-2, ribonuclease 7 and psoriasin. Med. Mycol. 2012, 50, 579–584. [Google Scholar] [CrossRef] [PubMed]

	



Torrent, M.; Badia, M.; Moussaoui, M.; Sanchez, D.; Nogués, M.V.; Boix, E. Comparison of human RNase 3 and RNase 7 bactericidal action at the Gram-negative and Gram-positive bacterial cell wall. FEBS J. 2010, 277, 1713–1725. [Google Scholar] [CrossRef] [PubMed]

	



Chan, C.C.; Moser, J.M.; Dyer, K.D.; Percopo, C.M.; Rosenberg, H.F. Genetic diversity of human RNase 8. BMC Genom. 2012, 13, 40. [Google Scholar] [CrossRef] [PubMed]

	



Rudolph, B.; Podschun, R.; Sahly, H.; Schubert, S.; Schröder, J.M.; Harder, J. Identification of RNase 8 as a novel human antimicrobial protein. Antimicrob. Agents Chemother. 2006, 50, 3194–3196. [Google Scholar] [CrossRef] [PubMed]

	



Mylonakis, E.; Paliou, M.; Hohmann, E.L.; Calderwood, S.B.; Wing, E.J. Listeriosis during pregnancy: A case series and review of 222 cases. Medicine 2002, 81, 260–269. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, S.K.; Haigh, B.J.; Griffin, F.J.; Wheeler, T.T. The mammalian secreted RNases: Mechanisms of action in host defence. Innate Immun. 2013, 19, 86–97. [Google Scholar] [CrossRef] [PubMed]

	



Martin, L.; Koczera, P.; Simons, N.; Zechendorf, E.; Hoeger, J.; Marx, G.; Schuerholz, T. The human host defense ribonucleases 1, 3 and 7 are elevated in patients with sepsis after major surgery—A pilot study. Int. J. Mol. Sci. 2016, 17, 294. [Google Scholar] [CrossRef] [PubMed]

	



Schuerholz, T.; Brandenburg, K.; Marx, G. Antimicrobial peptides and their potential application in inflammation and sepsis. Crit. Care 2012, 16, 207. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 17 01278 g001 1024] 





Figure 1. Ribonuclease (RNase) 1 is required for vascular homeostasis. (A) Endothelial cells (ECs) are the main source of large amounts of RNase 1; (B) Due to the ribonuclease activity of single- and double-stranded RNA as well as DNA-RNA hybrids, RNase 1 serves as a potent RNA scavenger for the normalization of serum viscosity and the clearance of perivascular polynucleotides; RNase 1 (C) shows antiviral activity against HIV and (D) is able to stimulate and induce maturation of dendritic cells (DCs). TNFα: Tumour necrosis factor alpha; IL: Interleukin; HIV: Human immunodeficiency virus; RNA: Ribonucleic acid. 
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Figure 2. Effects of the eosinophil cationic protein (ECP). (A) ECP is stored in the secondary granules of eosinophils and can be released upon eosinophil simulation; (B) ECP can induce degranulation of mast cells; (C) ECP has broad antimicrobial activity, including inhibition of viruses, Gram-positive and Gram-negative bacteria and fungal and helminthic pathogens; (D) dose-dependent cytotoxic effects have been described for ECP, including necrosis and apoptosis. 
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Figure 3. A schematic overview of the human canonical ribonucleases (RNases) in the host defence system. (A,B) RNases show antiviral activity and cytotoxic properties in mammalian cells and degrade RNA; (C) Cells of the immune system (immune cells, or ICs) secrete and are modulated by RNases; (D,F) Different mature cells secrete RNases, including endothelial (EnC) and epithelial (EpC) cells, for pericellular homeostasis; (E) Antimicrobial activity against bacteria, fungi and parasites has been demonstrated for RNases. RNA: Ribonucleic acid; HIV: Human immunodeficiency virus. 
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Table 1. Proposed functions of the canonical ribonucleases (RNases) in human host defence.
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Ribonuclease

	
Proposed Impact on Host Defence

	
Reference(s)






	
RNase 1

	
Degradation of vascular polyRNA

	
[18,19]




	
Anti-HIV-1 activity

	
[20,21,22]




	
Induces maturation and activation of dendritic cells

	
[23]




	
RNase 2/EDN

	
Antiviral activity against HIV-1 and RSV-B

	
[20,21,22,24,25]




	
Secretion by eosinophil granulocytes and monocyte-derived macrophages

	
[23,26,27,28,29,30,31]




	
TLR2 binding and Th2 polarization

	
[32]




	
Chemokine and cytokine induction for activation and maturation of dendritic cells

	
[23,33]




	
RNase 3/ECP

	
Antiviral activity against RSV-B

	
[34]




	
Antibacterial activity against mycobacteria and Gram+ and Gram− bacteria

	
[35,36]




	
Induces degranulation of mast cells

	
[37]




	
Anthelmintic activity against Schistosoma mansoni, Brugia pahangi and Trichinella spiralis

	
[38,39,40,41,42,43]




	
Cytotoxic activity against mammalian cells

	
[43,44]




	
RNase 4

	
Expression in host defence-associated tissues

	
[45,46,47,48]




	
Coexpression with lactoferrin, lactoferricin and RNase 5 Enhances antimicrobial activity of lactoferrin and lactoferricin




	
RNase 5/Angiogenin

	
Increased serum levels during acute-phase response

	
[49,50,51]




	
Antiviral activity against HIV-1

	
[22]




	
Activity against Candida

	
[48,52,53]




	
Activity against Streptococcus (controversial data)




	
Synthesis and secretion by mast cells

	
[54]




	
Proinflammatory stimulation of leukocytes

	
[55]




	
Inhibition of degranulation of neutrophil granulocytes

	
[56,57]




	
RNase 6

	
Infection-induced secretion in urinary tract

	
[58,59]




	
Antibacterial activity against Gram+ and Gram− bacteria




	
RNase 7

	
Synthesis upon microbial, inflammatory and physicochemical challenge in epithelial tissues

	
[59,60,61,62]




	
Antibacterial activity against mycobacteria and Gram+ and Gram− bacteria

	
[36,59,63]




	
RNase 8

	
Antibacterial and antifungal activity against Gram+ and Gram− bacteria and Candida

	
[64]








RNase: Ribonuclease; RNA: Ribonucleic acid; HIV-1: Human immunodeficiency virus 1; RSV-B: Respiratory syncytial virus B; EDN: Eosinophil-derived neurotoxin; TLR2: Toll-like receptor 2; Th2: Type 2 helper T-cell; ECP: Eosinophil cationic protein.
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