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Human noroviruses (HuNoVs) are the cause of more than 95% of epidemic non-bacterial gastroenteritis worldwide, with some lethal cases. These viral agents affect people of all ages. However, young children and older adults are the highest-risk groups, being affected with the greatest rate of hospitalizations and morbidity cases. HuNoV structural proteins, especially VP1, have been studied extensively. In contrast, the functions of the non-structural proteins of the virus have been undescribed in depth. Studies on HuNoV non-structural proteins have mostly been made by expressing them individually in in vitro cultures, providing insights of their functions and the role that they play in HuNoV replication and pathogenesis. This review examines exhaustively the functions of both HuNoV structural and non-structural proteins and their possible role within the viral replicative cycle and the pathogenesis of the virus. It also highlights recent findings regarding the host's innate and adaptive immune responses against HuNoV, which are of great relevance for diagnostics and vaccine development so as to prevent infections caused by these fastidious viruses.
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INTRODUCTION

Human noroviruses (HuNoV) are the main cause of non-bacterial gastroenteritis worldwide, producing high morbidity and mortality rates (1, 2). It has been estimated that HuNoV causes 699 million illnesses and 219,000 deaths per year worldwide (3). Even in a developed country, such as the United States, it is estimated that the burden of the disease caused by HuNoV infection produces 570–800 deaths, 56,000–71,000 hospitalizations, 400,000 visits to the emergency room, 1.7–1.9 million ambulatory visits to health centers, and 19–21 million total diseases per year (4). Although HuNoV can infect people of all ages (5–7), among the high-risk populations are children under 5 years of age—who have the highest rates of medical care associated to HuNoV (4), the elderly—who have the highest mortality rates (4), immunocompromised patients (8, 9), and travelers visiting developing countries (10, 11). HuNoV produces rapid and self-limited acute gastroenteritis characterized by the development of symptoms such as vomiting, watery diarrhea with or without nausea, and abdominal cramps (12).

HuNoV belongs to the family Caliciviridae, specifically to the genus Norovirus (2), which has recently been subdivided into 10 different genogroups (GI–GX) (13). Only GI, GII, and GIV infect and cause acute gastroenteritis in humans. These genogroups are classified according to the similarity of the highly conserved regions of the RNA-dependent RNA polymerase (RdRp-NS7) or the conserved amino acidic regions of the capsid protein, VP1 (14). The HuNoV genogroups are subdivided into different genotypes based on mutations that are produced by selective pressure and/or other factors to which these viruses are exposed (14, 15). These mutations produce different variants or strains of the same genotype. For example, within the GII.4 genotype, Sydney and New Orleans are the most prevalent variants worldwide (16). These variants may also recombine with others, giving rise to new recombinant strains, including the pandemic GII.P16–GII.4 Sydney strain, which is highly contagious (17). Although the most prevalent genotype worldwide is GII.4 (2, 15), cases caused by other highly infectious genotypes, such as GII.17, have been detected (17, 18).

There are no commercial vaccines or specific antivirals available to prevent HuNoV infections. The fact that there is no availability of small animal models that emulate the human disease so as to perform pre-clinical studies makes even more difficult the development of vaccines or preventive therapies against these viruses. Recently, there had been in vitro culture models developed for the replication of different HuNoV strains, specifically GII.4-Sydney HuNoV replicates in human B cells (19). Moreover, GII.3 and different GII.4 variants replicate in human intestinal enteroid monolayer cultures (20). Most recently, an in vivo replication model for GI and GII HuNoV genogroups in zebrafish larvae has also been developed (21). Nevertheless, limited information regarding the viral replication cycle and the immune response against HuNoV is available. Knowledge in these areas will allow a better understanding of viral pathogenesis and the design of efficient strategies to develop a safe vaccine against these fastidious enteric viruses (22, 23). In this review, we examine recent information on the functions of the HuNoV structural and non-structural proteins and their role in the viral replicative cycle and pathogenesis, as well as insights of the host immune response against these viruses.



CHARACTERISTICS OF HUMAN NOROVIRUSES


Structure and Genome of HuNoV

The first sequenced genome of HuNoV was the one of the Norwalk Virus (NV), belonging to genogroup I (GI), in the early 1990's. The HuNoV genome is a positive-sense single-stranded RNA (ssRNA+), with 7.5–7.7 kb covalently bound to a non-structural (NS) protein, called viral protein genome-linked (VPg), at the 5′ end and polyadenylated at the 3′ end (24). The HuNoV genome contains three open reading frames (ORF). ORF1 encodes a polyprotein with a molecular weight of 200 kDa (25), which is composed of six NS proteins. Starting from the 5′ end, these NS proteins are p48, nucleoside-triphosphatase (NTPase), p22, VPg, protease, and the RNA-dependent RNA polymerase (RdRp) (26–28). Likewise, ORF2 encodes the major structural protein of the viral capsid VP1, and ORF3 encodes the minor structural protein of the capsid VP2 (26–28). The structural and the genomic characteristics of HuNoV are displayed in Figure 1, and the nomenclature of its viral proteins is shown in Table 1.
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FIGURE 1. Molecular structure of human norovirus (HuNoV). (A) A schematic representation of the human norovirus virion showing its 90-dimer protein surface of the VP1 structural protein of the capsid. The structural protein VP2 (1–8 proteins per virion) is shown within the viral capsid. The non-structural VPg protein, covalently bound to the 5′ end of the RNA genome (ssRNA+) in a positive sense and a poly-adenine tail at the 3′ ends are also displayed. (B) General scheme of the HuNoV genome organization. ORF1 encodes the non-structural proteins: p48, NTPase, p22, VPg, Protease, and RdRp. The ORF2 encodes for the major structural protein VP1 and the ORF3 encodes for the minor structural protein VP2. The subgenomic RNA bound to VPg encoding VP1 and VP2 is indicated below the ORFs. VPg is represented as a circle linked to genomic and subgenomic RNAs.



Table 1. Table of the known functions of the structural and non-structural proteins of HuNoV.
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Characteristics and Functions of the Structural Proteins of HuNoV
 
VP1

VP1 is the main structural protein of the capsid of HuNoVs. It has an approximate molecular weight of 58 kDa, determined by expressing the NV ORF2 in a baculovirus expression system (39). Moreover, the three-dimensional structure of the NV capsid revealed that the empty capsid has a diameter of 38 nm, with an icosahedral symmetry of T = 3, which is composed of 90 VP1 dimers (40). Likewise, a structural analysis of the NV capsid using X-ray crystallography showed that it has two distinct substructures, the shell (S) and the protruding (P) domains, which are linked by a flexible hinge (41).

The S domain of NV VP1, which comprises from the N-terminal end to residue number 225 of the protein, conforms with the icosahedral shell of the virus and possesses a Pro-Pro-Gly sequence, which is conserved among different HuNoV viruses (41). This domain has been associated with the development of a smooth layer of virus-like particles (VLPs). NV VLPs lacking the expression of the P domain have a diameter slightly smaller than 30 nm, which is the expected size for the native NV structure, suggesting that the S domain has the necessary components to start the HuNoV capsid assembly (42). Also, since the S is a conserved domain among genotypes of a same genogroup, it is used for the identification of norovirus genogroups (41).

On the other hand, the P domain of NV VP1, which comprises from residue 225 to the C-terminal end of the protein, is the domain that protrudes from the shell of the capsid (41). The P domain contributes to the control of the size and the stability of the HuNoV capsid because it establishes intermolecular contacts between dimeric VP1 subunits (42). It has also been observed that the P domains do not form VLPs. Nevertheless, the P domain can bind to the histo-blood group antigens (HBGAs) using the same patterns as the native viral capsid, playing a role in the virus–cell receptor interaction (43). This domain is further divided into two subdomains: P1 and P2 (41).

The subdomain P1 is constituted by residues 226–278 and 406–520 of the P domain (41). In contrast, the P2 subdomain is constituted by residues 278–406 of the P domain, with a length of 127 amino acids (aa), which is inserted in the P1 domain (41). The most variable region of the P domain is the subdomain P2, which is extended from the S domain to the outside of the capsid and is located in the middle part of the structural protein VP1 (28, 44). In a study of HuNoV VP1, the sequence diversity in the P2 region was determined by sequence analysis techniques and homology models using the amino acid sequences of the GII.4 VP1 protein. The results of this study indicated that two sites within the P2 region appear to be involved in the generation of variants associated with epidemics due to the presence of amino acid substitutions. Moreover, these sites are exposed on the surface of the viral capsid, suggesting that the P2 region could exhibit specific epitopes of each GII.4 variant (44). VP1 is the target protein for antibodies directed to the S and the P domains (41), the P2 subdomain being the region with the highest exposure of the viral particle, which allows its interaction with the HBGAs and with possible neutralizers (45, 46).

Interestingly, NV VP1 can self-assemble, forming VLPs of similar size and appearance with the native structure of the virus capsid by expressing it in insect cells, using the baculovirus system (39). Furthermore, in VLP binding and internalization assays in human and animal cell lines, it was observed that NV VLPs bind to cell membranes. However, only 1.4–6.8% of the VLPs were internalized in the tested cells. Besides that, the monoclonal antibody NV8812 exhibited the ability to block the binding of NV VLPs to those cells. This antibody specifically binds to the C-terminal region at residues 300–384 of NV VP1, suggesting that this region could be involved in VLP–cell binding (47).

The amino acid sequence of the VP1 protein is used to genetically group HuNoVs as follows: those with differences <14.3% are classified in the same strain, those with differences between 14.3 and 43.8% are classified in the same genotype, and those with differences between 45 and 61.4% are classified in the same genogroup (48). The GII.4 genotype is the most prevalent HuNoV in the world and the one with the greatest variability, with emerging new variants of it every 2–5 years, due to changes in its antigenicity and alterations in ligand binding patterns (49). Indeed the escape of herd immunity is promoted when these changes in viral antigenicity are generated, resulting in new HuNoV outbreaks in the population (50). Various mechanisms to explain the variability of HuNoVs have been proposed, among which stands out the changes in antigenicity, specifically in the subdomain P2 of the VP1, due to the strong selective pressure that this subdomain undergoes when presenting antigenic epitopes and receptor-binding regions of the host (14, 46, 50, 51), and the homologous recombination in the ORF1/ORF2 overlap region, generating intergenotype, and intragenotype recombinants (46, 52, 53).

Taken together, the VP1 is a complex structural protein of the capsid that also appears to play a fundamental role in the interaction of HuNoVs with the host cell and is essential for the classification of these viruses.



VP2

The viral protein 2 (VP2) is the minor structural protein of HuNoV, with a molecular weight of 29 kDa and which is located inside the viral capsid. VP2 is one of the less-studied HuNoV proteins. Nevertheless, it was recently determined that VP2 interacts with VP1 at the amino acid 52 of its S domain, which corresponds to an isoleucine located within the sequence motif IDPWI that is highly conserved across norovirus genogroups (28).

A comparative analysis of the genomic regions of HuNoV sequences determined that the evolutionary rate of the region encoding the VP2 protein (GII.P4 Den Haag 2006b) is of 8.99 × 10−3 substitutions/site/year, being higher compared to the evolutionary rate of VP1 (5.94 × 10−3 substitutions/site/year), suggesting that this protein is under positive selection and likely involved in interactions with host restriction factors (54).

Some studies have reported that VP2 is not essential for the formation of VLPs (42). On the contrary, other studies have suggested that this protein stabilizes and coordinates the formation of VLPs (28, 55). Indeed the absence of VP2 decreases the stability and the homogeneity of the size of NV VLP (28). It has been likewise suggested that the internal location of VP2 in the NV particle and its highly basic nature are consistent with the potential role of VP2 in the capsid assembly and the genomic encapsidation of NV (28). Furthermore, in vitro studies have shown that the co-expression of VP1 and VP2 increased the expression of these proteins compared to when they are expressed individually. This effect occurs independently of the presence of NS proteins (56). Remarkably, in the same study it was reported that the co-transfection of VP1 and VP2 of GII.4, testing different variants, was found in the cell nucleus of human 293T cells. Moreover, it was shown that VP1 was expressed, located throughout the cytosol, in the absence of VP2. In contrast, VP2 was expressed in the absence of VP1 and was observed to be located in the nucleus (56). In support of this notion, a predicted specific nuclear localization signal has been reported in the HuNoV ORF3, suggesting that VP2 could also serve as a VP1 helper protein, directing this protein complex to the nucleus. This complex could play a role in interfering with the normal cellular processes in the cell nuclei, such as transcriptional and chromatin remodeling processes. Further research is still required to confirm these possibilities because these HuNoV proteins were not found in the nucleus of insect cells (26, 56).

Another in vitro study showed that VP2 negatively regulates the activity of the HuNoV RdRp (57), suggesting a role in HuNoV replication for this structural protein. Interestingly, this RdRp regulation activity is a characteristic shared by VP1, P48, and VP2 proteins (57). Finally, HuNoV VP2 can also have a role in modulating the immune response of the host based on studies done with murine norovirus (MNV) VP2 protein. However, this possibility has not yet been proven for HuNoV (35). Therefore, VP2 appears to be a versatile structural protein that may have many different functions in the replicative cycle and the pathogenesis of HuNoV.




Characteristics and Functions of Non-structural Proteins of HuNoV
 
p48 or N-Terminal Protein

The p48 protein, also denoted as N-terminal (NS1-2), is a characteristic protein of the Norovirus genus, located at the N-terminus of the polyprotein. When it is cleaved by the viral protease, it results in a mature NS1-2 protein. In GI.1, this protein has 398 aa (58, 59) and a molecular weight of 37 kDa (60). The length of GII p48 is the same as the one of GI.1, but its weight varies between 45 and 48 kDa (61). The evolutionary rate of the region that encodes for the p48 proteins of the GII.P4 Den Haag 2006b strain is 6.60 × 10−3 substitutions/site/year, which is higher than the evolutionary rate determined for its entire genome (6.15 × 10−3 substitutions/site/year) (54). In an alignment of the p48 protein sequences from different norovirus genogroups, it was determined that the HuNoV Sydney p48 shares 42% identity with NV p48 (GI), 36% with Jena p48 (GIII), and 37% with MNV (GV) (29). Even though these proteins share a low similarity, through an in situ analysis it was determined that the HuNoV p48 protein has amino acid sequence characteristics like the MNV p48 protein that include: (1) a disordered region of proline-rich N-terminal, containing the alleged immunogenic regions for MHC-I binding, (2) a transmembrane hydrophobic domain at the C-terminal end, (3) H-box and NC sequence motifs of the permutated NlpC/P60 family of circular peptidases that adapt different enzyme capacities within the same structure, improving the stability and the reducing degradation caused by proteases, and (4) caspase cleavage and phosphorylation sites, which in eukaryotic cells are involved in the regulation of the cell cycle, apoptosis, and activation of the immune system (29). The specific function of the p48 protein of the different HuNoVs within the viral replicative cycle and its role in HuNoV pathogenesis in the host have not yet been elucidated. Moreover, a confocal microscopy analysis in HeLa and Crandell–Rees feline kidney cells transfected with a vector plasmid that expresses the NV p48 protein revealed that this protein can co-localize with the trans-Golgi network protein markers and it induces the disassembly of this cellular organelle in discrete aggregates (58). Besides that, the expression of p48 as a fusion protein in COS-7 cells, an African green monkey kidney fibroblast-like cell line, revealed that this protein binds to the protein A associated with the vesicle-associated membrane proteins (VAP-A) located at the membranes of the endoplasmic reticulum (ER) and the trans-Golgi network. Also, VAP-A can bind to the SNARE protein complex that regulates vesicular transport by the interaction of p48 with VAP-A. The p48 protein is localized in the vesicle membranes of the ER, the trans-Golgi network, and the endosomes, suggesting that the interaction of p48 with VAP-A could act as a scaffold for the assembly of replication complexes (30, 58). Hence, a transcriptomic analysis determined, by expressing the HuNoV p48 protein in murine monocytes, revealed that it can interfere in many intracellular pathways, such as those involving the Jak-STAT, MAPK, p53, and PI3K-Akt signaling pathways. Additionally, HuNoV p48 has been shown to interfere with apoptosis, Toll-like receptors (TLR) signaling pathways, and the production of chemokines and cytokines (29). Thus, the p48 protein can play an important role in the HuNoV replicative cycle by participating in the development of the viral replication complex and by hampering the normal function of cellular signaling pathways, as well as, the activation of the immune response induced by the viral infection.



NTPase

The NTPase protein, also denoted as NS3, is cleaved by the viral protease at the 331 and 696 aa of the polyprotein, resulting in a mature protein with a length of 366 aa and a molecular weight of 40 kDa (61). It has been estimated that the evolutionary rate of the NS3 protein from a collection of HuNoV GII.4 genomic sequences is ~5.41 × 10−3 substitutions/site/year (54). The NTPase activity of this protein was described in a study where the protein was expressed and purified from the Southampton virus (SHV) belonging to genogroup 1 (GI) of the Norovirus genus, determining that this protein can bind to nucleoside triphosphates (NTP) and hydrolyze them (32). Also, a comparative analysis of the sequence of the NTPase protein of SHV with the NV NTPase protein and the Enterovirus 2C protein determined regions with high homology, suggesting a functional relationship between the HuNoV NTPase protein and the 2C protein of Enterovirus (32). Furthermore, NV NTPase possesses fundamental enzymatic activities that play a significant role in viral replication, such as (a) NTP-dependent helicase activity for unrolling of RNA helices, (b) NTP-independent chaperone activity for remodeling of the RNA structure and facilitating the annealing of the RNA chains, and (c) collaboration in RNA synthesis carried out by NS7 (62). Significantly, the subcellular localization of the GII.4 NTPase protein was determined through a confocal immunofluorescence analysis in human melanoma A7 cells, determining that this protein can form vesicular and non-vesicular structures in the cell cytoplasm (63). Besides that, the non-vesicular form of NTPase can be located in the ER or the membrane of the cellular mitochondria. The amino acid 179 of the N-terminal region is necessary for the formation and the localization of vesicles in the ER (63). On the other hand, for mitochondrial localization, the NTPase C-terminal region of GII plays a significant role, even when the N-terminal NTPase region is completely removed (63). However, this activity is not observed in the GI viruses (NV); thus, the NTPase mitochondrial location differs between HuNoV genogroups (63). Furthermore, it has been reported that HuNoV GII.4 NTPase locates in different cell membrane compartments in the cellular secretory pathway and that it is associated with the storage of intracellular lipids (64). Notably, the NTPase function can be improved by other NS proteins such as p48 and p22. Indeed the co-expression of these proteins with NTPase enhances the apoptotic activity induced by the HuNoV NTPase (63). Thus, the HuNoV NTPase protein could play a significant role in the replication and the pathogenesis of the virus.



P22

p22, also called p20 (NS4), when excised from the polyprotein by the viral protease, results in a mature NS protein of 20–22 kDa, depending on the genogroup (36, 61). The evolutionary rate of the genomic region that encodes the p22 protein of the strain GII.P4 Den Haag 2006b of HuNoV is ~8.21 × 10−3 substitutions/site/year, which is higher than the evolutionary rate determined for the complete genome, being one of the most variable genomic regions of this strain (54).

Although the functions of p22 are not completely known, some of its characteristics have been elucidated. Indeed it has been shown that NV p22 harbors a YXΦESDG motif (36), which mimics an export signal for vesicles coated with COPII that migrate from the rough ER and prevents these coated vesicles from fusing with the trans-Golgi network (36). In this way, p22 interferes with the protein secretion and post-translational modification pathways. It should be noted that this motif is highly conserved among different genotypes of the GI and the GII genogroups (36).

The different rearrangements of vesicular and tubular membranes play a critical role in the development of viral replicative complexes in RNA(+) viruses. Indeed in an in vitro study using the Huh7 cell line, it was shown that the GII p22, when expressed individually, can constitute single-membrane and double-membrane vesicles, contributing to membrane alterations within the cell to promote, together with the p48 and NTPase, the formation of the viral replication complex (64).

Remarkably, HuNoV p22 is very similar to picornavirus 3A and MNV p22 proteins, sharing with them some characteristics (65). HuNoV p22, like its picornavirus 3A and MNV counterparts, participates in the induction of trans-Golgi network dismantling, although the exact mechanism of action remains to be elucidated (36). Also, it has been reported that p22 has the following activities: (1) it acts as an antagonist in Golgi-dependent protein secretion (36); and (2) it acts as an antagonist of the immune response by altering the interferon and other cytokine signaling pathways after viral infection (35, 36). Thus, the HuNoV p22 protein could play a crucial role in the pathogenesis and the replication of these viruses by disrupting the normal functions of the host cell and the activation of the immune response. Besides that, it promotes the replicative viral complex assembly.



VPg

The HuNoV VPg (NS5) genome-linked protein is the NS protein that is covalently linked to the 5′ end of the viral RNA genome. VPg is cleaved by the HuNoV protease at residues 876 and 1,008 of the polyprotein, resulting in a mature 132-aa protein with a molecular weight of 15.8 kDa (MD145-12 GII. 4) (61). The evolutionary rate of the genomic region that encodes the VPg protein of the strain GII.P4 Den Haag 2006b is ~5.95 × 10−3 substitutions/site/year (54).

It has been described that the HuNoV GII.4 ProPol form can nucleotidylate the VPg protein at tyrosine residue number 27 in the presence of Mn+2, resulting in the binding of VPg to the viral RNA, thus facilitating the HuNoV genome replication by acting as a primer in viral RNA synthesis, which is mediated by the RdRp (66).

Moreover, unlike the eukaryotic genome, the NV mRNA lacks a coding region for a cap structure and it does not have an internal ribosome binding site. Therefore, it was described that VPg can participate in the initiation of viral RNA translation by binding to the cell translation initiation factor eIF3 (67) and interacting with the cap-binding complex eIF4F (68).

In cell lines, it was described that the interaction between NV VPg and the “core stress granule component” (G3BP1) is important for viral protein synthesis and replication since this complex binds to ribosome 40S, providing a competitive advantage over the host cell RNAs (68).

Furthermore, in an in vitro transfection study in RAW-Blue murine macrophages, it was determined that VPg of different HuNoVs genogroups can induce cell cycle arrest in phases G0/G1. The VPg of GI and GII increases the percentage of G0/G1 cellular phases to 85 and 60%, respectively. Furthermore, it was identified that the cell cycle arrest is induced by the conserved motif KGKxKxGRG in the N-terminal region which is found in the VPg proteins of all the norovirus genogroups, except for GIII. These findings demonstrate that the N-terminal end of VPg is essential to arrest the cell cycle in G1/G0 and promotes HuNoV replication (69). Therefore, the interactions of VPg with the RdRp and cellular components of the host play an important role in the viral replicative cycle and the pathogenesis of HuNoV.



Protease

Protease plays a fundamental role in viral activities by cleaving the proteins involved in genome replication, virus pathogenesis, and the interaction with host cellular factors. The HuNoV protease, also called 3CL Pro (NS6), is similar to the 3C protease of Picornavirus (59), which processes the NS proteins by cleaving them from the viral polyprotein (61). It has an approximate molecular weight of 19.4 kDa (70), and it has been estimated that its evolutionary rate from a collection of GII.4 sequences is ~6.03 × 10−3 substitutions/site/year (54). The cleavage process of the polyprotein by the HuNoV protease consists of “early” cleavage sites (p48/NTPase and NTPase/p22), which are more efficiently cleaved than the “late” cleavage sites (p22/VPg, VPg/Pro, and Pro/Pol) (59, 71). Additionally, the HuNoV protease has been characterized as a chymotrypsin-like protease (61), containing in its active site Cys139, His30, and Glu54 catalytic residues (72, 73). Moreover, the optimum pH and temperature for its proteolytic activity are around 8.6 and 37°C, respectively (74).

An analysis of the GII.4 protease crystal structure shows that this protein presents changes in the S2 substrate-binding pocket and the active site (catalytic triad residues) compared to those sites in the GI homologous protein. Another characteristic of the active site of the GII.4 protease is that there is a conserved arginine that interacts with the catalytic histidine, which restricts the access of inhibitors or substrates to the S2 pocket and makes the proteolytic activity of this protease sensitive to pH changes (75). Thus, the GI protease inhibitors may not be effective for the GII.4 protease.

Additionally, the HuNoV protease has an intracellular precursor form, called ProPol, which has been shown to have protease and polymerase activities, partially processing the polyprotein encoded by ORF1 (37, 76). Interestingly, ProPol has an optimal activity at pH between 8.6 and 9.0, increasing its activity at a higher pH than the viral protease by itself. Moreover, ProPol has higher activity (64%) than the mature protease (34%) when the pH decreases to around 6.8. Also, both enzymes are inhibited when exposed to NaCl, KCl, MgCl, and MnCl2. Nevertheless, the HuNoV ProPol is more sensitive to CaCl2 exposure than the protease itself (77). Besides that, the GII.4 ProPol can nucleotidylate the VPg protein in the presence of Mn+2 (66).

Furthermore, when comparing the protease activity to that of ProPol using peptides representing the five cleavage sites of the HuNoV polyprotein, it was shown that ProPol has a protein cleavage efficiency equal to or greater than the viral protease itself at all the polyprotein cleavage sites (77). Therefore, the ProPol precursor can function as the dominant form of the HuNoV protease.



Polymerase

The HuNoV polymerase protein, also called Pol (NS7), is a RdRp whose main function is the replication of the viral genome. This protein is cleaved by the HuNoV protease at residues 1,190 and 1,699 of the polyprotein, resulting in a mature protein of 509 aa and 56.8 kDa in molecular weight (MD145-12 GII.4) (61). It has been described that the GII.4 MD145-12 ProPol precursor has the functional activities of polymerase and proteinase, which are conserved within some members of the Caliciviridae family, suggesting that ProPol is a bifunctional complex that acts during viral replication (37, 61). The three-dimensional structure of the NV Pol protein has been described with resolutions of 2.17 and 2.95 Å in the absence and the presence of metals, respectively. Also, it has been described that the structure of the NV Pol protein is very similar to that of other viruses, varying only in the sense that this viral Pol has a carboxyl terminal in the slit of the active site that could be involved in the synthesis of viral RNA (78).

Phylogenetically, the Pol region has been used to designate the P types of HuNoVs, which have been determined to be composed of 60 P types (14 GI, 37 GII, two GIII, one GIV, two GV, two GVI, one GVII, and one GX), two tentative P groups, and 14 tentative P types (13).

Furthermore, an analysis of the molecular evolution of the region coding for the Pol protein, based on different HuNoV GII genome sequences, suggests that the common ancestor of the Pol region of GI, GII, GIII, and GIV diverged ~1,150 years ago. Likewise, the Pol region of GII diverged from GIV about 570 years ago, giving origin to three main lineages of HuNoV GII (79). Besides that, it has been estimated that the evolution of the HuNoV GII.4 Pol protein presents ~4.33 × 10−3 to 8.98 × 10−3 substitutions/site/year (54). It was identified that the GII Pol protein has several amino acid substitutions (39–107 sites) in different genotypes, while the negative selection sites were found to be different for each genotype (79). These results suggest that the Pol region of HuNoV GII has a rapid evolution with several amino acid substitutions and that the evolutionary mechanism may be different for each genotype (79). Therefore, the HuNoV polymerase is not only a pivotal protein for virus replication and transcription processes but also a useful NS protein for the classification of the Norovirus genus.





HOST SUSCEPTIBILITY FACTORS TO HuNoV

The recognition and binding of HuNoVs to HBGAs has been described as the primordial step that precedes the entry of a viral particle into the cell (80). HBGAs are polymorphic glucans found on the cell surface of red blood cells or the epithelial cells of some tissues (81). In HuNoV, the HBGA binding sites are specifically located in the P2 subdomain of the P domain of VP1, which is highly variable (43, 56). The variability of this binding site is found across the different norovirus genogroups. This is due to the fact that each HuNoV genogroup/genotype binds to different HBGAs (14, 31, 82). Additionally, an in vitro study has shown that the interaction of HuNoV with HBGA is of low affinity and does not induce a significant structural rearrangement in VP1 (83).

There are susceptibility studies that indicate that several individuals are resistant to HuNoV infection (84). The HBGA generation is mediated by the enzyme fucosyltransferase 2 (FUT2), which is encoded by the fut2 gene. Individuals who present this functional gene are called secretors and are susceptible to HuNoV infection. In contrast, those who do not have this functional gene are called non-secretors and are resistant to HuNoV infection (81). HBGA, as a pivotal factor in the susceptibility of individuals to virus infection, has also been reported in other enteric viruses such as rotavirus. Indeed it has been shown that secretor-positive (FUT2+) individuals are 26.6 times more likely to be infected by rotavirus than non-secretor individuals (52, 85, 86).

The first link between HBGA variability and HuNoV infection was suggested from clinical studies of volunteers infected with NV (87), in which it was shown that the virus recognizes a determined group of HBGAs (31). There are at least four specific binding patterns of HuNoV strains based on the ABO, secretor, and Lewis blood types of saliva donors (88). Moreover, the HuNoV-specific binding patterns to HBGAs can be classified into two important groups according to their interactions with human HBGA (A/B, H, and Lewis) (31): (i) HuNoVs that have HBGA type A/B binding patterns recognize the A and/or B and H antigens, but not the Lewis antigens; and (ii) HuNoVs that have Lewis binding patterns bind only to Lewis antigens and/or the H antigen (31). It is important to note that HuNoVs that exhibit identical, related, or closely binding patterns tend to cluster together (31). Thus, it has been shown that HBGA binding patterns play an important role in the evolution of HuNoV.



THE REPLICATIVE CYCLE OF HuNoV

The HuNoV replicative cycle starts with the interaction of the virus with the target cell through the recognition of specific cellular receptors and, in some cases, other cellular components. In the case of HuNoV, the main receptor is still unknown. However, some co-receptors and cell-binding factors have been described, including HBGA and bile acids among others (87). HuNoV binds to the cell by the interaction of the P2 region present in the P domain of the VP1 protein with a still unknown receptor and some host co-receptors such as HBGA (55).

After the interaction of VP1 with the cell receptor(s), internalization of the virus and subsequent disassembly of the viral capsid occur, releasing the RNA into the cell cytoplasm. The exact mechanism by which these two processes take place has not yet been described. Once the viral genome is released, the VPg protein, which is covalently linked at the 5′ end of the viral genome, interacts with the cellular translation initiation factors, such as eIF3, generating a translation complex (67). This activity has been described in several caliciviruses, suggesting that this function is highly conserved (67, 89). Subsequently, the major and the minor ribosomal subunits are recruited, resulting in the translation of the non-structural polyprotein which contains the non-structural proteins of the virus (67, 68). Once the non-structural polyprotein of HuNoV is generated, the protease is auto-cleaved. Subsequently, the protease co- and post-translationally cleaves the rest of the polyprotein, generating three protein precursors: p48/NTPase, p22/VPg, and Pro/Pol (31, 37, 61). Currently, the enzymatic functions of the p48/NTPase and p22/VPg complexes have not been described. However, the ProPol precursor has two enzymatic functions: protease and polymerase activities. It should be noted that the ProPol complex has a higher enzymatic performance compared to the activity of both proteins separately (75, 77, 90). Subsequently, the three precursors are cleaved by the action of the ProPol complex, which in turn self-cleaves and generates the six individual non-structural proteins. These individual proteins have specific functions in the replicative and the infective cycles.

The replication process is carried out by the action of Pol, VPg, and NTPase proteins. The latter has three activities: helicase, NTP hydrolase, and chaperone (32, 62). Subsequently, the p48 protein will be integrated into this process, which will enhance the Pol activity (57). Then, synthesis of the viral genome and the sub-genomes with the VPg protein, attached at their 5′ ends, which recruits the cellular translation initiation factors will occur (67). Finally, both the genome and the sub-genomes will be mobilized by the NTPase protein chaperone activity (62, 89). A viral polyprotein will be produced from the translation of the viral genome, and VP1 and VP2 proteins will be generated from the sub-genomes (33, 82). Once the three proteins have been generated, the assembly and the release of the virions take place through a mechanism that remains to be elucidated (33, 91).

While this process occurs, the p48 protein migrates to the endoplasmic reticulum and to the trans-Golgi network where its disassembly is induced (30), causing interference of the signaling pathways of NFκB, MAPK, and PI3K-Akt, which are important for the host's immune response (29, 30). p48 binds to protein A that is associated with VAP-A, which participates in SNARE-mediated vesicular transport and causes a blockage in cell protein transport (30, 35). Besides that, the effect caused by p48 is reinforced by the action of p22, which synergistically contributes to the disassembly of the trans-Golgi network (36). P22 also blocks the traffic of COPII-coated vesicles since it has a motif that closely resembles an export signal from the ER (36). p22 and NTPase favor the pro-apoptotic activity of the cell, facilitating the release of HuNoV virions from the host cell (82, 91, 92). A proposed model of the HuNoV replicative cycle in human enterocytes is described in Figure 2.


[image: Figure 2]
FIGURE 2. Model of a Replicative HuNoV Cycle and Function of its Proteins. (1) The replication process begins with the binding of the P2 region present in the P domain of VP1 to a still unknown receptor and some host co-receptors such as HBGA; (2, 3) After this union there is an internalization of the virus in the cell and a disassembly of the virus releasing the RNA in the cell cytoplasm; (4, 5) once in the cytoplasm, the covalently linked VPg protein at the 5′ end induces the binding of translation initiation factors, such as eIF3, and the binding of major and minor ribosomal subunits, producing genome translation viral thus generating a non-structural polyprotein, the VP1 protein, and the VP2 protein; (6) after this, the Pro protein cleaves the polyprotein generating three precursors, but only the Pro-Pol precursor has enzymatic activity, these precursors are subsequently cleaved generating the six individual proteins; (7) subsequently: (A) The P48 protein migrates to the reticulum and subsequently to the Golgi. (B) The NTPase protein will help in the replication process. (C) The P22 protein binds to the vesicles coated with COPII and contributes synergistically with the disassembly of the Golgi, and this protein together with the NTPase acts favoring the pro-apoptotic activity of the cell. (D) the VPg protein participates both in the recruitment of translation initiation factors, and with the help of the replication process, in addition to this, it has a replication complex formation function. (E) Pro protein has a non-structural polyprotein cleavage activity. (F) The Pol protein exerts its function in viral replication, whose activity is greatly enhanced by the action of P48. On the other hand, the VP1 and VP2 proteins are generated through a subgenomic RNA, which after translation takes place the assembly of the virions and subsequently, the output.




IMMUNE RESPONSE TO HuNoV

The immunological response to HuNoV in humans is complex, considering the large variability of circulating genotypes and the pre-existing exposures to these viruses (93). Short-term immunity has been evidenced against HuNoV. Nevertheless, the exact molecular mechanism behind these responses remains to be elucidated.


The Innate Immune Response Against HuNoV

Two main cell pathways of the innate immune system are raised against RNA viruses such as HuNoV, the type I and III interferon (IFN) systems controlling viral replication (94, 95). Particularly, RNA viruses are mainly detected by the pattern recognition receptors (PRRs), which include the TLR and the RIG-I like receptor (RLR) family members. TLR3 is localized in the intracellular compartment in macrophages, B lymphocytes, and cDCs and it has been characterized as one of the principal sensors of RNA viruses (95). RIG-I and MDA5, which belong to the RLR family, are likewise cytoplasmic sensors that detect intracellular RNA viruses. Current understanding indicates that TLR3 recognizes any dsRNA in the endosome compartments, while MDA5 recognizes long dsRNA and RIG-I senses triphosphate containing dsRNA in the cytoplasm (95).

Only a few reports suggest that the effectors of the IFN pathways limit HuNoV replication. Specifically, IFN-α has been reported to play a role in controlling HuNoV replication in Huh-7 cells and BHK21 cells, suggesting that IFN production may be one of the host antiviral mechanisms in controlling HuNoV infection (96). Furthermore, the following evidences suggest that the type I and III IFN systems can play an important role in controlling HuNoV infections: (a) high IFN-α cytokine production has been detected in the intestinal contents and the serum of pigs inoculated with a GII.4 strain (97); (b) the replication of MNV-1 is sensitive to the type I and III IFN systems both in vivo and in vitro (98, 99); (c) NV replication in Huh-7 cells, after transfection with genomic NV RNA, is inhibited when cells are pre-treated with the supernatant from cells that have been transfected with the IFN inductor, poly inosinic/polycytidylic acid (poly I:C), to induce IFNα/β production (100); and (d) bile acids allow the replication of GI.1, GII.3, and GII.17 HuNoV strains and enhance it in GII.4 variants in human intestinal enteroids (20). Interestingly, bile acids have previously been reported to down-regulate type I and III IFN pathways and enhance the growth of the porcine enteric calicivirus (101). The latter strongly suggests that the downregulation of these IFN pathways allows and enhances HuNoV infection in human cells, although it has been challenging to prove it. Additionally, permissive NV genome replication after transfecting NV RNA in Huh-7 cells does not induce strong type I IFN responses (102). Using the NV RNA transfection method described by Guix et al. it was likewise recently reported that HuNoV does not induce type I or type III IFN pathway in the human cell line 293FT (103). Nevertheless, further studies are required since these cell types are not necessarily suitable to evaluate these IFN responses.

Moreover, in a recent study by Dang et al. (104) using a HuNoV (NV) replicon system, it was possible to evaluate the antiviral activities of different types of IFNs. Specifically, this study showed that HuNoV replication was sensitive to the three types of IFNs: type I IFN (IFNα), type II IFN (IFNγ), and type III IFN (IFNλ1 and 3). Furthermore, by expressing different interferon-stimulated genes (ISGs) into the human Huh7 hepatocellular carcinoma cells expressing the NV replicon (HG23), RTP4, and HPSE were identified, which showed moderate anti-NV effector activities. Additionally, it was found that the transcription factor IRF-1, with RIG-I, and MDA-5 were induced in the HGC3 cells treated with types I and III IFNs. Likewise, IRF-1 was predominantly induced in HGC3 by treating them with type II IFN. Interestingly, these investigators demonstrated that there is a synergic effect of the different IFN systems. Specifically, it was observed that these ISGs were induced coordinately by the three IFN systems in effectively controlling HuNoV replication. It was also found that NV did not impede the antiviral response induced by these different types of IFNs (104). This is the first report to show the key molecules involved in the three IFN systems to inhibit HuNoV replication. Further studies are required for understanding HuNoV–host interactions so as to design proper antiviral therapies against these viruses.



The Adaptive Immune Response to HuNoV

The adaptive immune response against HuNoV is barely understood. However, some studies have provided insights into how the humoral and the cellular immune responses are elicited to these viruses in humans.


Humoral Immune Response

Rapidly evolving RNA viruses, such as GII.4 HuNoV, elicit complex humoral responses associated with previous exposure.

In general, it is not clearly defined whether serum antibody levels against HuNoV are correlated with protection against future infections by these viruses. Several studies in the literature indicate that high levels of serum antibodies against NV in adults correlate with protection against future infections by this virus (GI.1 genotype) (105, 106). Likewise, the results of other studies, conducted in adult volunteers, revealed that the presence of high serum or fecal titers of specific antibodies for NV before infection decreased the probability of becoming infected by this virus, compared to the case of volunteers with low titers of pre-existing antibodies (105, 107, 108). Additionally, in children, high serum antibody levels appear to be correlated with protection, possibly due to a short-term immunity and recent exposures to these viruses (109, 110). However, in a challenge study carried out with early re-exposure to NV, 50% of the volunteers infected with this HuNoV had repeated infections after 3 years compared to the other 50% who remained without infection during and after repeated challenges (111). The problem of this study was that it could not be demonstrated whether these volunteers were exempt from disease due to acquired immunity or their genetic resistance traits to the virus. Nevertheless, these evidences suggest that frequent exposure to HuNoV can stimulate resistance to HuNoV-induced diseases (105, 106). One possible mechanism behind these observations is that multiple exposures to HuNoV may also induce IgA antibody production, which is known to play a role in short-term immune protection against viruses (112). In support of this notion, it has also been shown that mucosal IgA is produced in the small intestine tissues of NV-infected volunteers (113). Further studies are required to fully elucidate the mechanism behind the short-term immunity to HuNoV.

On the other hand, no evidence of long-term protective immunity has been proven for these viruses. Indeed some volunteers who became ill after a NV challenge showed partial immunity against the disease in a re-exposure after 6–14 weeks. However, this partial immune protection was completely lost after 2–3 years (111). Nevertheless, long-term protective immune response can be evidenced from numerous epidemiological reports from different parts of the world that show periods of “high norovirus activity,” which correlate with the apparition of new GII.4 strains (114–118). This phenomenon is followed by a period of years with reduced numbers of HuNoV outbreaks, which suggests a generation of herd immunity in the population that protects against GII.4 HuNoV infections (46, 119, 120). However, it is important to keep in mind that individuals can become susceptible again to the disease if a new strain of GII.4 appears.

Furthermore, the correlation between neutralizing antibody titers and protection against future infections is also unclear. It has been shown that the serum antibodies in volunteers are capable of blocking the binding of NV VLPs to HBGAs (121, 122). Specifically, it was observed that only 20–30% of people who had pre-existing anti-NV antibodies had pre-existing blocking antibody titers. Moreover, between 90 and 100% of those volunteers, after the challenge with NV, generated blocking antibody titers (121, 122). However, none of these studies has tested a correlation between blocking antibody titers and clinical outcomes. Interestingly, the convalescent cross-blocking serum of the GI VLP–HBGA interaction was tested and it was found that each volunteer demonstrated a unique pattern of VLP blocking (122). Similarly, other studies have shown a high activity of blocking the binding of GII.4 VLPs to HBGA H type 3 in the serum of uninfected children during a waterborne outbreak of acute gastroenteritis, suggesting that strong blocking activity correlated with protection against HuNoV (123, 124). Moreover, an early study showed that strains from different genogroups are antigenically dissimilar (112). Specifically, it was demonstrated that a NV (GI.1) failed to confer immunity to subsequent disease caused by the Hawaii virus (GII.1) and the opposite. In contrast, NV conferred immunity to a later challenge with the Montgomery County virus (GI.5), suggesting an antigenic relatedness between genotypes within a genogroup (112). However, it is not always the case since by measuring cross-reactivity and cross-blockade activity, using serum samples from HuNoV-infected patients, limited cross-reactivity was found but no cross-blockade activity between GII.4 and GII.17, suggesting that GII.4-specific immunity does not provide efficient protection against the GII.17 genotype (125).

In summary, humoral protection after HuNoV infection has very complex patterns of heterotypic immune responses. To date, no study has demonstrated that the presence of high cross-reactivity and cross-blockade activities in the serum of HuNoV-infected individuals guarantees long-term protection against future infections by these viruses, most likely due to the rapid molecular evolution of the HuNoV capsid gene.



Cellular Immune Response

Most of the studies that have been conducted in trying to understand the immune response raised to HuNoV have focused on the antibody-mediated response (84, 126). Besides that, no suitable small animal model is available for studying the adaptive immune to HuNoV. Therefore, limited information is available regarding the cellular immune response against these viruses.

Nevertheless, there is evidence of a specific cellular immune response raised to HuNoV. Indeed in the serum samples of healthy volunteers infected with G1.1, increased levels of IFN-γ, as well as interleukin (IL)-10 and IL-12p70 among other cytokines produced during a cellular immune response, have been found (127).

Moreover, significant increases of IFN-γ (Th1 cytokine) have also been reported in serum samples from volunteers challenged with the Snow Mountain Virus (SMV) and the GII reference strain (GII.2-1976) or in fecal samples from travelers with HuNoV gastroenteritis (128). Particularly, peripheral blood mononuclear cells (PBMCs) from healthy volunteers challenged with the SMV had a significant rise of IFN-γ production after in vitro stimulation with the same HuNoV VLP (128). A smaller, but significant, increase above the pre-challenge titer was also detected for IL-2 (Th1 cytokine) and IL-5 (Th2 cytokine). In contrast, significant changes between pre-challenge and post-challenge PBMC secretion of TNF-α, IL-10, or IL-4 were not detected, suggesting a predominant, but not exclusive, Th1 cellular immune response to GII HuNoV challenge (128). Also, these investigators aimed to identify the cellular source of the Th1 cytokines produced in response to the SMV challenge and found that CD4+ cells were the primary source of IFN-γ secretion in PBMCs stimulated in vitro with SMV VLPs. Similarly, the cellular immune response to GI HuNoV was also studied (122). Specifically, PBMCs from six out of 10 NV (GI.1-1968 strain)-infected volunteers, after in vitro VLP stimulation with different homologous or heterologous GI strains (GI.1-1968, GI.1-2001, GI.2-1999, GI.3-1999, and GI.4-2000), had a significant increase of IFN-γ secretion to at least one GI VLP stimulation. Interestingly, the cellular immune response was found to be preferentially targeting an alternative GI VLP rather than the infecting strain (122). These data suggest that a Th1 response is mounted against homologous and heterologous GI HuNoV strains.

In summary, the immune response induced by HuNoVs, which are rapidly evolving RNA viruses, has been difficult to achieve. Indeed the ability of these viruses to mutate, in key residues of immunodominant epitopes over time, suggests an evolution of the viral capsid, allowing HuNoVs not only to escape from the immune response of the host's adaptive immune response but also to adapt their binding to any of the HBGAs. A full understanding of the humoral and the cellular immune responses to HuNoV still remains to be elucidated.





CONCLUSIONS

The study of the function of HuNoV proteins has been hindered because, for decades, there was no efficient cell culture system for these viruses. However, various investigators have carried out studies of the HuNoV structural proteins. VP1, which can self-assemble and form VLPs, has facilitated the development of candidate vaccines based on these structures. In contrast, the development of research based on NS proteins of HuNoV has been limited to in vitro cultures that have provided information about their role in the replication and the pathogenesis of HuNoV.

The structural protein VP1 is one of the most relevant HuNoV proteins because the P domain, specifically the P2 subdomain, is very variable and has a higher selective pressure, constantly inducing mutations to avoid the host's immune response. Due to these variations, this protein is used for the classification of HuNoV genogroups and genotypes. Also, in the P2 subdomain, there are sites for cell-binding receptors and co-receptors, such as the HBGA and bile acids. In contrast, protein VP2 acts as a stabilizer of the viral capsid and, during viral replication, it enhances the expression of VP1 protein and modulates the activity of RdRp along with VP1 and p48 proteins.

Host susceptibility factors, such as HBGAs, are essential for HuNoV infection. The fut2 gene determines the secretory and the non-secretory characteristics of those individuals who present or do not present the active form of the FUT2 enzyme, respectively. The specific patterns by which HuNoV binds to these HBGAs can be classified into two groups: (i) those with HBGA type A/B binding patterns that recognize A and/or B and H antigens, but not the antigens of Lewis and (ii) those that have Lewis antigen binding patterns and bind only with the Lewis and/or H antigens.

Although the HuNoV viral replicative cycle has not been fully clarified due to the limitation in knowledge about the functions of the HuNoV proteins, we propose their roles in the HuNoV replicative model as follows: (1) VPg plays a role in recruiting cellular translation initiation factors; (2) NS proteins are released from the generated polyprotein by the viral protease, which is self-cleaved first; (3) p48 and p22 function in interfering cell signaling pathways; (4) VP1 and VP2 function synergistically, increasing their transduction rates; (5) RdRp, VP1, NTPase, and p48 work coordinately in the HuNoV replication process; (6) NTPase acts as a chaperone protein; and (7) NTPase and p48 proteins may have pro-apoptotic activities.

Additionally, the study of the immune response against HuNoV has been challenging due to the great variety of circulating genotypes and the constant evolution of these strains. The high rate of mutation of VP1 is what allows the alteration in the antigenicity regions of the virus. Although there is no clear evidence on the development of long-term protection against HuNoV, the generation of short-term protection has been evidenced by different studies, resulting in a high frequency of reinfection cases. A Th1 response and the activation of IFN-γ production have also been described upon HuNoV infection, which is suggested to play a role in the immune response to this pathogen.

A better understanding of HuNoV pathogenesis and the immune response raised to these viruses will make possible a suitable design and the development of therapeutic aids, including vaccines for controlling HuNoV infections.
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