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Abstract

:

Although rotavirus A (RVA) is the primary cause of acute viral gastroenteritis in children and young animals, mechanisms of its replication and pathogenesis remain poorly understood. We previously demonstrated that the neuraminidase-mediated removal of terminal sialic acids (SAs) significantly enhanced RVA-G9P[13] replication, while inhibiting RVA-G5P[7] replication. In this study, we compared the transcriptome responses of porcine ileal enteroids (PIEs) to G5P[7] vs. G9P[13] infections, with emphasis on the genes associated with immune response, cholesterol metabolism, and host cell attachment. The analysis demonstrated that G9P[13] infection led to a robust modulation of gene expression (4093 significantly modulated genes vs. 488 genes modulated by G5P[7]) and a significant modulation of glycosyltransferase-encoding genes. The two strains differentially affected signaling pathways related to immune response, with G9P[13] mostly upregulating and G5P[7] inhibiting them. Both RVAs modulated the expression of genes encoding for cholesterol transporters. G9P[13], but not G5P[7], significantly affected the ceramide synthesis pathway known to affect both cholesterol and glycan metabolism. Thus, our results highlight the unique mechanisms regulating cellular response to infection caused by emerging/re-emerging and historical RVA strains relevant to RVA-receptor interactions, metabolic pathways, and immune signaling pathways that are critical in the design of effective control strategies.
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1. Introduction


Rotaviruses (RVs) are a leading cause, globally, of acute viral gastroenteritis in both children and production animals [1]. The global burden of this infection is estimated to be 258 million cases of diarrhea in children under the age of five, with 235,331 deaths attributable to RVA-associated disease in 2019 [1,2,3]. This remains the third-rated pathogen associated with childhood mortality and with 24% of overall deaths in piglets [3,4,5].



As a member of the Sedoreoviridae family, Rotavirus genus, this nonenveloped virus possesses 11 segments of double-stranded RNA (dsRNA) in a triple-layer viral capsid. These 11 segments encode dsRNA for structural proteins (VP1-VP4, VP6, and VP7) and non-structural proteins (NSP and NSP1-5/6) [6]. Major antigenic properties are determined by the viral capsid proteins (VPs), while NSPs are essential for viral replication and pathogenesis [6]. Two outer capsid proteins, VP4 (the protease-cleaved protein or P protein) and VP7 (the glycoprotein or G protein), are the primary focus for epidemiological and immunological studies, as they are essential for initial attachment and penetration into cells and they independently elicit virus neutralizing antibodies [7]. RVs are classified into 11 genetically distinct (established or tentative) groups as RV A-D, F-L, which are further subdivided into distinct genotypes following the binary classification system [8]. The RV genotyping binary classification system is based on the two capsid proteins and follows GxP[x] based on the sequence diversity [8]. Group A rotaviruses (RVA) are endemic globally as the most prevalent and pathogenic among the nine RV groups, accounting for >90% of RV gastroenteritis cases [7,9,10,11,12].



RVAs have been consistently recognized as a cause of diarrhea in young piglets, and there is a pattern of re-emergence of common RVA genotypes (specifically, G1 and G9) that reach a prevalence of 61–74% across different pork production systems [13,14]. Historic studies identified porcine RVA G5P[7] as the dominant G-P combination [15], while our recent research demonstrated its reduced prevalence, with G9P[13] emerging as the most prevalent genotype combination [14,16]. Furthermore, G5P[7] replication in vivo (data not shown) and in vitro [17] is more efficient than that of G9P[13] but is not associated with increased diarrhea (in piglets) or cytopathic effects in MA-104 cell culture or porcine ileal enteroids (PIEs). PIEs represent a physiologically relevant, robust, and highly controlled system that allows the evaluation of the direct impact of RVA on the host without confounding factors, including gut microbiota, that would complicate the interpretation of results [18]. Additionally, while immune cells and adaptive immune systems are absent in enteroids, epithelial cells can produce/express numerous innate immune factors, including cytokines, chemokines, AMPS, and diverse innate immune receptors [19].



RVAs have been shown to recognize several molecules on intestinal epithelial cells, such as sialic acids (SA), histo-blood group antigens (HBGA), heat-shock cognate protein (hsc70), tight junction proteins, and integrins for attachment/entry in a genotype P-specific manner [6,20]. Interestingly, our previous study demonstrated that G5P[7] and G9P[13] differentially interacted with terminal SAs—one of the major receptors for RV entry—whereby their removal (following neuraminidase treatment) significantly downregulated the replication of G5P[7] and upregulated that of G9P[13] [17]. However, it remains unknown whether these differential initial interactions result in distinct host cell gene expression profiles.



Types I and III interferons (IFNs) were shown to play a critical role in protection against RVA infection [6,21], while the role/involvement of other innate immune factors in the context of genetically distinct RVA strains remains poorly defined. In addition to the presence of receptors for RVA entry/attachment, some components of the plasma membrane, such as cholesterol, have been demonstrated to play a critical role in RVA replication [22,23]. Moreover, there is strong evidence that cellular glycans can directly bind cholesterol and alter lipid membrane dynamics and organization [24,25]. This suggests that differential interactions with host glycans are likely to be associated with variable effects of RVAs on cholesterol/lipid metabolism. Further, similar to many viruses, cholesterol was shown to be an essential factor for RVA infection, while also being an important component in intestinal physiology and antiviral responses [26,27]. These processes are attributed to the initial interaction between RVA VP4 and co-receptors found on lipid rafts and cholesterol-rich domains promoting the cleavage of VP4 into VP5* and VP8*, endocytosis, or direct membrane penetration into the host cell, followed by the assembly of RVA [28]. Although there has been evidence supporting the essential role of cholesterol in RVA replication, the relationship between RVA replication and the biosynthesis of cholesterol is unknown [6].



Thus, the main goal of this study was to dissect the host response profiles induced by the infection of PIEs with two distinct RVA strains, with an emphasis on virus–host receptor interactions, cholesterol metabolism, and immunity.




2. Materials and Methods


2.1. PIE Maintenance


PIEs were stablished previously and maintained as described [17].




2.2. Rotavirus A Strains


Previously collected gnotobiotic pig small intestinal contents containing RVA G9P[13] (G9P[13] strain) and RVA G5P[7] were used in the study. Intestinal contents were diluted at a 1:10 ratio in sterile minimal essential media (MEM Gibco; Life Technologies, Grand Island, NY, USA). Contents were then centrifuged at 2095× g for 10 min at 4 °C and the supernatants filtered through a 0.2 µm filter.




2.3. Rotavirus Infection of PIEs


The rotavirus infection protocol was described by Guo et al. [17]. Briefly, 1 mL of accutase cell dissociation solution (BD Biosciences, San Jose, CA, USA) was added to each well and incubated at 37 °C for 30 min. The cell numbers were determined using Cellometer Auto T4 (Nexcelom Bioscience, Lawrence, MA, USA). The multiplicity of infection (MOI) was calculated as the amount of input virus (previously determined using a cell culture immune fluorescence assay)/total number of cells in dissociated PIEs. Prior to RVA infection, PIEs were differentiated in differentiation medium for at least 4 days. A gentle cell dissociation reagent (STEMCELL) was used to remove matrigel and allow RVA to access the apical surface of the epithelial cells. RVA inocula (5 × 105 fluorescent foci units/mL) were activated prior to infection using 10 µg/mL trypsin (from porcine pancreas, Sigma–Aldrich, Cleveland, OH, USA) for 30 min at 37 °C and diluted in complete medium without growth factors (CMGF-) to achieve the desired MOI (1.0). PIEs were incubated with RVAs for 1 h at 37 °C and then washed twice with CMGF- and placed in 96-well plates in triplicate and harvested at 24 hours post-infection. Mock control PIE cells were treated identically, but inoculated with CMGF- with 10 ug/mL trypsin without RVA. Plates were kept at −80 °C until RNA was extracted from homogenized cells using a MagMAX™ Viral/Pathogen Nucleic Acid Isolation Kit (Thermo Fisher Scientific, Pittsburgh, PA, USA).




2.4. Transcriptome Analysis


Total RNA extracted from RVA-infected PIEs (N = 6 per virus) were sent to Psomagen to perform total RNA-seq and differentially expressed gene (DEG) and gene ontology analyses. Quantification of RNA was completed by the Ribogreen (Life Technologies, Carlsbad, CA, USA) method using Victor X2 fluorometry. The integrity of RNA was completed by Agilent RNA screentape. All samples had concentrations of >36.00 ng/µL and RNA integrity number (RIN) values above 7. Raw sequence reads were quality-checked, including the removal of adapter sequences, and then aligned to Sus scrofa 11.1 genome release 97 (https://useast.ensembl.org/Sus_scrofa_landrace/Info/Index, accessed on 16 September 2022) using the Rsubread aligner [29]. Gene expression counts were identified from the alignment files in BAM format using Rsubread [29] and DEG analysis was performed between virus and mock infected PIE samples. The fold change for each gene was analyzed by exactTest using edgeR with the following criteria for a significant result: |fc| ≥ 2 & raw p < 0.05. Data quality check: For DEG analysis, if more than one count value was 0, it was not included in the analysis. BoxPlot and density were generated to evaluate the corresponding sample’s expression distribution based on percentile (median, 50 percentile, 75 percentile, maximum and minimum), raw signal (count), Log2 transformation of CPM (counts per million reads) + 1, and TMM normalization. Finally, to evaluate reproducibility between samples, the Pearson’s coefficient of the sample’s normalized values was calculated. For the range: −1 ≤ r ≤ 1, the closer the value was to 1, the more similar the samples were. An enrichment test based on Gene Ontology (GO, http://geneontology.org/, accessed on 16 September 2022) was conducted with significant gene list using g:Profiler tool (https://biit.cs.ut.ee/gprofiler/, accessed on 16 September 2022). The web-based Ingenuity pathway analysis (IPA) tool was used to conduct analysis of DEGs to identify biological functions and molecular networks affected by both viruses using Qiagen Digital Insights and Ingenuity Systems (Qiagen, Germantown, MD, USA).





3. Results


3.1. PIE Transcriptome Response to G9P[13] vs. G5P[7] Infection


3.1.1. G9P[13] Infection Was Associated with More Profound Alterations of PIE Gene Expression


To mechanistically assess the distinct effects of G9P[13] vs. G5P[7] replication on the host (PIE) gene expression profile, we used transcriptome analysis. We demonstrated that G9P[13] replication in PIEs resulted in significant modulation of the expression of 4093 genes (Figure 1), with 1933 upregulated and 2160 downregulated. In contrast, infection with G5P[7] led to modulation of significantly fewer genes—488 with 207 upregulated and 281 downregulated (Figure 1, Supplementary Table S1). These genes were associated with diverse functions, including cellular, lipid, glycan and amino acid metabolism, intestinal homeostasis, and cancer development and resistance (Supplementary Table S1). Of interest, of the 115 genes presented in the table, G5P[7] only upregulated 46, while G9P[13] only downregulated 42.




3.1.2. G9P[13] Significantly Modulated the Expression of the Genes Encoding or Regulating the Availability of RVA Attachment Factors


In order to understand the host response following the variable initial RVA-target cell interactions, we conducted a targeted analysis of DEGs associated with the biosynthesis/expression of several surface molecules known to serve as RVA attachment/entry factors (integrins, tight junctions, hsc70 protein, and glycans). Infection with both RVAs only marginally modulated the expression of gene encoding integrin αvβ3 (data not shown). However, G9P[13] infection of PIEs led to a significant upregulation of tight junction protein JAM-A—F11R (Figure 2), while the expression of the hsc70 protein-encoding gene was downregulated. Infection of PIEs with both RVAs modulated the expression of some glycosyltransferases. Specifically, we observed a significant modulation of the fucosyltransferase-encoding gene ABO (enzyme involved in HBGA synthesis [30]) after infection with G9P[13] (Figure 2). In addition, infection with both strains modulated the expression of ST3Gal5 and ST8Sia5. However, only the infection with G9P[13] was associated with a significant downregulation of the expression of genes encoding ST3Gal (ST3Gal2, ST3Gal3, and ST3Gal6) and ST6Gal (ST6Gal1) sialyltransferases. In addition, significant upregulation of expression of the genes encoding ST6GalNAc (ST6GalNAc4 and ST6GalNAc6) sialyltransferase families was observed in PIEs infected with G9P[13].




3.1.3. G5P[7] and G9P[13] Infection Affected Signaling Pathways Associated with Immune Responses


A direct comparison of the most-affected pathways associated with immune response indicated that infection of PIEs with G9P[13] led to a significant activation of several cytokine signaling pathways, including interleukin IL-3, IL-6, and IL-8; chemokines (such as CXCR4); molecules associated with different functions including immune regulation [“role of double-stranded RNA (dsRNA)-dependent protein kinase (PKR) in interferon induction and antiviral response” and “N-formyl-Met-Leu-Phe (fMLP) signaling in neutrophils”] (Figure 3). Further, two signaling pathways involved in immune response regulation and inflammation, s100 family and phagosome formation, were differentially modulated by G5P[7] (downregulated) and G9P[13] (upregulated). Further analysis of DEGs associated with interferon response (Figure 4) indicated a significant downregulation of retinoic acid inducible gene I (RIG-1) by G5P[7] (Figure 4B). This finding was consistent with the previous findings [31] demonstrating the role of RVA interactions with RIG-I in blocking of IFN signaling. In addition, the expression of another RNA helicase-encoding gene, MDA-5, was upregulated after infection with G9P[13] but not with G5P[7]. These data are suggestive of the G5P[7]-mediated downregulation of the initial antiviral/IFN signaling. We also observed a prominent difference in the modulation of CCL25 gene expression. G9P[13] infection was associated with a robust upregulation of CCL25, while the effect of G5P[7] infection was less prominent.



Additionally, IPA identified the top significantly affected molecules and G9P[13] infection had a staggering >200 fold-change increase of ANPEP and TMIGD1, suggestive of an increased granulocyte and cell recovery response (Supplementary Table S1). Of interest, another significantly upregulated gene that was associated with the G9P[13] infection was angiotensin-converting enzyme 2 (ACE2), encoding for an important cellular receptor that plays an essential role in inflammation regulation [32]. For comparison, the highest positive fold-change for RVA G5P[7] infection was only 17-fold for THAP8 (involved in cell apoptosis regulation). Overall, infection with G5P[7] affected fewer genes encoding for various immune factors. However, G5P[7] also decreased the expression of CD274 (also known as PDL1), NCF1, and HDAC9. These genes are involved in the inflammatory response, the regulation of programmed cell death, the formation of NADPH oxidase used by neutrophils to engulf pathogenic microorganisms, and endothelial cell apoptosis/inflammatory factor expression.




3.1.4. G9P[13] Affects Cholesterol-Metabolism-Related Genes


Of interest, IPA demonstrated that the infection of PIEs with G9P[13] resulted in a significant upregulation of only one pathway associated with lipid metabolism—the ceramide pathway (z activation 2.0, −log p-value—1.944)—while G5P[7] infection was not associated with significant changes in cholesterol-related pathways. Ceramides are important bioactive sphingolipids involved in a variety of cellular processes such as cell growth and differentiation, inflammation, and apoptosis, including the biosynthesis of oligosaccharides and, therefore, gangliosides [33] recognized by G9P[13]. In addition, we carried out a targeted comparison of DEGs associated with intestinal cholesterol absorption and intracellular cholesterol metabolism (Table 1) [34,35,36]. Our data indicated that infection with both RVA strains significantly affected multiple (G9P[13]—6, G5P[7]—3) genes associated with cholesterol uptake, while those associated with intracellular cholesterol metabolism were less affected. Importantly, while G5P[7] infection of PIEs resulted in downregulation of the expression of the genes associated with cholesterol metabolism, G9P[13] infection led to its upregulation.



In addition, we analyzed the lipid metabolism networks associated with G9P[13] (Figure 5) and G5P[7] (Figure 6). G9P[13] infection was found to downregulate the expression of ACSL4 (acyl-CoA synthetase long chain family member 4), a gene involved in inflammation, cell death, female fertility, and cancer regulation, and FASN (fatty acid synthase regulating virus entry, host IFN response) (data not shown). The RVA impact on fertility observed in our study supports a previous study performed by Ciarlet et al., where Chinese hamster ovary cells were found to be susceptible to RV infection [37]. Importantly, G9P[13] also upregulated the expression of ACSL5 (long chain acyl-CoA synthetase) and DGAT1 (the ER-localized enzymes diacylglycerol acyltransferase), both of which are involved in lipid droplet formation [38,39,40,41]. IPA analysis generated the RVA G9P[13]-associated lipid metabolism network (with 35 genes only) and, similar to the above, demonstrated the strongest activation of TM4SF20 (ceramide signaling pathway) and B3GALT2 (involved in the biosynthesis of the carbohydrate moieties of glycolipids and glycoproteins) (Figure 6). Of interest, NAAA (the ceramide-like compound that degrades bioactive fatty acid and deactivates of palmitoylethanolamide, a lipid-derived peroxisome proliferator) and HOXA7 (involved in adipogenesis and lipid sensing, among other functions) were strongly downregulated, and IPA failed to predict interactions among the most-affected genes. Further, IPA revealed that, in contrast to G9P[13], G5P[7] infection was associated with far more complex alterations in lipid signaling. It significantly affected lipid (specifically phospholipid) metabolism, cell cycle (proliferation and apoptosis), molecular transport, and small molecule biochemistry networks. Further, while at least half of the genes in the G9P[13] network were upregulated, G5P[7] infection was mostly associated with inhibitory effects.




3.1.5. Differentially Modulated Canonical Pathways


Further, to identify the functional role of DEGs using IPA, we compared the major canonical pathways that were significantly affected by the two RVA strains. The results of this analysis demonstrated that infection with G9P[13] modulated a higher number of canonical pathways, to a greater extent, compared to G5P[7] (Figure 7). While only eight canonical pathways were significantly (confidence interval 95%) affected (all downregulated) by infection with G5P[7], the inoculation of PIEs with G9P[13] resulted in a significant modulation (mostly upregulation) of 71 canonical pathways with the top 20 presented in Figure 7. In addition, surprisingly, among the most affected canonical pathways in PIEs infected with G5P[7] and G9P[13], there was only one (S100 family) common between the two RVA strains (Figure 7). However, while G5P[7] infection was associated with downregulation of this signaling pathway, G9P[13] infection led to its significant upregulation.



Analysis of the G5P[7] profile indicated that infection with this virus downregulated pathways associated with the expression of tyrosine kinases (FAK), the dominant negative inhibitor of basic helix-loop-helix proteins (ID1) [46], the growth of the intestinal mucosa (growth hormone) [47], mediators involved in the regulation of epithelial structure/function (eicosanoid) [48], molecules associated with cancer development (breast cancer regulation by stathmin 1) [49] and sperm motility. In contrast, infection with G9P[13] resulted mostly in upregulation of pathways associated with mitosis/cell proliferation and differentiation (S100 family; actin cytoskeleton; cardiac hypertrophy; ABRA; UVC-induced MAPK; regulation of cellular mechanics by calpain protease, serotonin receptor; thrombin, and ILK signaling), cancer development (the role of the tissue factor in cancer, CDX gastrointestinal cancer, and endocannabinoid cancer inhibition pathways), immune responses (CXCR4), stimulation of smooth muscle contraction in the gastrointestinal tract (the endothelin-1 pathway) [50], oxytocin release by IECs (the oxytocin pathway), and increased rates of mitochondrial metabolic activity (the senescence pathway). In addition, infection with G9P[13] was associated with the downregulation of pathways related to cell proliferation/cancer development, such as mismatch repair in eukaryotes, the role of BRCA1 in DNA damage response, kinetochore metaphase, cell cycle control of chromosomal replication, and mismatch repair in the eukaryotes pathways.






4. Discussion


Globally, we face a prevalence of emerging RVA strains with seemingly increased interspecies transmission potential, such as G9P[13] [51,52,53,54,55]. Numerous studies evaluating RVA pathogenesis, immune response, epidemiology, and interventions often yield inconsistent results because they are not designed to account for the drastic differences of the host response to genetically diverse RVAs. In this study, we aimed to comparatively assess the cellular signaling pathways affected by G9P[13] (emerging) and. G5P[7] (historic) RVAs infection.



In sharp contrast with previous observations suggestive of more efficient G5P[7] vs. G9P[13] replication in vivo and in vitro (unpublished data and [17,56]), our analysis demonstrated that the G9P[13] infection of PIEs led to a drastically more prominent modulation of the host cell responses compared with G5P[7]. This may indicate that G5P[7] has evolved mechanisms to improve its host-fitness and is capable of more efficient utilization of the cellular replicative machinery, while evading overt host immune response.



The significant modulation of the expression of the genes encoding sialyltransferases and fucosyltrasferases and some attachment factors following G9P[13] infection suggests that this RVA could have evolved a mechanism regulating the availability of cell attachment factors, including unmasking additional receptors that can be covered by glycoconjugates. Importantly, sialyltransferases are enzymes responsible for SA transfer to nascent carbohydrates and they can regulate the availability of RVA attachment sites. Infection with the sialidase-dependent RVA strain, G9P[13], significantly modulated (mostly downregulated) the expression of the genes encoding sialyltransferases of the four major families, ST3Gal, ST6Gal, ST8Sia, and ST6GalNAc [57], which may promote its replication. Additionally, SA and HBGAs can influence one another’s presentation and expression, subsequently altering their interactions with RVAs, as was previously hypothesized for influenza A virus [22]. Consequently, these alterations can impact intestinal homeostasis and the gut microbiota composition, predisposing the host to secondary infection or non-infectious diseases [58].



Previous studies have demonstrated that cellular glycans can directly bind cholesterol and alter lipid membrane dynamics and organization [59,60]. In addition, cholesterol has been shown to play an important role in the replication of a variety of RVs [61,62]. Our data demonstrated a robust modification of expression of genes encoding proteins involved in cholesterol transport following G9P[13] infection. In addition, we indicated that G9P[13] infection of PIEs upregulated the expression of genes of the ceramide synthesis pathway, which can potentially result in altered glycolipid biosynthesis. Earlier studies indicated the importance of ceramides in the composition of membrane glycolipids [63]. Our study elaborated on the significance of lipid metabolism in cellular receptor expression and RVA infection. Furthermore, our analysis indicated an upregulation of B3GALT2—the enzyme associated with the galactosylceramide biosynthetic process—and protein O-linked glycosylation in the Golgi apparatus in PIEs infected with G9P[13]. Thus, the strong G9P[13]-mediated upregulation of the ceramide pathway may increase the availability of gangliosides recognized by G9P[13] and other RVA strains [64]. Therefore, along with the association of ABO with both cholesterol [65] and glycan [66] metabolism, these data provide additional evidence of the crosslink between RVA-host glycans-cholesterol/lipid metabolism.



The differential transcriptome response of the genes related to the immune function is consistent with our previously reported observations of substantial differences in the pathogenesis and immunity associated with both strains. Accordingly, G9P[13] induced a significant upregulation of the IL-6 and IL-8 signaling pathways that have been previously shown to be involved in the pathogenesis of acute RVA-associated gastroenteritis [67]. However, the role of IL-3 (also affected by G9P[13] infection) in RVA infection remains unknown. Abundantly expressed in granulocytes, monocytes, and activated macrophages, S100 proteins are expressed in IECs under inflammatory conditions [68]. The expression of one member of this family of calcium-binding cytosolic proteins [69], S100-A6, was increased in HT-29 cells infected with SA11 G3P[2] [70]. In addition, the expression of the gene encoding another member of s100 family—S100-A8—was downregulated in T84 cells after stimulation with anti-VP7 antibodies in order to evaluate mechanisms of the development of celiac disease [71]. Interestingly, the expressions of S100A8, S100A9, and S100A12 were shown to activate the production of the major mucin of respiratory tract—MUC5AC [72]. In contrast to G9P[13], infection of PIEs with G5P[7] resulted in the downregulation of some immune-related gene expression (including the S100 encoding genes), which may be suggestive of the advanced ability of G5P[7] to evade the host immune response while still maintaining high-level replication. Taking into consideration the key role of chemokines, including CCL25, in the selective recruitment of lymphocytes to IECs [73], our data indicate that G9P[13] infection is associated with a robust upregulation of CCL25 gene expression, which may lead to the more robust immune response we observed for this virus. However, more studies are needed to evaluate the difference between the immune response to G5P[7] and G9P[13] in vivo.



Apart from the potential link to T1 diabetes, RVAs have not been demonstrated to have long-term health effects, to the best of our knowledge [74]. However, our analysis indicated that infection with both RVAs used in this study was associated with mechanisms of cancer development and cardiac diseases, reproduction, and fertility. The significant perturbations in the host glycan and cholesterol synthesis and metabolism, as well as the immune function discussed above, can explain the observed association between RVA infection and the molecular signaling related to these extraintestinal and chronic disorders. Of significance, because these RVA effects are strain/genotype-specific, comparative transcriptome analysis is essential to guide experimental science and clinical/field studies to fully evaluate RVA pathogenesis, immunity, and long-term health effects.



Taken together, this study demonstrated strain/genotype-specific modulation of the host cellular response to RVA infection, further emphasizing the unique interactions between SAs and other host factors and G9P[13] and G5P[7]. Additionally, our results suggest that long-term circulation and adaptation to swine might have increased the within-host viral fitness of G5P[7] RVA, resulting in higher replication rates and a reduced transcriptome/immune response. In contrast, G9P[13] replication was associated with a robust modulation of the host transcriptome and a significant downregulation of sialyltransferase expression. Importantly, the latter can lead to decreased sialylation and the unmasking of additional attachment factors, including gangliosides. We plan to further investigate these results, using reverse genetics and CRISPR-Cas9 gene editing to mechanistically analyze G9P[13]-specific interactions with SAs to increase its replication, and to determine how to manipulate this mechanism to reduce its growing global prevalence.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v15071406/s1, Table S1. Summary of DEGs affected by both G9P[13] and G5P[7] strains. Genes are shown with ‘↓’ and ‘↑’ referring to down or upregulation, respectively. These are also depicted with red arrows signifying upregulation, and blue representing down regulation. Differentially expressed genes are bolded. The upregulated/downregulated genes were determined using a cutoff ± ≥2 or ≤2 when respectively compared with the control group (non-treated). All genes listed account for active protein coding.





Author Contributions


Conceptualization, M.R. and A.N.V.; methodology, M.R., A.N.V. and S.A.R.; formal analysis, M.R. and S.A.R.; investigation, M.R. and S.A.R.; technical support, Y.G. and M.K.K.; resources, A.N.V.; writing—original draft preparation, M.R.; revised draft writing, review, and editing, A.N.V. and S.A.R.; critical review, L.J.S.; visualization, M.R. and S.A.R.; supervision, A.N.V.; project administration, A.N.V.; funding acquisition, A.N.V. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the International Development Research Centre (IDRC, Canada), project #109053, for Anastasia Vlasova and Vlasova’s startup funding. Salaries and research support were provided by state and federal funds provided to the Ohio Agricultural Research and Development Center, The Ohio State University.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Raw fold-change, quality check and gene ontology data are available from the authors upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Troeger, C.; Forouzanfar, M.; Rao, P.C.; Khalil, I.; Brown, A.; Reiner, R.C.; Fullman, N.; Thompson, R.L.; Abajobir, A.; Ahmed, M.; et al. Estimates of Global, Regional, and National Morbidity, Mortality, and Aetiologies of Diarrhoeal Diseases: A Systematic Analysis for the Global Burden of Disease Study 2015. Lancet Infect. Dis. 2017, 17, 909–948. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Naghavi, M.; Allen, C.; Barber, R.M.; Bhutta, Z.A.; Carter, A.; Casey, D.C.; Charlson, F.J.; Chen, A.Z.; Coates, M.M.; et al. Global, Regional, and National Life Expectancy, All-Cause Mortality, and Cause-Specific Mortality for 249 Causes of Death, 1980–2015: A Systematic Analysis for the Global Burden of Disease Study 2015. Lancet 2016, 388, 1459–1544. [Google Scholar] [CrossRef] [PubMed]

	



Du, Y.; Chen, C.; Zhang, X.; Yan, D.; Jiang, D.; Liu, X.; Yang, M.; Ding, C.; Lan, L.; Hecht, R.; et al. Global Burden and Trends of Rotavirus Infection-Associated Deaths from 1990 to 2019: An Observational Trend Study. Virol. J. 2022, 19, 166. [Google Scholar] [CrossRef]

	



Kongsted, H.; Stege, H.; Toft, N.; Nielsen, J.P. The Effect of New Neonatal Porcine Diarrhoea Syndrome (NNPDS) on Average Daily Gain and Mortality in 4 Danish Pig Herds. BMC Vet. Res. 2014, 10, 90. [Google Scholar] [CrossRef]

	



Kumar, D.; Shepherd, F.K.; Springer, N.L.; Mwangi, W.; Marthaler, D.G. Rotavirus Infection in Swine: Genotypic Diversity, Immune Responses, and Role of Gut Microbiome in Rotavirus Immunity. Pathogens 2022, 11, 1078. [Google Scholar] [CrossRef]

	



Amimo, J.O.; Raev, S.A.; Chepngeno, J.; Mainga, A.O.; Guo, Y.; Saif, L.; Vlasova, A.N. Rotavirus Interactions With Host Intestinal Epithelial Cells. Front. Immunol. 2021, 12, 793841. [Google Scholar] [CrossRef] [PubMed]

	



Omatola, C.A.; Olaniran, A.O. Rotaviruses: From Pathogenesis to Disease Control—A Critical Review. Viruses 2022, 14, 875. [Google Scholar] [CrossRef]

	



Matthijnssens, J.; Attoui, H.; Bányai, K.; Brussaard, C.P.D.; Danthi, P.; Del Vas, M.; Dermody, T.S.; Duncan, R.; Fāng, Q.; Johne, R.; et al. ICTV Virus Taxonomy Profile: Sedoreoviridae 2022. J. Gen. Virol. 2022, 103, 001782. [Google Scholar] [CrossRef]

	



Matthijnssens, J.; Ciarlet, M.; Heiman, E.; Arijs, I.; Delbeke, T.; McDonald, S.M.; Palombo, E.A.; Iturriza-Gómara, M.; Maes, P.; Patton, J.T.; et al. Full Genome-Based Classification of Rotaviruses Reveals a Common Origin between Human Wa-Like and Porcine Rotavirus Strains and Human DS-1-like and Bovine Rotavirus Strains. J. Virol. 2008, 82, 3204–3219. [Google Scholar] [CrossRef]

	



Falkenhagen, A.; Tausch, S.H.; Labutin, A.; Grützke, J.; Heckel, G.; Ulrich, R.G.; Johne, R. Genetic and Biological Characteristics of Species A Rotaviruses Detected in Common Shrews Suggest a Distinct Evolutionary Trajectory. Virus Evol. 2022, 8, veac004. [Google Scholar] [CrossRef]

	



Rojas, M.; Dias, H.G.; Gonçalves, J.L.S.; Manchego, A.; Rosadio, R.; Pezo, D.; Santos, N. Genetic Diversity and Zoonotic Potential of Rotavirus A Strains in the Southern Andean Highlands, Peru. Transbound. Emerg. Dis. 2019, 66, 1718–1726. [Google Scholar] [CrossRef] [PubMed]

	



Dóró, R.; Farkas, S.L.; Martella, V.; Bányai, K. Zoonotic Transmission of Rotavirus: Surveillance and Control. Expert Rev. Anti. Infect. 2015, 13, 1337–1350. [Google Scholar] [CrossRef] [PubMed]

	



Bányai, K.; Gentsch, J.R.; Schipp, R.; Jakab, F.; Meleg, E.; Mihály, I.; Szücs, G. Dominating Prevalence of P[8], G1 and P[8], G9 Rotavirus Strains among Children Admitted to Hospital between 2000 and 2003 in Budapest, Hungary. J. Med. Virol. 2005, 76, 414–423. [Google Scholar] [CrossRef]

	



Amimo, J.O.; Vlasova, A.N.; Saif, L.J. Detection and Genetic Diversity of Porcine Group A Rotaviruses in Historic (2004) and Recent (2011 and 2012) Swine Fecal Samples in Ohio: Predominance of the G9P[13] Genotype in Nursing Piglets. J. Clin. Microbiol. 2013, 51, 1142–1151. [Google Scholar] [CrossRef] [PubMed]

	



Papp, H.; László, B.; Jakab, F.; Ganesh, B.; De Grazia, S.; Matthijnssens, J.; Ciarlet, M.; Martella, V.; Bányai, K. Review of Group A Rotavirus Strains Reported in Swine and Cattle. Vet. Microbiol. 2013, 165, 190–199. [Google Scholar] [CrossRef]

	



Vlasova, A.N.; Amimo, J.O.; Saif, L.J. Porcine Rotaviruses: Epidemiology, Immune Responses and Control Strategies. Viruses 2017, 9, 48. [Google Scholar] [CrossRef]

	



Guo, Y.; Candelero-Rueda, R.A.; Saif, L.J.; Vlasova, A.N. Infection of Porcine Small Intestinal Enteroids with Human and Pig Rotavirus A Strains Reveals Contrasting Roles for Histo-Blood Group Antigens and Terminal Sialic Acids. PLoS Pathog. 2021, 17, e1009237. [Google Scholar] [CrossRef]

	



Saxena, K.; Blutt, S.E.; Ettayebi, K.; Zeng, X.-L.; Broughman, J.R.; Crawford, S.E.; Karandikar, U.C.; Sastri, N.P.; Conner, M.E.; Opekun, A.R.; et al. Human Intestinal Enteroids: A New Model To Study Human Rotavirus Infection, Host Restriction, and Pathophysiology. J. Virol. 2015, 90, 43–56. [Google Scholar] [CrossRef]

	



Noel, G.; In, J.G.; Lemme-Dumit, J.M.; DeVine, L.R.; Cole, R.N.; Guerrerio, A.L.; Campbell, J.D.; Kovbasnjuk, O.; Pasetti, M.F. Human Breast Milk Enhances Intestinal Mucosal Barrier Function and Innate Immunity in a Healthy Pediatric Human Enteroid Model. Front. Cell Dev. Biol. 2021, 9, 1833. [Google Scholar] [CrossRef]

	



Raev, S.A.; Amimo, J.O.; Saif, L.J.; Vlasova, A.N. Intestinal Mucin-Type O-Glycans: The Major Players in the Host-Bacteria-Rotavirus Interactions. Gut Microbes 2023, 15, 2197833. [Google Scholar] [CrossRef]

	



Doldan, P.; Dai, J.; Metz-Zumaran, C.; Patton, J.T.; Stanifer, M.L.; Boulant, S. Type III and Not Type I Interferons Efficiently Prevent the Spread of Rotavirus in Human Intestinal Epithelial Cells. J. Virol. 2022, 96, e0070622. [Google Scholar] [CrossRef]

	



Cohen, M.; Hurtado-Ziola, N.; Varki, A. ABO Blood Group Glycans Modulate Sialic Acid Recognition on Erythrocytes. Blood 2009, 114, 3668–3676. [Google Scholar] [CrossRef]

	



Criglar, J.M.; Estes, M.K.; Crawford, S.E. Rotavirus-Induced Lipid Droplet Biogenesis Is Critical for Virus Replication. Front. Physiol. 2022, 13, 836870. [Google Scholar] [CrossRef]

	



Winkler, P.M.; Campelo, F.; Giannotti, M.I.; Garcia-Parajo, M.F. Impact of Glycans on Lipid Membrane Dynamics at the Nanoscale Unveiled by Planar Plasmonic Nanogap Antennas and Atomic Force Spectroscopy. J. Phys. Chem. Lett. 2021, 12, 1175–1181. [Google Scholar] [CrossRef]

	



Li, J.; Pfeffer, S.R. Lysosomal Membrane Glycoproteins Bind Cholesterol and Contribute to Lysosomal Cholesterol Export. eLife 2016, 5, e21635. [Google Scholar] [CrossRef]

	



Ding, S.; Yu, B.; van Vuuren, A.J. Statins Significantly Repress Rotavirus Replication through Downregulation of Cholesterol Synthesis. Gut Microbes 2021, 13, 1955643. [Google Scholar] [CrossRef]

	



Tohmé, M.J.; Delgui, L.R. Advances in the Development of Antiviral Compounds for Rotavirus Infections. mBio 2021, 12, e00111-21. [Google Scholar] [CrossRef]

	



Arias, C.F.; Silva-Ayala, D.; López, S. Rotavirus Entry: A Deep Journey into the Cell with Several Exits. J. Virol. 2014, 89, 890–893. [Google Scholar] [CrossRef]

	



Chen, Y.; Lun, A.T.L.; Smyth, G.K. From Reads to Genes to Pathways: Differential Expression Analysis of RNA-Seq Experiments Using Rsubread and the EdgeR Quasi-Likelihood Pipeline. F1000Research 2016, 5, 1438. [Google Scholar] [CrossRef]

	



Yamamoto, F.; Clausen, H.; White, T.; Marken, J.; Hakomori, S. Molecular Genetic Basis of the Histo-Blood Group ABO System. Nature 1990, 345, 229–233. [Google Scholar] [CrossRef]

	



Qin, L.; Ren, L.; Zhou, Z.; Lei, X.; Chen, L.; Xue, Q.; Liu, X.; Wang, J.; Hung, T. Rotavirus Nonstructural Protein 1 Antagonizes Innate Immune Response by Interacting with Retinoic Acid Inducible Gene I. Virol. J. 2011, 8, 526. [Google Scholar] [CrossRef] [PubMed]

	



Feng, N.; Jaimes, M.C.; Lazarus, N.H.; Monak, D.; Zhang, C.; Butcher, E.C.; Greenberg, H.B. Redundant Role of Chemokines CCL25/TECK and CCL28/MEC in IgA+ Plasmablast Recruitment to the Intestinal Lamina Propria after Rotavirus Infection. J. Immunol. 2006, 176, 5749–5759. [Google Scholar] [CrossRef]

	



Iwasaki, M.; Saito, J.; Zhao, H.; Sakamoto, A.; Hirota, K.; Ma, D. Inflammation Triggered by SARS-CoV-2 and ACE2 Augment Drives Multiple Organ Failure of Severe COVID-19: Molecular Mechanisms and Implications. Inflammation 2021, 44, 13–34. [Google Scholar] [CrossRef] [PubMed]

	



Kraveka, J.M.; Hannun, Y.A. Bioactive Sphingolipids: An Overview on Ceramide, Ceramide 1-Phosphate Dihydroceramide, Sphingosine, Sphingosine 1-Phosphate. In Handbook of Neurochemistry and Molecular Neurobiology: Neural Lipids; Lajtha, A., Tettamanti, G., Goracci, G., Eds.; Springer: Boston, MA, USA, 2009; pp. 373–383. ISBN 978-0-387-30378-9. [Google Scholar]

	



Mokhtar, F.B.A.; Plat, J.; Mensink, R.P. Genetic Variation and Intestinal Cholesterol Absorption in Humans: A Systematic Review and a Gene Network Analysis. Prog. Lipid Res. 2022, 86, 101164. [Google Scholar] [CrossRef]

	



Ko, C.-W.; Qu, J.; Black, D.D.; Tso, P. Regulation of Intestinal Lipid Metabolism: Current Concepts and Relevance to Disease. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 169–183. [Google Scholar] [CrossRef] [PubMed]

	



McFie, P.J.; Patel, A.; Stone, S.J. The Monoacylglycerol Acyltransferase Pathway Contributes to Triacylglycerol Synthesis in HepG2 Cells. Sci. Rep. 2022, 12, 4943. [Google Scholar] [CrossRef]

	



Ciarlet, M.; Crawford, S.E.; Cheng, E.; Blutt, S.E.; Rice, D.A.; Bergelson, J.M.; Estes, M.K. VLA-2 (Alpha2beta1) Integrin Promotes Rotavirus Entry into Cells but Is Not Necessary for Rotavirus Attachment. J. Virol. 2002, 76, 1109–1123. [Google Scholar] [CrossRef]

	



Nguyen, T.B.; Louie, S.M.; Daniele, J.R.; Tran, Q.; Dillin, A.; Zoncu, R.; Nomura, D.K.; Olzmann, J.A. DGAT1-Dependent Lipid Droplet Biogenesis Protects Mitochondrial Function during Starvation-Induced Autophagy. Dev. Cell. 2017, 42, 9–21.e5. [Google Scholar] [CrossRef]

	



Mitra, R.; Le, T.T.; Gorjala, P.; Goodman, O.B., Jr. Positive Regulation of Prostate Cancer Cell Growth by Lipid Droplet Forming and Processing Enzymes DGAT1 and ABHD5. BMC Cancer 2017, 17, 631. [Google Scholar] [CrossRef]

	



Bu, S.Y.; Mashek, D.G. Hepatic Long-Chain Acyl-CoA Synthetase 5 Mediates Fatty Acid Channeling between Anabolic and Catabolic Pathways. J. Lipid Res. 2010, 51, 3270–3280. [Google Scholar] [CrossRef]

	



Senkal, C.E.; Salama, M.F.; Snider, A.J.; Allopenna, J.J.; Rana, N.A.; Koller, A.; Hannun, Y.A.; Obeid, L.M. Ceramide Is Metabolized to Acylceramide and Stored in Lipid Droplets. Cell Metab. 2017, 25, 686–697. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Ye, Y.; Lin, R.; Weng, S.; Cai, F.; Zou, M.; Niu, H.; Ge, L.; Lin, Y. Analysis of the Expression, Function, Prognosis and Co-Expression Genes of DDX20 in Gastric Cancer. Comput. Struct. Biotechnol. J. 2020, 18, 2453–2462. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.Q.; Mao, L. The ERK Pathway: Molecular Mechanisms and Treatment of Depression. Mol. Neurobiol. 2019, 56, 6197–6205. [Google Scholar] [CrossRef] [PubMed]

	



Sugiura, R.; Satoh, R.; Takasaki, T. ERK: A Double-Edged Sword in Cancer. ERK-Dependent Apoptosis as a Potential Therapeutic Strategy for Cancer. Cells 2021, 10, 2509. [Google Scholar] [CrossRef]

	



Porta, C.; Paglino, C.; Mosca, A. Targeting PI3K/Akt/MTOR Signaling in Cancer. Front. Oncol. 2014, 4, 64. [Google Scholar] [CrossRef]

	



Zhang, N.; Yantiss, R.K.; Nam, H.; Chin, Y.; Zhou, X.K.; Scherl, E.J.; Bosworth, B.P.; Subbaramaiah, K.; Dannenberg, A.J.; Benezra, R. ID1 Is a Functional Marker for Intestinal Stem and Progenitor Cells Required for Normal Response to Injury. Stem Cell Rep. 2014, 3, 716–724. [Google Scholar] [CrossRef]

	



Chen, Y.; Tsai, Y.-H.; Tseng, B.-J.; Tseng, S.-H. Influence of Growth Hormone and Glutamine on Intestinal Stem Cells: A Narrative Review. Nutrients 2019, 11, 1941. [Google Scholar] [CrossRef]

	



Ferrer, R.; Moreno, J.J. Role of Eicosanoids on Intestinal Epithelial Homeostasis. Biochem. Pharm. 2010, 80, 431–438. [Google Scholar] [CrossRef]

	



Ke, B.; Guo, X.-F.; Li, N.; Wu, L.-L.; Li, B.; Zhang, R.-P.; Liang, H. Clinical Significance of Stathmin1 Expression and Epithelial-Mesenchymal Transition in Curatively Resected Gastric Cancer. Mol. Clin. Oncol. 2019, 10, 214–222. [Google Scholar] [CrossRef]

	



van de Water, F.M.; Russel, F.G.M.; Masereeuw, R. Regulation and Expression of Endothelin-1 (ET-1) and ET-Receptors in Rat Epithelial Cells of Renal and Intestinal Origin. Pharmacol. Res. 2006, 54, 429–435. [Google Scholar] [CrossRef]

	



Shao, L.; Fischer, D.D.; Kandasamy, S.; Rauf, A.; Langel, S.N.; Wentworth, D.E.; Stucker, K.M.; Halpin, R.A.; Lam, H.C.; Marthaler, D.; et al. Comparative In Vitro and In Vivo Studies of Porcine Rotavirus G9P[13] and Human Rotavirus Wa G1P[8]. J. Virol. 2015, 90, 142–151. [Google Scholar] [CrossRef]

	



Wu, F.-T.; Bányai, K.; Jiang, B.; Liu, L.T.-C.; Marton, S.; Huang, Y.-C.; Huang, L.-M.; Liao, M.-H.; Hsiung, C.A. Novel G9 Rotavirus Strains Co-Circulate in Children and Pigs, Taiwan. Sci. Rep. 2017, 7, 40731. [Google Scholar] [CrossRef]

	



Boene, S.S.; João, E.D.; Strydom, A.; Munlela, B.; Chissaque, A.; Bauhofer, A.F.L.; Nabetse, E.; Latifo, D.; Cala, A.; Mapaco, L.; et al. Prevalence and Genome Characterization of Porcine Rotavirus A in Southern Mozambique. Infect. Genet. Evol. 2021, 87, 104637. [Google Scholar] [CrossRef]

	



Lu, L.; Zhong, H.; Jia, R.; Su, L.; Xu, M.; Cao, L.; Liu, P.; Ao, Y.; Dong, N.; Xu, J. Prevalence and Genotypes Distribution of Group A Rotavirus among Outpatient Children under 5 Years with Acute Diarrhea in Shanghai, China, 2012–2018. BMC Gastroenterol. 2022, 22, 217. [Google Scholar] [CrossRef]

	



Wu, F.-T.; Liu, L.T.-C.; Jiang, B.; Kuo, T.-Y.; Wu, C.-Y.; Liao, M.-H. Prevalence and Diversity of Rotavirus A in Pigs: Evidence for a Possible Reservoir in Human Infection. Infect. Genet. Evol. 2022, 98, 105198. [Google Scholar] [CrossRef]

	



Bohl, E.H.; Theil, K.W.; Saif, L.J. Isolation and Serotyping of Porcine Rotaviruses and Antigenic Comparison with Other Rotaviruses. J. Clin. Microbiol. 1984, 19, 105. [Google Scholar] [CrossRef]

	



Baldus, S.E.; Hanisch, F.G. Biochemistry and Pathological Importance of Mucin-Associated Antigens in Gastrointestinal Neoplasia. Adv. Cancer Res. 2000, 79, 201–248. [Google Scholar] [CrossRef]

	



Kudelka, M.R.; Stowell, S.R.; Cummings, R.D.; Neish, A.S. Intestinal Epithelial Glycosylation in Homeostasis and Gut Microbiota Interactions in IBD. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 597–617. [Google Scholar] [CrossRef]

	



Shewell, L.K.; Day, C.J.; Jen, F.E.-C.; Haselhorst, T.; Atack, J.M.; Reijneveld, J.F.; Everest-Dass, A.; James, D.B.A.; Boguslawski, K.M.; Brouwer, S.; et al. All Major Cholesterol-Dependent Cytolysins Use Glycans as Cellular Receptors. Sci. Adv. 2020, 6, eaaz4926. [Google Scholar] [CrossRef]

	



Li, J.; Deffieu, M.S.; Lee, P.L.; Saha, P.; Pfeffer, S.R. Glycosylation Inhibition Reduces Cholesterol Accumulation in NPC1 Protein-Deficient Cells. Proc. Natl. Acad. Sci. USA 2015, 112, 14876–14881. [Google Scholar] [CrossRef]

	



Cui, J.; Fu, X.; Xie, J.; Gao, M.; Hong, M.; Chen, Y.; Su, S.; Li, S. Critical Role of Cellular Cholesterol in Bovine Rotavirus Infection. Virol. J. 2014, 11, 98. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Raev, S.; Kick, M.K.; Raque, M.; Saif, L.J.; Vlasova, A.N. Rotavirus C Replication in Porcine Intestinal Enteroids Reveals Roles for Cellular Cholesterol and Sialic Acids. Viruses 2022, 14, 1825. [Google Scholar] [CrossRef]

	



Kannagi, R.; Nudelman, E.; Hakomori, S. Possible Role of Ceramide in Defining Structure and Function of Membrane Glycolipids. Proc. Natl. Acad. Sci. USA 1982, 79, 3470–3474. [Google Scholar] [CrossRef]

	



Martínez, M.A.; López, S.; Arias, C.F.; Isa, P. Gangliosides Have a Functional Role during Rotavirus Cell Entry. J. Virol. 2013, 87, 1115–1122. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Xu, R.-X.; Guo, Y.-L.; Zhang, Y.; Zhu, C.-G.; Sun, J.; Li, J.-J. ABO Blood Group in Relation to Plasma Lipids and Proprotein Convertase Subtilisin/Kexin Type 9. Nutr. Metab. Cardiovasc. Dis. 2015, 25, 411–417. [Google Scholar] [CrossRef]

	



Ravn, V.; Dabelsteen, E. Tissue Distribution of Histo-Blood Group Antigens. APMIS 2000, 108, 1–28. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.-M.; Lin, C.-P.; Tsai, J.-D.; Chao, Y.-H.; Sheu, J.-N. The Significance of Serum and Fecal Levels of Interleukin-6 and Interleukin-8 in Hospitalized Children with Acute Rotavirus and Norovirus Gastroenteritis. Pediatr. Neonatol. 2014, 55, 120–126. [Google Scholar] [CrossRef]

	



Frosch, M.; Metze, D.; Foell, D.; Vogl, T.; Sorg, C.; Sunderkötter, C.; Roth, J. Early Activation of Cutaneous Vessels and Epithelial Cells Is Characteristic of Acute Systemic Onset Juvenile Idiopathic Arthritis. Exp. Dermatol. 2005, 14, 259–265. [Google Scholar] [CrossRef]

	



Fritz, G.; Heizmann, C. 3D Structures of the Calcium and Zinc Binding S100 Proteins. In Handbook of Metalloproteins; Wiley & Sons Ltd.: Hoboken, NJ, USA, 2006; ISBN 978-0-470-02863-6. [Google Scholar]

	



Chattopadhyay, S.; Basak, T.; Nayak, M.K.; Bhardwaj, G.; Mukherjee, A.; Bhowmick, R.; Sengupta, S.; Chakrabarti, O.; Chatterjee, N.S.; Chawla-Sarkar, M. Identification of Cellular Calcium Binding Protein Calmodulin as a Regulator of Rotavirus A Infection during Comparative Proteomic Study. PLoS ONE 2013, 8, e56655. [Google Scholar] [CrossRef]

	



Puccetti, A.; Saverino, D.; Opri, R.; Gabrielli, O.; Zanoni, G.; Pelosi, A.; Fiore, P.F.; Moretta, F.; Lunardi, C.; Dolcino, M. Immune Response to Rotavirus and Gluten Sensitivity. J. Immunol. Res. 2018, 2018, 9419204. [Google Scholar] [CrossRef]

	



Kang, J.H.; Hwang, S.M.; Chung, I.Y. S100A8, S100A9 and S100A12 Activate Airway Epithelial Cells to Produce MUC5AC via Extracellular Signal-Regulated Kinase and Nuclear Factor-ΚB Pathways. Immunology 2015, 144, 79–90. [Google Scholar] [CrossRef] [PubMed]

	



Burke, R.M.; Tate, J.E.; Jiang, B.; Parashar, U.D. Rotavirus and Type 1 Diabetes-Is There a Connection? A Synthesis of the Evidence. J. Infect. Dis. 2020, 222, 1076–1083. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 15 01406 g001 550] 





Figure 1. Summary of the total gene numbers that were either upregulated or downregulated (|fc| ≥ 2 & raw p < 0.05) based on DEG comparisons. Non-infected PIEs served as negative controls for both viruses. The total number of genes is placed at the top of the individual bars and split accordingly to represent upregulated and downregulated genes. Genes that account for these numbers can be seen in Supplementary Table S1. 
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Figure 2. Modulation of expression of genes regulating the availability of RVA attachment factors in PIEs infected with G9P[13] and G5P[7]. The graph shows only the genes for which expression was significantly modulated (95% confidence level: p-value < −log1.3). Bars indicate the fold-change difference between infected PIEs and uninfected control. Blue symbols represent p values in log10 format. 
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Figure 3. Altered molecular pathways associated with immune function in PIEs infected with G9P[13] and G5P[7]. For canonical immune signaling pathway analysis, the −log (p-value) > 1.3 was used as the threshold and the Z-score > 2 was defined as the threshold of significant activation, while a Z-score < −2 was defined as the threshold for significant inhibition. Bars indicate the activation z-score; blue symbols represent p values in log10 format. 
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Figure 4. (A) Rotavirus interactions with the host innate immune system. RV is recognized by retinoic acid-inducible gene I (IRIG-I) and melanoma differentiation-associated gene 5 (MDA-5) receptors, followed by activation of the transcription factors IRF3 and NF-kB through signaling facilitated by mitochondrial antiviral-signaling protein (MAVS). The activated interferon regulatory factor 3 (IRF3) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) modulate the expression of types I and III interferons (IFNs) stimulating the synthesis of IFN stimulatory genes. Activation of the NF-κB pathway by PRRs results in the production of proinflammatory cytokines and chemokines. IFNs are then released and bind to their respective receptors leading to activation of signal transducer and of transcription (STAT)-1, STAT-2, and IRF9 and further promoting IFN production creating an “antiviral state”. (B) DEGs associated with IFN signaling modulated in response to PIE infection with G9P[13] and G5P[7]. Bars indicate the fold-change difference between infected PIEs and uninfected control. Blue symbols represent p values in log10 format. 
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Figure 5. Top networks associated with lipid metabolism identified in PIEs infected with G9P[13]. IPA generates pathways using the most significant entities from the experimental data sets and connects to create a comprehensible synopsis of the analysis. In the graphical representation of a network, genes/gene products are represented as nodes, and the biological relationship between two nodes is represented as an edge (line). The intensity of the node color indicates the degree of upregulation (red) or downregulation (green), and more confidence predicted activation (blue) or inhibition (brown) of a given gene. The intensity of the edge color indicates the degree of confidence of predicted activation (orange) or inhibition (blue). The predicted pathways most affected by G9P[13] infection include the DNA fragmentation pathway of apoptosis, implemented by the increased measurement of CIDEB (cell death inducing DFFA effector B), inhibition of HOXA7, and increase of PBX3 (pre-B cell leukemia transcription factor 3) measurement. Additionally, the NF-kB (NF-KappaB) pathway is impacted here through the decreased prediction of DDX20 (DEAD-box helicase 20), suggesting a role to inhibit NF-kB activity and the activation of B cells [42]. Finally, the glycosphingolipid metabolic pathway is predicted to have high activation with impact from B3GALT2. 
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Figure 6. Top networks associated with lipid metabolism identified in PIEs infected with G5P[7]. IPA generates pathways using the most significant entities from the experimental data sets and connects to create a comprehensible synopsis of the analysis. In the graphical representation of a network, genes/gene products are represented as nodes, and the biological relationship between two nodes is represented as an edge (line). The intensity of the node color indicates the degree of upregulation (red) or downregulation (green), and more confidence predicted activation (blue) or inhibition (brown) of a given gene. The intensity of the edge color indicates the degree of confidence of predicted activation (orange) or inhibition (blue). G5P[7] infection was primarily associated with significant inhibition of the ERK/MAPK and phosphatidylinositol 3-kinase/Akt signaling, both of which are notable cell proliferation and survival pathways, in response to extracellular signaling. The ERK pathway serves as a “superhighway” between cellular surfaces to the nucleus of cells, where information is rapidly delivered in response to signals regarding environmental impacts and can mediate apoptosis [43]. ERK pathway degradation is associated with increased apoptosis effects [44]. Inhibition of the PI3K/Akt signaling pathway is associated with the induction of apoptosis [45]. 






Figure 6. Top networks associated with lipid metabolism identified in PIEs infected with G5P[7]. IPA generates pathways using the most significant entities from the experimental data sets and connects to create a comprehensible synopsis of the analysis. In the graphical representation of a network, genes/gene products are represented as nodes, and the biological relationship between two nodes is represented as an edge (line). The intensity of the node color indicates the degree of upregulation (red) or downregulation (green), and more confidence predicted activation (blue) or inhibition (brown) of a given gene. The intensity of the edge color indicates the degree of confidence of predicted activation (orange) or inhibition (blue). G5P[7] infection was primarily associated with significant inhibition of the ERK/MAPK and phosphatidylinositol 3-kinase/Akt signaling, both of which are notable cell proliferation and survival pathways, in response to extracellular signaling. The ERK pathway serves as a “superhighway” between cellular surfaces to the nucleus of cells, where information is rapidly delivered in response to signals regarding environmental impacts and can mediate apoptosis [43]. ERK pathway degradation is associated with increased apoptosis effects [44]. Inhibition of the PI3K/Akt signaling pathway is associated with the induction of apoptosis [45].
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Figure 7. Canonical pathway analysis of PIE response following individual G9P[13] infection vs. control (non-infected PIE) and G5P[7] infection vs. control (non-infected PIE) performed using Qiagen IPA. Canonical pathways listed for G5P[7] are as follows: Focal adhesion kinase (FAK), sperm motility, ID1, growth hormone, eicosanoid, breast cancer regulation by stathmin 1, S100 family, and phagosome formation. Canonical pathways listed for G9P[13] are as follows: ABRA, Oxytocin, UVC-induced MAPK, actin cytoskeleton, endocannabinoid cancer inhibition, regulation of cellular mechanics by calpain protease, CDX gastrointestinal cancer, serotonin receptor, mismatch repair in eukaryotes, CXCR4, ILK, S100 family, thrombin signaling, senescence, role of tissue factor in cancer, cell cycle control of chromosomal replication, cardiac hypertrophy, role of BRCA1 in DNA damage response, endothelin-1, and kinetochore metaphase. Canonical pathway analysis was conducted using the IPA library and showed the most significant contributions through the input data set. For canonical pathway analysis, the −log (p-value) > 1.3 was taken as the threshold and the z-score > 2 was defined as the threshold for significant activation, while a z-score < −2 was defined as the threshold for significant inhibition. Bars indicate the activation z-score; blue symbols represent p values in log10 format. 
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Table 1. Modulation of expression of genes associated with cholesterol metabolism in PIEs infected with G5P[7] and G9P[13].
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G9P[13]

	
G5P[7]




	
Fold Change

	
−log p Value

	
Fold Change

	
−log p Value






	
Cholesterol uptake




	
ABCG5

	
58.627205

	
89.5782

	
−3.995761

	
5.43281




	
NPC1L1

	
7.471481

	
38.1745

	
ns

	
ns




	
ABCG8

	
84.804386

	
98.0164

	
−2.473705

	
2.40029




	
ABO

	
2.057700

	
5.72287

	
ns

	
ns




	
APOE

	
5.547256

	
3.63708

	
ns

	
ns




	
LDLR

	
Ns

	
ns

	
ns

	
ns




	
MTTP

	
12.503798

	
31.0238

	
−2.241787

	
1.96767




	
Intracellular metabolism of cholesterol




	
MOGAT2

	
12.087326

	
28.8245

	
−2.076138

	
1.57498




	
DGAT1

	
5.312413

	
27.28793232

	
ns

	
ns




	
DGAT2

	
Ns

	
ns

	
ns

	
ns




	
ACAT1

	
Ns

	
ns

	
ns

	
ns




	
ACAT2

	
Ns

	
ns

	
ns

	
ns




	
LPCAT3

	
Ns

	
ns

	
ns

	
ns








For DEG analysis, the −log (p-value) > 1.3 and |fc| > 2 were used as threshold parameters.
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