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Abstract

:

Bovine viral diarrhea virus (BVDV) infections cause USD 1.5–2 billion in losses annually. Maternal BVDV after 150 days of gestation causes transient fetal infection (TI) in which the fetal immune response clears the virus. The impact of fetal TI BVDV infections on postnatal growth and white blood cell (WBC) methylome as an index of epigenetic modifications was examined by inoculating pregnant heifers with noncytopathic type 2 BVDV or media (sham-inoculated controls) on Day 175 of gestation to generate TI (n = 11) and control heifer calves (n = 12). Fetal infection in TI calves was confirmed by virus-neutralizing antibody titers at birth and control calves were seronegative. Both control and TI calves were negative for BVDV RNA in WBCs by RT-PCR. The mean weight of the TI calves was less than that of the controls (p < 0.05). DNA methyl seq analysis of WBC DNA demonstrated 2349 differentially methylated cytosines (p ≤ 0.05) including 1277 hypomethylated cytosines, 1072 hypermethylated cytosines, 84 differentially methylated regions based on CpGs in promoters, and 89 DMRs in islands of TI WBC DNA compared to controls. Fetal BVDV infection during late gestation resulted in epigenomic modifications predicted to affect fetal development and immune pathways, suggesting potential consequences for postnatal growth and health of TI cattle.
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1. Introduction


Bovine viral diarrhea viruses (BVDVs) are enveloped, single-stranded, positive-sense RNA viruses classified as pestiviruses within the family Flaviviridae, with a worldwide distribution in domestic cattle and other ruminant species [1]. Transmission of BVDV occurs horizontally, resulting in acute infections, and vertically from the acutely infected pregnant cow to her fetus [2]. The outcome of acute postnatal BVDV infections varies from clinically inapparent to severe hemorrhagic disease and peracute death depending on the virus strain [3,4]. Vertical transmission and fetal BVDV infection result in embryonic losses, a range of congenital malformations, abortions, stillbirths, and the birth of weak or non-viable calves [5]. Fetal BVDV infection between Days 30 and 125 of gestation, prior to the full development of the fetal immune system, results in the birth of immunotolerant, persistently infected (PI) calves [6,7]. PI cattle have reduced viability and longevity [8]; however, PI cattle are the main source of horizontal BVDV infections and maintenance of the virus in cattle populations by virtue of continual virus shedding during their lifetime.



In contrast, BVDV infections after 150 days of gestation result in a transient fetal infection (TI) when the more fully developed immune system can respond to and clear the virus. Previously, we have shown that when pregnant heifers are inoculated with a noncytopathic (ncp) type 2 BVDV on Day 175 of gestation, the fetuses mount a vigorous innate immune response, and genes bridging the innate and adaptive responses are activated [9]. The B cell component of the adaptive immune response in TI fetuses is also fully functional as inferred from the presence of BVDV-specific neutralizing antibodies present in serum collected at birth prior to the ingestion of colostrum. While the health, immune system, and mechanisms of immunotolerance of PI calves have been studied in detail, less is known about the impact of fetal TI BVDV infections.



In epidemiologic studies, Munoz-Zanzi et al. (2003) obtained blood samples from dairy calves prior to the ingestion of colostrum and identified congenitally infected (CI; synonymous with TI) calves by the presence of BVDV SN antibodies (titers ≥ 4) after birth [10]. In this study, CI calves were 2.3 times more likely to suffer an illness requiring treatment compared to non-CI calves. Waldner and Kennedy (2008) used BVDV serum neutralizing (SN) antibody titers at weaning to distinguish potential late-term BVDV-infected calves and assessed differences in weights with seronegative calves from the same herd [11]. They reported that age-adjusted calves with type 1 BVDV SN titers ≥ 1000 were 13 kg lighter in weight than calves with BVDV type 1 SN titers < 1000, and calves with type 2 BVDV SN titers > 1000 were 15.1 kg lighter than calves with BVDV type 2 SN titers < 1000. The difference in weaning weights between calves with high BVDV antibody titers was striking; however, the presence of high anti-BVDV SN titers at weaning does not definitively distinguish between TI calves and calves infected with BVDV between birth and weaning. The authors speculated that the weaning weight differences would be an additional economic loss in BVDV-infected beef herds. Although these epidemiologic studies showed that TI calves had a greater prevalence of disease and were lighter in weight than uninfected age-adjusted calves in their cohort, the suspected specific effects of fetal infection on the growth, immune system, postnatal health, and feedlot performance have not been confirmed experimentally.



Epigenetic changes found previously in the DNA of PI fetal calf spleens were associated with genes and pathways relevant to the immunological and congenital defects described for PI calves [12]. Therefore, we hypothesized that late-term BVDV infection of the bovine fetus might also cause epigenetic modifications in TI calves predictive of decreased growth and impaired immune systems. Furthermore, we posit that DNA in white blood cells (WBC) during fetal life may reflect more general epigenetic modifications and phenotypes not only in immune cells but also in other cells and organ systems of the body. To this end, TI and control calves were generated by inoculating pregnant heifers with a noncytopathic (ncp) type 2 BVDV suspended in media or media alone on Day 175 of gestation. The birth weights and methylomes of TI and control calves were compared.




2. Materials and Methods


2.1. Animals


Unvaccinated, yearling Hereford heifers were confirmed to be seronegative for antibodies to BVDV1 and BVDV2 by serum neutralization (SN) tests and negative for BVDV antigen in ear notch extracts by BVDV ELISA (IDEXX Laboratories, Westbrook, ME, USA). Heifers were housed at the Agriculture, Research, Development, and Education Center—Colorado State University (ARDEC-CSU). Each heifer was vaccinated twice with Clostridium Chauvoei-Septicum-Haemolyticum-Novyi-Sordelli-Perfringins Types C and D (Ultrabac, Zoetis, Kalamazoo, MI, USA) one month apart. The heifers were moved to the Animal Reproduction & Biotechnology Laboratory (ARBL) cattle facilities at approximately 13.5 months of age. Beginning at 14 months of age, heifers were estrus synchronized with intravaginal progesterone inserts (EAZI-BREED, Zoetis) for 14 days, followed by PGF2α (Lutalyse con, Zoetis) i.m. and the application of a heat-detection patch (Estrotect, Spring Valley WI, USA). Heifers with activated heat-detection patches (<50% of the patch activated; 60 to 72 h after PGF2α) were artificially inseminated (AI) with female sexed semen from a single Angus bull (Select Sires MidAmerica, Logan, UT, USA). Pregnancy was diagnosed by trans-rectal ultrasonography at 32 to 38 days and confirmed at 60 to 65 days post-AI at which time fetal sex was determined. Heifers were vaccinated 6 and 3 weeks prior to their predicted calving date with coronavirus-rotavirus vaccine Clostridium perfringens types C–E. coli bacterin toxoid (ScourGuard 4KC, Zoetis). All experiments were approved by the Institutional Animal Care and Use Committee at Colorado State University (Protocol approval number: 1656, 27 April 2021).




2.2. Virus and Inoculum


The BVDV virus 96B2222, a ncp BVDV2 [13] stock, was grown in bovine turbinate cells (BT) in Dulbecco’s Modified Eagle Medium (DMEM) + 4.5 g/L D-glucose + l-glutamine (Gibco/Thermo Fisher, Waltham, MA USA, Cat# 11965-092) + 2% horse serum (HS) (Sigma-Aldrich, St Louis MO, USA, Cat# H1138) and an inoculum of 4.0 log10TCID50/mL of ncp BVDV2 96B2222 was prepared in DMEM + 2% horse serum (HS) [14].




2.3. Experimental Design and Blood Collection


Heifers were determined to be pregnant by ultrasound 60 to 65 days post-AI. Fetal viability was confirmed by rectal palpation on Days 150 to 165 post-AI. Heifers with similar estimated calving dates were randomly placed into one of two groups, controls or BVDV-infected. Controls were generated by being inoculated intranasally on Day 175 of gestation with 4 mL of DMEM+ 2% HS (media only), to generate control heifer calves (n = 12) while infected heifers were inoculated with 4 mL of 4.0 log10TCID50 of ncp BVDV2 strain 96B2222 in DMEM + 2% HS to produce TI heifer calves (n = 11) as previously described [14]. Heifers were observed for signs of parturition and the newborn calves were ear-tagged, weighed, and jugular vein blood samples were collected in vacutainer tubes containing K2EDTA or no anticoagulant (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) prior to the calves standing and nursing. A second jugular vein blood sample was collected from each calf at 24 to 60 h of age. Blood tubes were placed on ice and processed within 1 h of collection. Processing consisted of centrifugation at 1200× g for 10 min at 4 °C. Serum was separated for immunoglobulin concentration determination.




2.4. WBC Preparation for RNA and DNA Extraction


Whole blood was collected in either blood collection tubes for serology or containing K2EDTA (Becton, Dickinson and Company, Franklin Lakes, NJ 07417). Blood tubes were centrifuged at 377× g for 10 min at 4 °C (Eppendorf 5804R, Enfield, CT, USA). The separated serum was placed into microcentrifuge tubes and stored at −20 °C for serology. Tubes containing K2EDTA were centrifuged at 300× g for 10 min at 4 °C. For each sample, the buffy coat was transferred into tubes containing 5 mL of an ammonium–chloride–potassium lysing buffer (ACK) (KD Medical, Columbia, MD, USA, Cat# RGF-3015) and incubated at room temperature for 5 min. The WBCs were pelleted by centrifugation at 42× g for 10 min at 4 °C, resuspended in 2.5 mL of ACK, and centrifuged at 300× g for 10 min at 4 °C. Following centrifugation in ACK, the supernatant was decanted, and the remaining WBC pellet was washed by resuspension in 1X PBS, (pH 7.4) followed by centrifugation at 300× g for 10 min at 4 °C. Following centrifugation, the supernatant was decanted, and the WBC pellets were resuspended in 1 mL of PBS for DNA extraction or 1 mL of Trizol (Ambion Life Technologies, Carlsbad, CA, USA) for RNA extraction.




2.5. Serology


Serum-neutralizing (SN) antibody titers were determined in a microtiter plate format using cytopathic (cp) BVDV2 (296c) and BTs as indicator cells [15]. Each serum dilution was tested in duplicate and 100 TCID50/25 µL of the test virus was added to each well. The plates were incubated for 1 h at 37 °C, 5% CO2 before adding 1 × 104 BT/well. The BTs in each well were scored for cytopathic effect after an additional 72 h of incubation. Each titration assay included duplicates of the TI and control calf sample, a positive control serum of known titers, cell controls, and the inoculum. The SN titer was the highest dilution of serum that prevented cytopathology.




2.6. IgG Quantification RID


Serum samples collected from calves 24 to 60 h after birth were assayed for IgG concentrations by radial immuno-diffusion (RID) assay (Colorado State University Veterinary Diagnostic Laboratory, USA) to confirm adequate colostrum absorption.




2.7. RNA Extraction and BVDV RT-PCR


RNA was extracted from WBCs using TRIzol reagent (Ambion, Carlsbad, CA, USA), treated with 6.8 Units of RNase-Free DNase I (Qiagen, Germantown, MD, USA, Cat# 79254) per sample and purified using RNeasy MinElute Cleanup Kit columns (Qiagen, Cat# 74204) according to the manufacturer’s instructions. The quantity and quality of the RNA were assessed using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and all samples had 260/280 ratios > 2.03. To confirm that the calves were not infected with BVDV, RNA extracted from WBCs in blood samples collected 1 week after birth were assayed for the presence of BVDV RNA by RT-PCR. RNA extracted from the ncp BVDV2 (96B2222) used to inoculate the pregnant heifers also was used as a positive control for BVDV RT PCR amplification. Briefly, cDNA was produced from 1 ug of RNA using Bio-Rad (Boulder, CO, USA) iScript Reverse Transcription Supermix (Cat# 1708841) at 46 °C for 1 h followed by 94 °C for 4 min (Mastercycler, Eppendorf, Hamburg, Germany). The primers used to detect BVDV RNA were as follows: forward, 5′-CAT GCC CAT AGT AGG AC-3′; reverse, 5′-CCA TGT GCC ATG TAC AG-3′. These amplify all BVDV1 and BVDV2 isolates [16]. The PCR reaction for each sample consisted of 1.5 µL of cDNA, 0.5 µL of each of the forward and reverse primers (3 µM), and 22.5 µL of Invitrogen PCR Supermix (Thermo Fisher Scientific, Waltham, MA, USA). The PCR reaction consisted of 41 cycles of 94 °C for 10 s, 50 °C × 15 s, 72 °C × 30 s for 41 cycles, followed by 1 cycle of 72 °C for 10 min and then held at 4 °C. Products were separated on a 2% agarose gel containing Gel Red (Biotium. Fremont, CA, USA, Cat# 41003) and visualized with a Molecular Imager ChemDoc XRS+ with Image Lab software (Version 6, BioRad, Hercules, CA, USA).




2.8. Reduced Representation Bisulfite Sequencing


DNA was extracted from WBCs processed from whole blood (see Section 2.4 DNA extraction) using a Qiagen DNeasy Blood and Tissue Kit as previously described [12]. Genome-wide classic reduced representation bisulfite sequencing (RRBS/methyl-seq) was performed for 5 control and 5 TI randomly selected WBC DNA samples by the methods provided by Zymo Research (Zymo Research, Irvine, CA, USA). Briefly, DNA samples were digested with 30 units of MspI (NEB; Ipswich, MA, USA), the fragments were then purified with DNA Clean & Concentrator-5 (Zymo Research; Irvine, CA, USA) and ligated to adapters with the replacement of cytosine with 50-methyl-cytosine according to Illumina’s guidelines. Fragments greater than 50 base pairs were recovered and treated with bisulfite using the EZ DNA Methylation-Lightning Kit (Zymo Research; Irvine, CA, USA). Samples were subjected to PCR with Illumina indices. The size and concentrations of purified products were confirmed with the Agilent 2200 TapeStation prior to sequencing on an Illumina platform.




2.9. Methylation Bioinformatics and Pathway Analysis


DNA samples from randomly selected TI (n = 5) and control (n = 5) calves were analyzed by Zymo Research (Irvine, CA, USA). Raw BAM files received from Zymo Research were analyzed in R (version 4.2.0) [17] using the methylKit (version 1.24.0) [18]. Differential DNA methylation was calculated by comparing the proportion of methylated cytosines in a test sample relative to control DNA. The bases or regions with different methylation proportions across samples were identified as differentially methylated cytosines (DMCs) and differentially methylated regions (DMRs), respectively. DMCs were considered significant with p < 0.01, and a 25% or greater difference in methylation and DMRs was considered different with p < 0.01 and a 15% difference in methylation between TI and control samples. Logistic regression was used to model methylation levels in relation to the sample groups and the variation between replicates. Gene IDs were identified using the genomation (version 1.30.0) [19] R package and Bos taurus reference genome ARS-UCD1.3. Quality control plots and gene ontology plots were generated with clusterProfiler (v4.6.2), pathview (version 1.38.0), and gage (version 2.48.0) R packages. Raw fasta files are available in the NCBI GEO Database (accession number GSE255721). Pathway analysis for hyper- and hypomethylated DMCs and DMRs were analyzed using Ingenuity Pathway Analysis (IPA; QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis, accessed on 1 March 2024, Germantown, MD, USA) as previously described [12] and the Kyoto Encyclopedia of Genes and Genomes (KEGG; https://www.genome.jp/kegg/, accessed on 1 March 2024) [20].




2.10. Statistical Analyses


The numbers of control heifer calves (n = 12) and TI heifer calves (n = 11) allow differentiation of proportions of 0.9 vs. 0.1 at a power of 80% (Fisher’s exact test). Statistical analyses were performed in GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). The data were checked for normality using D’Agostino and Pearson, Anderson–Darling, Shapiro–Wilk, and Kolmogorov–Smirnov tests. Unpaired, two-tailed Student’s t-tests were used to compare calf weights and gestational lengths for control and TI calves. Differences between control and TI calves were considered significant when p < 0.05. Data are presented as the mean ± standard error of the mean (SEM).





3. Results


3.1. Heifer Inoculations, TI, and Control Calf Weights and Serology


All BVDV-inoculated heifers seroconverted by Day 14 post-inoculation and all control heifers remained seronegative. Control and BVDV-inoculated heifers did not exhibit clinical signs of disease. A total of 12 control and 11 TI calves stood and nursed within 3 h of birth. The mean weight of newborn TI calves (mean ± SEM; 27.8 ± 0.96 kg) was less than the mean weight of control calves (31.85 ± 1.18 kg) (p < 0.05) (Figure 1). There was no difference in the gestational length of control (mean ± SEM; 274.0 ± 1.15 days) and TI calves (274.6 ± 1.45 days) (p = 0.58). All control calves were seronegative, and all TI calves were seropositive for type 2 BVDV SN antibodies (≥128) at birth. WBC from all calves were negative for BVDV RNA by RT-PCR (Figure S1). All calves had serum IgG immunoglobulin levels of >2200 mg/dL 24 to 60 h after birth, which was evidence of adequate passive transfer of colostrum antibodies.




3.2. Reduced Representation Bisulfite Sequencing: Overview of DMCs and DMRs


Classic RRBS of WBC DNA indicated no differences in whole genome global methylation levels between TI and control calves. Principal components analysis (PCA) did not demonstrate a clear separation of samples by treatment which supports the lack of global percent methylation differences between control and TI samples. There were 2349 DMCs including 1277 hypomethylated and 1072 hypermethylated cytosines in TI compared to control calves. The DMCs are represented in the heatmap (Figure 2).



Of the DMCs, 15% were in exons, 17% in promoters, 30% in intergenic regions, and 37% in introns. DMCs were found in all chromosomes (Figure 3). A total of 173 DMRs was also identified between TI and control calves with 84 DMRs located in promoters and 89 DMRs in islands. It is assumed in these studies that hypermethylation potentially results in the downregulation of affected genes, whereas hypomethylation results in the upregulation of affected genes.




3.3. Pathway Analysis of DMCs and DMRs


The methylome data include DMCs and DMRs that potentially affect gene expression in multiple pathways in the WBC DNA of TI calves compared to controls. An overall view of the top 20 major canonical pathways and genes affected by hyper- and hypomethylation is presented in Figure 4. A more detailed analysis of methylation was conducted by examining both hyper- and hypomethylated genes and associated pathways in specific upstream regulators and disease, and biological function pathways (Figure 5; also see Figure S2 for a complete list of canonical pathways). Figure 6 provides IPA legends, network shapes and path designer shapes for the selected canonical pathways highlighted herein.



Of the top twenty canonical pathways, several pathways may be grouped together based on their function or the organ systems affected, such as (1) nervous system development, GABA receptor signaling, Axonal Guidance Signaling, Opioid signaling, and Ephrin receptor signaling pathways; (2) immune system development, WNT/β-catenin signaling, G-Protein Coupled Receptor Signaling, Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis, and Th1 (Figure 7) and Th2 (Figure 8) activation pathways; and (3) embryonic differentiation and development, Transcriptional Regulatory Network in Embryonic Stem Cells (Figure 9), Rho family GTPases, and Human Embryonic Stem Cell Pluripotency (Figure 10).



Additional pathways affecting the development and activation of the immune system were impacted by TI fetal BVDV infection. These pathways included the fMLP Signaling in Neutrophils; CCR3 Signaling in Eosinophils; and IL-4, IL-8, IL-13, IL-15, IL-22, and IL-20 signaling. Pathways impacting cardiac development included Cardiac Hypertrophy Signaling (Figure S3), Cardiac β-adrenergic Signaling, Factors Promoting Cardiogenesis in Vertebrates, Cardiac Hypertrophy Signaling, the Role of NFAT in Cardiac Hypertrophy, and Dilated Cardiomyopathy Signaling. Pathways associated with bone development and disease included the Role of Osteoblasts in Rheumatoid Arthritis Signaling; the Role of Osteoblasts, Osteoclasts, and Chondrocytes in RA (Figures S4 and S5); Chondroitin Sulfate Biosynthesis; and RANK Signaling in Osteoclasts. Pathways affecting the liver included Hepatic Fibrosis Signaling and Hepatic Stellate Cell Activation. The Pulmonary Healing Signaling and Pulmonary Fibrosis Idiopathic Signaling pathways were ascribable to the lung.



Genes containing hypermethylated CpGs and predicted to be downregulated in TI calves relative to controls impacted multiple pathways. These genes included but were not limited to (1) the secreted growth factors WNT3A, WNT7A, WNT7B, and WNT10A in the Transcriptional Regulatory Network in Embryonic Stem Cells; Cardiac Hypertrophy; Pulmonary Healing; the Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis; the Role of Macrophages; Fibroblasts and Endothelial Cells in Rheumatic Arthritis pathways (Figure 9, Figure 11, Figures S3 and S4); (2) the multifunctional cytokine leukemia inhibitor factor (LIF) in the Transcriptional Regulatory Network in Embryonic Stem Cells and Cardiac Hypertrophy pathways (Figure 9 and Figure S3); (3) members of the fibroblast growth factor family, FGF3, FGF19, and receptor FGFR1; the transforming growth factor beta (TGFB1) in the Transcriptional Regulatory Network in Embryonic Stem Cells; Human Embryonic Stem Cell Pluripotency; Cardiac Hypertrophy pathways (Figure 9, Figure 10, and Figure S3); the calcium-binding proteins 1 and 4 (CALM1/4) in the Cardiac Hypertrophy; the Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis; fMLP Signaling in Neutrophils; CCR3 Signaling in Eosinophils; and the Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis pathways (Figure 11 and Figures S3–S5); and (4) the transcription factors; the nuclear factor of activated T cells 1 (NFATc1) and 4 (NFATc4) in Th1 and Th2 Activation; Cardiac Hypertrophy; the Role of Osteoblasts, Osteoclasts and Chondrocytes in RA; and fMLP Signaling in Neutrophils pathways (Figure 7, Figure 8, Figures S3 and S5).



Genes containing hypomethylated CpGs and predicted to be upregulated in TIs compared to controls that appeared in multiple pathways included (1) the secreted growth factors WNT4, WNT5B, WNT7A, and WNT10A; (2) the WNT receptor, Frizzled (FZD1), in the Transcriptional Regulatory Network in Embryonic Stem Cells, Human Embryonic Stem Cell Pluripotency, Factors Promoting Cardiogenesis in Vertebrates (Figure 9 and Figure 10); (3) members of the MAP kinase family, ERK1/2/MAPK3, which phosphorylate nuclear targets in Cardiac Hypertrophy, fMLP Signaling in Neutrophils, CCR3 Signaling in Eosinophils, Growth Hormone Signaling, and multiple other pathways (Figure S3); (4) protein kinases PRKCB, PRKX, and ITPKB in the Human Embryonic Stem Cell, Role of Osteoclasts in Rheumatoid Arthritis, Cardiac Hypertrophy pathways (Figure 10, Figures S3 and S4); (5) transcription factors Forkhead Box Protein D3 (FOXD3) in the Transcription Regulatory Network in Embryonic Stem Cells (Figure 9) and cAMP response element-binding protein (CREB) in Factors Promoting Cardiogenesis in Vertebrates pathways; and (6) members of the rat sarcoma virus (RAS) oncogene family of GTPases RAB4A, RAB26, RAB40C, and RABGAP1L.DMRs located in gene promoters may also influence the transcription of these genes (Figure 12).



Eighty-four DMRs were found in gene promoters of TIs versus controls (Figure 12). Gene promoters containing hypermethylated CpGs were found in CALM4, FGR, and BLK. Gene promoters with hypomethylated CpGs were found in matrix metalloprotein 9 (MMP9), interleukin 11 receptor subunit A (IL11RA), the zeta chain of T cell receptor-associated protein kinase 70 (ZAP70), and lymphocyte expansion molecule (LEXM) genes. The canonical pathways for these DMRs analyzed in IPA include but are not limited to the immune response-related pathways, the Neutrophil Extracellular Trap Signaling, IL-15 Production, IL-15 Signaling, IL-13 Signaling, Activating JAK and STAT6, IL-6 Family Signaling, and Neutrophil Degranulation pathways. An additional 89 DMR islands were identified within genes in the TI methylome. The CpG islands containing hypermethylated CpGs included Fc gamma receptor1a (FCGR1A), ZAP70, and interleukin 9 receptor (IL9R). Genes containing CpG islands with hypomethylated CpGs included phosphoinositide-3-kinase interacting protein 1 (PIK3IP1), an RAS oncogene family member (RAB20), and LEXM. Canonical pathways predicted to be affected by IPA based on these DMRs included Interleukin-9 Signaling, IL-1 Signaling, IL-15 Production pathways related to the immune response, and Cardiac β-adrenergic Signaling and Cardiac Hypertrophy Signaling pathways referable to cardiac development.




3.4. Pathway Analysis of DMCs and DMRs Using KEGG


The DMC and DMR data from TI WBC DNA were analyzed using KEGG in the context of the bovine genome (ARS-UCD1.2/BosTau9) [20]. The hyper- and hypomethylated CpGs in TI WBC DNA relative to controls were found in common with multiple pathways identified in IPA such as the WNT Signaling, ERK/MAPK Signaling, and Calcium Signaling pathways which control basic cellular processes involved in cellular growth, differentiation, and embryonic development. KEGG analysis identified multiple pathways involving the immune system including B Cell Receptor Signaling (Figure 13). Other pathways identified by KEGG analysis included T Cell Receptor Signaling, Cytokine–Cytokine Receptor Interaction (Figure S6), Chemokine Signaling, Hematopoietic Cell Lineage, T Cell Receptor Lineage, and TNF signaling pathways that were similar to pathways found in the IPA analyses. Pathways involved in growth and development included but were not limited to the Metabolic, Biosynthesis of Fatty Acids, Fatty Acid Metabolism, Mineral Absorption, and Glutathione Metabolism pathways.



Also similar to the IPA analysis, KEGG found DMRs in the promoters of 20 genes including Src family tyrosine kinases BLK in the B Cell Receptor Signaling pathway (Figure 13), FGR in the Chemokine Signaling pathway, interleukin 11 receptor subunit alpha (IL11RA) in the Cytokine–Cytokine Receptor Interaction pathway (Figure S6), Interleukin 2 receptor subunit beta (LOC510185) in the Th1 and Th2 Receptor Interaction pathway, and Matrix Metallopeptidase 9 (MMP9) in the TNF Signaling pathways. Of these genes, the DMRs in BLK and FGR contain hypermethylated CpGs. KEGG analysis also found DMRs in the islands within 19 genes including IL9R in the Cytokine–Cytokine Receptor Interaction, JAK-STAT Signaling, and the Hematopoietic Cell Lineage pathways; ZAP70 in the Natural Killer Cell-Mediated Cytotoxicity and the T Cell Receptor Signaling pathways; Mitogen-Activated Protein Kinase 6 (MAP2K6) in the GnRH Signaling; the Growth Hormone Synthesis, Secretion, and Action pathways; and Calcium Voltage Channel (CACNG1) in the Hypertrophic, Arrhythmogenic Right Ventricular, and Dilated Cardiomyopathy pathways. The DMRs in islands of IL9R and ZAP70 contained hypermethylated CpGs and the DMRs of MAP2K6, and CACNG contained hypomethylated CpGs.





4. Discussion


4.1. Decreased Birth Weight and Evidence for an Active Immune Response in TI Calves at Birth


Transient fetal infection with BVDV induced by maternal inoculation with an ncp type 2 BVDV on Day 175 of gestation reduced the mean birth weight of TI calves compared to controls. These findings agree with previous epidemiologic observations in beef calves with BVDV SN antibody titers ≥ 256 at weaning that weighed 8.6 to 15. kg less than calves with lower SN titers [11]. The decreased birth weight in TI calves reported here is likely a continuation of growth restriction that began in utero. At birth, the TI calves were seropositive for BVDV-specific SN antibodies and were negative for BVDV RNA, confirming that they had been infected with BVDV in utero, mounted an immune response, and had cleared the virus infection as previously described [21]. These findings are evidence of a functional and effective immune system in the TI fetuses on Day 175 of gestation.




4.2. Transient Fetal BVDV Infection Causes Epigenetic Modifications in WBC DNA


The methylomes of WBCs from five TI calves were compared to those of five controls to identify hyper- and hypomethylated DMCs, DMRs, genes, and pathways potentially involved in the decreased birth weights and increased susceptibility to disease associated with TI BVDV infections in previous studies. The total number of DMCs (2349) in the TI WBC DNA is comparable to the 2641 DMCs found in the DNA of spleens from PI fetuses on Day 245 of gestation [12], indicating that epigenetic changes also occur in older bovine fetuses in response to BVDV infection. However, the number of hypomethylated DMCs in WBC DNA compared to controls was approximately 1.8 times greater in TIs compared to that of PI fetal spleens (1277 vs. 691) and the number of hypermethylated DMCs commensurately less in TIs compared to the splenic DNA of PI fetuses (1072 vs. 1951) [12]. The increased hypomethylated and decreased hypermethylated CpGs in TI calves compared to PI fetuses may reflect some resistance to or impairment of DNA methylation processes in the older (TI) fetuses at the time of fetal BVDV infection. It is possible that the active immune response of these older fetuses inhibited the hypermethylation of their WBC DNA relative to the controls. The mechanism by which the immune response to BVDV might interfere with DNA methylation is currently unknown.




4.3. Pathway Analysis of TI WBC Methylome


Analysis of the DMC data in both IPA and KEGG yielded links between the affected genes and clinical observations of impaired immune system development and growth previously described for TI calves [10,11]. Several pathways suggest the dysregulation of immune cell functions in TI calves. In the Th1 and Th2 Activation pathways (Figure 8 and Figure 9), multiple cytokines produced by Th2 cells were predicted to be downregulated including IL-3, IL-5, IL-9, IL-10, IL-13, and IL-31. These cytokines have a wide range of actions including promoting the growth, differentiation, and activation of T cells (IL-3, IL-9, IL-31), eosinophils (IL-3, IL-5, IL-13), and B cells (IL-5) [22,23,24,25]. IL-10 has regulatory functions and was predicted to be downregulated in both Th1 and Th2 cells. Produced in response to LPS, IFNγ, and other mediators, IL-10 inhibits the release of cytokines, antigen presentation, and phagocytosis by monocytes/macrophages, thus dampening the inflammatory response [26]. Inhibition of IL-10 production in TI animals would result in the loss of control over the immune response triggered by microbial infections leading to chronic inflammation, collateral damage to tissues, aberrant metabolism, and severe disease [27,28]. Other cytokines including interleukin-11 (IL-11), lymphotoxin-α (LTA), tumor necrosis family member 11 (TNSF11), chemokine receptor 3 (CXCR3), and C-C motif chemokine receptor 5 (CCR5) are predicted to be upregulated in Th1 cells. These cytokines have a broad range of actions including controlling lymphoid organ development (LTA), differentiation and activation of osteoclasts and T cells (TNFSF11), T cell memory (CXCR3), and the coordination of immune responses (CCR5) [29,30,31]. The gene for the co-receptor of T cell receptors, CD8A, also hypomethylated, is an important mediator of multiple immune cell interactions [32]. Upregulation of CD8A may reflect the activation of CTLs responsible for killing and clearing BVDV-infected cells during fetal infection. The hypomethylation and predicted upregulation of these genes may be a residual manifestation of the active immune response of TI fetuses previously reported to occur 15 days post-maternal inoculation with BVDV on Day 175 of gestation [14]. The predicted activation of immune cell production and differentiation in the methylome of TI calves contrasts with the inactivation of the innate and adaptive immune responses demonstrated in PI fetuses [33]. In summary, the DMGs in immune-related pathways suggest that BVDV infection at this later stage of gestation caused key genes in the immune system to be epigenetically modified, potentially dysregulating their expression, and causing impaired responses to microbial infections during post-natal life.




4.4. Key DMGs in TI WBC DNA


The key genes, WNT3A, WNT7A/7B, WNT10A, LIF, and NFATc1/4 contained hypermethylated DMCs in both TI WBC and PI splenic DNA. Members of the WNT family of glycoproteins exert their effects by binding to Frizzled receptors leading to activation of T cell factor (TCF) which regulates the expression of target genes [34]. Downregulation of WNT activity was predicted by IPA to inhibit embryonic stem cell pluripotency; mesoderm, endoderm, ectoderm, and extraembryonic tissue differentiation and development; and neurogenesis, extracellular matrix accumulation, and osteoclast function. Leukemia inhibitor factor (LIF) has a broad range of biological functions involving the neuronal, hepatic, endocrine, inflammatory, and immune systems and also regulates embryonic implantation and ESC pluripotency [35]. LIF binds to its receptor (LIFR) activating the JAK/STAT3, PI3K/AKT, ERK1/2, and mTOR signaling pathways. Inhibition of LIF was predicted to downregulate ID1-mediated functions including angiogenesis and the growth of a broad array of tumor cells. Collectively, hypermethylation and potential downregulation of WNTs and LIF were predicted to decrease fetal growth and differentiation. CALM1 and CALM4 are Ca2+ sensing proteins found in several major signaling pathways including the RAS, calcium, cAMP, adrenergic signaling in cardiomyocytes, and phosphotidylinositol signaling pathways. The latter functions in the contraction and relaxation of skeletal, smooth, and cardiac muscles. Downregulation of CALM1 is predicted to cause electrical dysfunctions in muscle and is associated with cardiac arrhythmias; however, redundancy exists in the form of CALM2 and CALM3, which may mitigate this effect [36]. CALM4 is also a component of the intermicrovillar adhesion complex associated with the brush border cells of intestinal microvilli [37]. Inhibition of CALM4 perturbs brush border formation leading to malformation of intermicrovillar adhesion complexes dysregulating intestinal epithelial cell formation and function with potential consequences for the absorption of nutrients. NFATc1 and NFATc4 are components of the DNA-binding transcription complex in activated T cells and play key roles in immune responses including IL-2 and IL-4 cytokine induction. NFATc1 is also involved in cardiac valve formation and is required for osteoblastogenesis, osteoclastogenesis, and differentiation. Downregulation of NFATc1 and NFATc4 was predicted to interfere with T cell activation and cardiac and bone development.



The following genes were hypomethylated in TIs compared to controls. Phosphoinositide-3-kinase (P3K) is a subunit of phosphoinositide 3 kinases and functions in the activation of AKT1 in multiple intracellular pathways affecting cell growth, proliferation, differentiation, migration, and secretory functions. Upregulation of PI3K is predicted to inhibit cell growth and differentiation in these pathways (Figure 7, Figure 8, Figure 9, Figure 10 and Figure S4). SMAD family member 7 (SMAD7) is a negative regulator of TGF-β signaling affecting multiple pathways with consequences for embryonic development, the inflammatory and immune response, and metabolism. Upregulation of SMAD7 is predicted to have inhibitory effects on the transcription factors NANOG, SOX2, and POU5F4 with negative effects on embryogenesis including mesoderm, endoderm, and ectoderm differentiation and development (Figure 10) [38]. Upregulation of transcription factor CREB is predicted to be involved in cardiogenesis through the activation of TGFB2. Upregulation of transcription factor FOXD3 is predicted to inhibit mesoderm, endoderm, ectoderm development, and differentiation through the activation of POU5F1, SOX2, and NANOG (Figure 9 and Figure 10). The RAS oncogene family of GTPases RAB4A, RAB26, RAB40C, and RABGAP1L are hypomethylated and potentially upregulated in TI animals. Located in the Golgi and ER, these GTPases regulate intracellular vesicle trafficking including exocytosis, endocytosis, and intracellular protein transport processes that are important in protein and lipid metabolism. RAB20, located in the Golgi apparatus and phagocytic vesicles, is involved in the fusion of lysosomes with phagosomes and phagosome acidification. Upregulation of RAB20 may impact normal cellular processes such as phagocytosis and degradation of pathogens by macrophages. Flaviviruses including BVDV enter cells through endocytosis and uncoating within acidified endosomes [39]. Increased RAB20 activity along with other hypomethylated RAB family members may enhance the entry and uncoating of BVDV in cells such as macrophages for which these viruses have a tropism.



KEGG analysis of DMRs in promoters identified the hypermethylated gene MMP9 in multiple pathways. MMP9 a metallopeptidase produced by macrophages, degrades the extracellular matrix and activates cytokines and chemokines involved in leukocyte migration, neutrophil functions, tissue remodeling, embryogenesis, bone development, and angiogenesis [40]. Inhibition of MMP9 is predicted to impact the immune response and bone and heart development. The DMRs in islands within IL9R and ZAP70 contained hypermethylated CpGs, suggesting the potential for downregulation of cytokine signaling and inhibition of T and NK cell functions. The DMRs of MAP2K6 and CACNG contain hypomethylated CpGs, indicating that these genes are potentially upregulated. Upregulation of MAP2K6 may affect growth through its effects on GnRH and growth hormone expression. Upregulation of CACNG1 would potentially affect RAB20 functions, as discussed above.




4.5. Comparison of TI WBC and PI Spleen Methylomes


Hyper- and hypomethylated DMCs were found in genes and pathways related to the development of the nervous system, immune system, heart, liver, lung, and bone in the methylome of TI WBCs. In a previous study of the methylome of PI fetal spleens obtained on Day 245 of gestation, IPA also predicted pathways for diseases affecting the cardiovascular, neurologic, respiratory, skeletal muscle, hepatic, and reproductive systems [12]. Congenital defects in these organs have been described in PI cattle but have not been described in TI cattle. At present, the identification of TI cattle is problematic as infection with BVDV during late gestation can only be determined by identifying BVDV-specific antibodies in the circulatory system of calves prior to the ingestion of colostrum and absorption of antibodies. Many congenital defects in cattle are not recognized until later in life after the window of opportunity for detecting pre-colostral BVDV-specific antibodies is over. This limitation in the identification of TI cattle makes it difficult to correlate congenital defects with TI status. A potential outcome of the methylome data generated in this study would be the selection of biomarkers to identify TI cattle. Identification of TI cattle later in life would allow measurements of growth, health, and productivity to be compared with uninfected herd mates. These analyses would enhance our understanding of the mechanisms by which fetal BVDV infections impact specific organs and metabolic processes.



Pathways in common between TI WBC and PI splenic methylomes include the Human Embryonic Stem Cell Pluripotency pathway which impacts fetal growth and development, and the Role of Macrophages, Fibroblasts, and Endothelial cells in Rheumatoid Arthritis pathway affecting immune cell functions. Similarly, TI and PI methylomes shared some hyper- and hypomethylated genes including NFATc1 and WNT7A, which were hypermethylated in both TI WBC and PI splenic methylomes. However, there are many examples of genes that differ in their methylation status between TI WBCs and PI splenocytes. For example, CALM1, which was hypermethylated in TI WBC DNA, was hypomethylated in PI spleen DNA.




4.6. Potential Pitfalls, Confounders, and Complications Affecting the Interpretation of Methylome Data


There are several issues that complicate the interpretation of DNA methyl seq data and pathway analyses. First, these data are limited to methylation changes to DNA and do not include other epigenetic alterations such as histone modifications and post-translational regulation by non-coding RNAs. Compounding this issue, DMCs in TI WBC DNA were found in genes impacting histone acetylation, suggesting that histone modifications likely also play a role in gene expression in TI calves. These genes include histone PARylation factor 1 (HPF1, LOC101902204) and H1.8 linker histone (H1-8), which are hypomethylated in TI WBC DNA compared to controls. Upregulation of HPF1 would enable chromatin and histone binding, thereby decreasing transcription and promoting DNA damage repair [41]. H1-8, a member of the histone family, interacts with DNA to compact it between nucleosomes inhibiting transcription [42]. Upregulation of these two genes would be expected to have an additive effect causing downregulation of genes through histone acetylation. This action is countered by two genes that contain hypermethylated CpGs in TIs compared to controls, Histone deacetylase 11 (HDAC11) and the REST corepressor (RCOR1). HDAC11 removes acetyl groups from histones leading to closed chromatin structure and decreased gene expression. Downregulation of HDAC11 would decrease the deacetylation of histones resulting in a more open chromatin structure potentially allowing increased expression of gene expression [31]. RCOR1 is a component of a complex that functions as a transcriptional repressor by restricting access to the transcriptional machinery [43]. Downregulation of RCOR1 may potentially release its repressor action on transcription. In contrast to the epigenetic effects on HPF1 and H1-8, the downregulation of HDAC11 and REST may enhance the transcription of target genes. Therefore, the effects of TI during postnatal life are complex and difficult to attribute solely to the epigenetic modifications of a single gene.



Several genes contain both hyper- and hypomethylated CpGs. In genes that encode multiple transcripts via alternative splicing, it is possible that hypermethylated CpGs could interfere with the production of one transcript versus another, giving rise to differential expression of “duplicate genes” in the IPA analyses. Examples include WNT7A, WNT7B, and PRKCA, which are predicted to be both upregulated and downregulated based on multiple DMCs. In addition, the methylome data do not specify whether the modified genes are located on the paternal, maternal, or both chromosomes. Inhibition of a gene by methylation may have greater or lesser effects in the developing fetus if the DMG occurs on the paternal chromosome versus the maternal allele [44]. In mice, genes on the maternal chromosomes involved in brain development are expressed during fetal development whereas paternal genes are expressed later [45]. If a hypermethylated gene involved in growth is located on the paternal chromosome, it may be downregulated and unresponsive to stimulation in ~50% of the TI fetuses. The other 50% of TI fetuses may transcribe the hypomethylated allele on the maternal chromosome with transcription and translation of the gene product contributing to normal growth. The added variability in gene expression introduced by parental bias could potentially be perceived as “incomplete penetrance” of an epigenetically modified gene in the phenotype of the offspring. For example, parental bias might explain the range and variation in the TI birth weights.



Hypermethylation and hypomethylation of genes have the potential to inhibit or increase the transcription of the gene during the lifetime of the individual. However, transcription of an individual gene at a given point in time is dependent on the application of a stimulus and the upstream regulatory elements involved in transcription. For example, the hypomethylation of NFATc2 is predicted to activate RCAN1 and NPPB, which are related to exercise-induced cardiac hypertrophy and concentric hypertrophic cardiomyopathy, respectively. Upregulation of NFATc2 and activation of RCAN1 and NPPB might only be fulfilled in the presence of mechanical and environmental stressors such as exercise or high altitude, physiological factors such as epinephrine/norepinephrine, and natriuretic peptides in response to excitement and blood pressure. Additional stressors may include increased pulmonary hypertension due to tissue damage caused by microbial infections of the respiratory tract and nutritional deficiencies affecting cardiac muscle function. In the absence of these factors, activation of these three genes might not be realized and the cardiac effects may not develop or be observed.



It is not currently known whether the DMCs and DMRs present in the DNA of WBCs are also differentially methylated in other tissues of TI calves. For example, is a hypermethylated gene in the hepatic fibrosis pathway in the WBC DNA also hypermethylated in DNA from the liver? The occurrence of hypermethylated genes such as the WNTs in both the WBC DNA of the TI calves and in the placentae of PI fetuses suggests that some genes may be similarly methylated as a general consequence of fetal BVDV infection regardless of the tissue. This question warrants future investigation of the methylome in other tissues of TI cattle. Finally, the IPA pathway analyses are based on information excerpted from studies of the molecules and pathways in humans, mice, and rats. These genes and pathways have not been as extensively explored in bovine species, perhaps limiting the analyses. To verify the pathways predicted in IPA, the DMCs and DMRs were also analyzed in the bovine genome using KEGG. Overall, similar and identical pathways were identified in KEGG as in IPA analyses, especially with regard to the developing immune system. While it is important to interpret the methylome data in light of these limitations, the methylome data presented here establish a basis for future studies of the anatomic and physiologic changes in the bovine due to fetal TI BVDV infection.



The role of viruses that induce epigenetic changes and impact cellular processes that culminate in serious and chronic diseases has been increasingly the subject of investigation at the cellular and molecular levels [46]. Microbial infections during pregnancy that induce epigenetic changes are of particular interest because of their potential long-term impact on the health of the offspring and perhaps across generations [47]. Mechanisms involved in epigenetic alterations may differ between microorganisms that cross the placenta and those that incite an inflammatory/cytokine response in the dam. In the latter case, cytokines and other proteins may cross the placenta to influence the methylation of fetal DNA [48]. BVDV is part of the first group of pathogens that readily cross the placenta in immunologically naïve dams. The mechanism(s) by which BVDV triggers CpG methylation are likely to be indirect since BVDV replication occurs in the cytoplasm and BVDV-encoded proteins and RNAs do not directly interact with cellular DNA. Alterations in the methylome of PI BVDV fetuses were previously shown to occur in genes associated with the immune system, nervous system, heart, and bone [12]. All of these associations correspond to naturally occurring congenital defects observed in PI calves [12,49]. In this report, extensive epigenetic modifications to the WBC DNA of TI BVDV calves and predictions based on pathway analyses are reported, expanding our knowledge of the range of potential effects of BVDV fetal infections. The actual effects of these DMGs on the function of multiple organs, growth, and metabolism of TI cattle will be determined in future studies.





5. Conclusions


In a controlled experiment, late-term fetal BVDV infection resulted in a decrease in the mean birth weight compared to controls and induced an active immune response which cleared the virus. Fetal BVDV infection during late gestation caused epigenomic modifications in the methylome of WBCs collected at birth. Many of these modifications are predicted to impact fetal development, growth, and the immune system by potentially impacting gene expression postnatally with consequences for the health and productivity of TI cattle (Figure 14). Future studies will determine the impact of these epigenomic changes on the growth, immunity, and development of other organs in TI calves.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/v16050721/s1. Figure S1: RT-PCR for BVDV RNA in WBCs from control and TI calves. Figure S2: Complete list of top canonical pathways based on DMCs in IPA. Figure S3: Cardiac Hypertrophy Pathway. There were 554 genes in this pathway with 23 downregulated (or hypermethylated) and 22 upregulated (or hypomethylated) genes. Genes are predicted to change as described in the Prediction Legend in Figure 5. Figure S4: Predicted effects on osteoclast differentiation in IPA. Role of osteoblast, osteoclast, and chondrocyte cell signaling in rheumatoid arthritis pathway. There were 234 genes in this pathway with 12 downregulated (or hypermethylated) and 12 upregulated (or hypomethylated) genes. Other genes are predicted to change as described in the Prediction Legend in Figure 5. Figure S5: Predicted effects of TI on chondrocytes in IPA. Role of osteoblast, osteoclast, and chondrocyte cell signaling in rheumatoid arthritis pathway. There were 234 genes in this pathway with 12 downregulated (or hypermethylated) and 12 upregulated (or hypomethylated) genes. Other genes are predicted to change as described in the Prediction Legend in Figure 5. Figure S6: KEGG analysis of cytokine-cytokine receptor interaction. Differentially methylated genes in TI are marked with red stars, Hypermethylated/downregulated genes are indicated by green arrows and hypomethylated/upregulated genes are indicated by red arrows.





Author Contributions


Conceptualization, H.V.C. and T.R.H.; data curation, H.V.C.; formal analysis, H.V.C., D.A.M., J.N.K., and T.R.H.; funding acquisition, H.V.C. and T.R.H.; investigation, H.V.C., T.E.E., and T.R.H.; methodology, H.V.C., Z.B., J.V.B., C.L.G.-B., H.M.G., D.A.M., and J.N.K.; project administration, H.V.C. and T.R.H.; resources, T.R.H.; supervision, H.V.C. and T.R.H.; validation, D.A.M.; writing—original draft, H.V.C.; writing—review and editing, H.V.C., C.L.G.-B., H.M.G., J.V.B., D.A.M., and T.R.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the United States Department of Agriculture, National Institute of Food and Agriculture, Agriculture Food and Research Initiative Grant #2019-67015-29866, and the USDA-National Institute of Food and Agriculture Hatch/Multi-State Research Grant Accession No. 1011648, W114 Project No. COLO0220C.




Institutional Review Board Statement


This study was approved by the Colorado State University Institutional Animal Care and Use Committee under protocol #1656. The animal study protocol was approved by the Institutional Review Board (or Ethics Committee).




Informed Consent Statement


Not applicable.




Data Availability Statement


Raw data such as FASTQ, bedGraph, and processed Excel files are available in the NCBI GEO Database: https://www.ncbi.nlm.nih.gov/geo/browse/ (accession number GSE255721).




Acknowledgments


Authors thank the following people for assistance with this study. Heifer care: Rick Brandes (ARBL), Brandon Dodd (ARBL), Greg Harding (ARBL), Octavio de Almeida Guimaraes (AnSci), David Schafer (AnSci), Whitney Simmons (AnSci), Christina Nash (AnSci). Calving: Rick Brandes (ARBL), Cindy Brink (ARBL), Brandon Dodd (ARBL), Quinn McConnell (AnSci), Hanah Sueper (PVM), Amelia Tanner (ARBL) Catie Wharton (AnSci), Travis Walsh (PVM), and Sophie Zook (BMS).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Simmonds, P.; Becher, B.; Bukh, J.; Gould, E.A.; Meyers, G.; Monath, T.; Muerhoff, S.; Pletnev, A.; Rico-Hesse, R.; Smith, D.B.; et al. ICTV Report Consortium, ICTV Virus Taxonomy Profile: Flaviviridae. J. Gen. Virol. 2017, 98, 2–3. [Google Scholar] [CrossRef] [PubMed]

	



Baker, J.C. The clinical manifestations of bovine viral diarrhea infection. Vet. Clin. N. Am. Food Anim. Pract. 1995, 11, 425–445. [Google Scholar] [CrossRef] [PubMed]

	



Corapi, W.; Elliott, R.; French, T.; Arthur, D.; Bezek, D.; Dubovi, E. Thrombocytopenia and hemorrhages in veal calves infected with bovine viral diarrhea virus. J. Am. Vet. Med. Assoc. 1990, 196, 590–596. [Google Scholar] [CrossRef] [PubMed]

	



Pellerin, C.; Van Den Hurk, J.; Lecomte, J.; Tijssen, P. Identification of a new group of bovine viral diarrhea virus strains associated with severe outbreaks and high mortalities. Virology 1994, 203, 260–268. [Google Scholar] [CrossRef] [PubMed]

	



Bielefeldt-Ohmann, H. The pathologies of bovine viral diarrhea virus infection: A window on the pathogenesis. Vet. Clin. N. Am. Food Anim. Pract. 1995, 11, 447–476. [Google Scholar] [CrossRef] [PubMed]

	



Brownlie, J.; Clarke, M.C.; Howard, C.J. Experimental production of fatal mucosal disease in cattle. Vet. Rec. 1984, 114, 535–536. [Google Scholar] [CrossRef] [PubMed]

	



McClurkin, A.W. Production of cattle immunotolerant to bovine viral diarrhea virus. Can. J. Comp. Med. 1984, 48, 156–161. [Google Scholar]

	



Taylor, L.F.; Janzen, E.D.; Ellis, J.A.; van den Hurk, J.V.; Ward, P. Performance, survival, necropsy, and virological findings from calves persistently infected with the bovine viral diarrhea virus originating from a single Saskatchewan beef herd. Can. Vet. J. 1997, 38, 29. [Google Scholar]

	



Knapek, K.J.; Georges, H.M.; Van Campen, H.; Bishop, J.V.; Bielefeldt-Ohmann, H.; Smirnova, N.P.; Hansen, T.R. Fetal lymphoid organ immune responses to transient and persistent infection with bovine viral diarrhea virus. Viruses 2020, 12, 816. [Google Scholar] [CrossRef]

	



Muñoz-Zanzi, C.A.; Hietala, S.K.; Thurmond, M.C.; Johnson, W.O. Quantification, risk factors, and health impact of natural congenital infection with bovine viral diarrhea virus in dairy calves. Am. J. Vet. Res. 2003, 64, 358–365. [Google Scholar] [CrossRef]

	



Waldner, C.L.; Kennedy, R.I. Associations between health and productivity in cow-calf beef herds and persistent infection with bovine viral diarrhea virus, antibodies against bovine viral diarrhea virus, or antibodies against infectious bovine rhinotracheitis virus in calves. Am. J. Vet. Res. 2008, 69, 916–927. [Google Scholar] [CrossRef]

	



Georges, H.M.; Van Campen, H.; Bielefeldt-Ohmann, H.; Hansen, T.R. Epigenomic and Proteomic Changes in Fetal Spleens Persistently Infected with Bovine Viral Diarrhea Virus: Repercussions for the Developing Immune System, Bone, Brain, and Heart. Viruses 2022, 14, 506. [Google Scholar] [CrossRef] [PubMed]

	



Van Campen, H.; Vorpahl, P.; Huzurbazar, S.; Edwards, J.; Cavender, J. A case report: Evidence for type 2 bovine viral diarrhea virus (BVDV)-associated disease in beef herds vaccinated with a modified-live type 1 BVDV vaccine. J. Vet. Diagn. Investig. 2000, 12, 263–265. [Google Scholar] [CrossRef]

	



Smirnova, N.P.; Bielefeldt-Ohmann, H.; Van Campen, H.; Austin, K.J.; Han, H.; Montgomery, D.L.; Shoemaker, M.L.; van Olphen, A.L.; Hansen, T.R. Acute non-cytopathic bovine viral diarrhea virus infection induces pronounced type I interferon response in pregnant cows and fetuses. Virus Res. 2008, 132, 49–58. [Google Scholar] [CrossRef]

	



Carbrey, E.A. Rccommended standard laboratory techniques for diagnosis infectious bovine rhinotracheitis, bovine virus diarrhea and shipping fever (parainfucnza-3). In Proceedings of the 75th Annual Meeting of the United States Animal Health Association, Oklahoma City, OK, USA, 24–29 October 1971; Brown, L.N., Chow, T.L., Eds.; United States Animal Health Association: Oklahoma City, OK, USA, 1971; pp. 629–648. [Google Scholar]

	



Ridpath, J.F.; Bolin, S.R. Differentiation of types 1a, 1b and 2 bovine viral diarrhoea virus (BVDV) by PCR. Mol. Cell. Probes 1998, 12, 101–106. [Google Scholar] [CrossRef] [PubMed]

	



Team, R.C. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2018. [Google Scholar]

	



Akalin, A.; Kormaksson, M.; Li, S.; Garrett-Bakelman, F.E.; Figueroa, M.E.; Melnick, A.; Mason, C.E. methylKit: A comprehensive R package for the analysis of genome-wide DNA methylation profiles. Genome Biol. 2012, 13, R87. [Google Scholar] [CrossRef] [PubMed]

	



Akalin, A.; Franke, V.; Vlahovicek, K.; Mason, C.E.; Schubeler, D. Genomation: A toolkit to summarize, annotate and visualize genomic intervals. Bioinformatics 2015, 31, 1127–1129. [Google Scholar] [CrossRef]

	



Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [Google Scholar] [CrossRef]

	



Ohmann, H.B.; Jensen, M.H.; Sørensen, K.; Dalsgaard, K. Experimental fetal infection with bovine viral diarrhea virus. I. Virological and serological studies. Can. J. Comp. Med. 1982, 46, 357. [Google Scholar]

	



McCormick, S.M.; Heller, N.M. Commentary: IL-4 and IL-13 receptors and signaling. Cytokine 2015, 75, 38–50. [Google Scholar] [CrossRef]

	



Goswami, R.; Kaplan, M.H. A brief history of IL-9. J. Immunol. 2011, 186, 3283–3288. [Google Scholar] [CrossRef]

	



Dougan, M.; Dranoff, G.; Dougan, S.K. GM-CSF, IL-3, and IL-5 family of cytokines: Regulators of inflammation. Immunity 2019, 50, 796–811. [Google Scholar] [CrossRef] [PubMed]

	



Cornelissen, C.; Lüscher-Firzlaff, J.; Baron, J.M.; Lüscher, B. Signaling by IL-31 and functional consequences. Eur. J. Cell Biol. 2012, 91, 552–566. [Google Scholar] [CrossRef] [PubMed]

	



Sabat, R. IL-10 family of cytokines. Cytokine Growth Factor. Rev. 2010, 21, 315–324. [Google Scholar] [CrossRef] [PubMed]

	



Ouyang, W.; Rutz, S.; Crellin, N.K.; Valdez, P.A.; Hymowitz, S.G. Regulation and functions of the IL-10 family of cytokines in inflammation and disease. Annu. Rev. Immunol. 2011, 29, 71–109. [Google Scholar] [CrossRef] [PubMed]

	



Kominsky, D.J.; Campbell, E.L.; Colgan, S.P. Metabolic shifts in immunity and inflammation. J. Immunol. 2010, 184, 4062–4068. [Google Scholar] [CrossRef] [PubMed]

	



White, A.; Carragher, D.; Parnell, S.; Msaki, A.; Perkins, N.; Lane, P.; Jenkinson, E.; Anderson, G.; Caamaño, J.H. Lymphotoxin a-dependent and-independent signals regulate stromal organizer cell homeostasis during lymph node organogenesis. Blood J. Am. Soc. Hematol. 2007, 110, 1950–1959. [Google Scholar] [CrossRef] [PubMed]

	



Bishop, K.A.; Wang, X.; Coy, H.M.; Meyer, M.B.; Gumperz, J.E.; Pike, J.W. Transcriptional regulation of the human TNFSF11 gene in T cells via a cell type-selective set of distal enhancers. J. Cell. Biochem. 2015, 116, 320–330. [Google Scholar] [CrossRef] [PubMed]

	



Groom, J.R.; Luster, A.D. CXCR3 in T cell function. Exp. Cell Res. 2011, 317, 620–631. [Google Scholar] [CrossRef]

	



Taniuchi, I. CD4 helper and CD8 cytotoxic T cell differentiation. Annu. Rev. Immunol. 2018, 36, 579–601. [Google Scholar] [CrossRef]

	



Georges, H.M.; Knapek, K.J.; Bielefeldt-Ohmann, H.; Van Campen, H.; Hansen, T.R. Attenuated lymphocyte activation leads to the development of immunotolerance in bovine fetuses persistently infected with bovine viral diarrhea virus. Biol. Reprod. 2020, 103, 560–571. [Google Scholar] [CrossRef] [PubMed]

	



Cadigan, K.M.; Nusse, R. Wnt signaling: A common theme in animal development. Genes Dev. 1997, 11, 3286–3305. [Google Scholar] [CrossRef] [PubMed]

	



Yue, X.; Wu, L.; Hu, W. The regulation of leukemia inhibitory factor. Cancer Cell Microenviron. 2015, 2, e877. [Google Scholar]

	



Badone, B.; Ronchi, C.; Kotta, M.-C.; Sala, L.; Ghidoni, A.; Crotti, L.; Zaza, A. Calmodulinopathy: Functional effects of CALM mutations and their relationship with clinical phenotypes. Front. Cardiovasc. Med. 2018, 5, 176. [Google Scholar] [CrossRef] [PubMed]

	



Choi, M.S.; Graves, M.J.; Matoo, S.; Storad, Z.A.; Idris, R.A.E.S.; Weck, M.L.; Smith, Z.B.; Tyska, M.J.; Crawley, S.W. The small EF-hand protein CALML4 functions as a critical myosin light chain within the intermicrovillar adhesion complex. J. Biol. Chem. 2020, 295, 9281–9296. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, L.; Chen, S.; Chen, Y. Unraveling the biological functions of Smad7 with mouse models. Cell Biosci. 2011, 1, 44. [Google Scholar] [CrossRef] [PubMed]

	



Lecot, S.; Belouzard, S.; Dubuisson, J.; Rouillé, Y. Bovine viral diarrhea virus entry is dependent on clathrin-mediated endocytosis. J. Virol. 2005, 79, 10826–10829. [Google Scholar] [CrossRef] [PubMed]

	



Goetzl, E.J.; Banda, M.J.; Leppert, D. Matrix metalloproteinases in immunity. J. Immunol. 1996, 156, 1–4. [Google Scholar] [CrossRef]

	



Gibbs-Seymour, I.; Fontana, P.; Rack, J.G.M.; Ahel, I. HPF1/C4orf27 is a PARP-1-interacting protein that regulates PARP-1 ADP-ribosylation activity. Mol. Cell 2016, 62, 432–442. [Google Scholar] [CrossRef]

	



Choppakatla, P.; Dekker, B.; Cutts, E.E.; Vannini, A.; Dekker, J.; Funabiki, H. Linker histone H1. 8 inhibits chromatin binding of condensins and DNA topoisomerase II to tune chromosome length and individualization. eLife 2021, 10, e68918. [Google Scholar] [CrossRef]

	



Hwang, J.-Y.; Zukin, R.S. REST, a master transcriptional regulator in neurodegenerative disease. Curr. Opin. Neurobiol. 2018, 48, 193–200. [Google Scholar] [CrossRef]

	



Butler, M.G. Genomic imprinting disorders in humans: A mini-review. J. Assist. Reprod. Genet. 2009, 26, 477–486. [Google Scholar] [CrossRef] [PubMed]

	



Gregg, C.; Zhang, J.; Weissbourd, B.; Luo, S.; Schroth, G.P.; Haig, D.; Dulac, C. High-resolution analysis of parent-of-origin allelic expression in the mouse brain. Science 2010, 329, 643–648. [Google Scholar] [CrossRef] [PubMed]

	



Fischer, N. Infection-induced epigenetic changes and their impact on the pathogenesis of diseases. In Seminars in Immunopathology; Springer: Berlin/Heidelberg, Germany, 2020; pp. 127–130. [Google Scholar]

	



Pradhan, J.; Mallick, S.; Mishra, N.; Tiwari, A.; Negi, V.D. Pregnancy, infection, and epigenetic regulation: A complex scenario. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2023, 1869, 166768. [Google Scholar] [CrossRef] [PubMed]

	



Munro, S.K.; Balakrishnan, B.; Lissaman, A.C.; Gujral, P.; Ponnampalam, A.P. Cytokines and pregnancy: Potential regulation by histone deacetylases. Mol. Reprod. Dev. 2021, 88, 321–337. [Google Scholar] [CrossRef]

	



Webb, B.; Norrdin, R.; Smirnova, N.; Campen, H.V.; Weiner, C.; Antoniazzi, A.; Bielefeldt-Ohmann, H.; Hansen, T. Bovine viral diarrhea virus cyclically impairs long bone trabecular modeling in experimental persistently infected fetuses. Vet. Pathol. 2012, 49, 930–940. [Google Scholar] [CrossRef]








[image: Viruses 16 00721 g001] 





Figure 1. Control and TI heifer calf birth weights with mean (kg), *, p < 0.05. 
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Figure 2. Heatmap of 1072 hypermethylated and 1277 hypomethylated DMCs identified using logistic regression, using a chi-squared test and 25% methylation difference cut-off. Each column represents a replicate for controls and treatment. The horizontal axis shows clustering within the two groups. The yellow color palette indicates higher percent methylation and a density plot on the right shows the distribution of percent methylation values of the map. 
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Figure 3. The location and percentage of hyper- and hypomethylated DMCs on each chromosome. 
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Figure 4. Top twenty canonical pathways in IPA based on DMCs with the total number of DMCs listed. The bars indicate the percentage of hypermethylated genes (shown in green) and hypomethylated genes (shown in red) in the pathway. 






Figure 4. Top twenty canonical pathways in IPA based on DMCs with the total number of DMCs listed. The bars indicate the percentage of hypermethylated genes (shown in green) and hypomethylated genes (shown in red) in the pathway.



[image: Viruses 16 00721 g004]







[image: Viruses 16 00721 g005] 





Figure 5. Top upstream regulators and top diseases and functions in IPA based on DMCs. The # Molecules represent the total molecules in the pathway. The p-value refers to the upstream regulator or network identified. The p-value range is for each disease and biological function pathway listed. Values (1–9) underneath the graphic represent the −log10 (p-value). For example, a p-value of 1 × 10−8 represents a value of 9 [−log10 (p-value)] in the scale below the graphic. Symbols represent genes in the pathway with DMCs with p-values ranging from 0.001 to 1 × 108. The DMC symbols with p-values less than 1 × 109 are not shown in the graphic due to space limitations. The blue vertical line on the scale represents the median of the p-value exponents. If one or more p-values are < 10−10, then a single dot is shown at the right side of the scale. 
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Figure 6. Prediction Legend, Graphical Summary Legend, Network Shapes and Path Designer Shapes for Ingenuity Pathway Analysis. The double pink outlines around a shape indicate the gene is found in the DMC data. See IPA link for more details: https://qiagen.my.salesforce-sites.com/KnowledgeBase/articles/Knowledge/Legend, accessed on 1 March 2024). 
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Figure 7. T helper 1 Activation Pathway. There were 173 genes in this pathway with 6 downregulated (or hypermethylated) and 7 upregulated (or hypomethylated) genes. This T helper 1 Pathway overlaps on the upper right-hand side with the T helper cell Pathway described in Figure 8. Genes are predicted to change as indicated in the Prediction Legend (Figure 6). 
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Figure 8. T helper 2 Activation Pathway. Note overlap with Figure 7, in upper left hand side. Genes are predicted to change as indicated in the Prediction Legend (Figure 6). 
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Figure 9. The predicted effects of TI on Transcriptional Regulatory Network in Embryonic Stem Cells in IPA. There were 164 genes in this pathway with 9 downregulated (or hypermethylated) and 13 upregulated (or hypomethylated) genes. Genes are predicted to change as described in the Prediction Legend (Figure 6). 
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Figure 10. The predicted effects of TI on Human Embryonic Stem Cell Pluripotency in IPA. Genes are predicted to change as described in the Prediction Legend in Figure 6. 
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Figure 11. Role of Osteoblasts in Rheumatoid Arthritis Pathway. There were 234 genes in this pathway with 12 downregulated (or hypermethylated) and 12 upregulated (or hypomethylated) genes. Other genes are predicted to change as described in the Prediction Legend in Figure 6. Other predicted upregulated and downregulated genes affecting osteoclasts and chondrocytes in this pathway can be found in Figures S4 and S5. 
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Figure 12. Pathways containing CpGs in promoters predicted in IPA. The bars indicate the percentage of hypermethylated genes (shown in green) and hypomethylated genes (shown in red) in the pathway. The total number of CpGs is listed on the right. 
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Figure 13. B Cell Receptor Signaling Pathway, KEGG. Differentially methylated genes are marked with red stars, hypermethylated/downregulated genes are indicated by green arrows, and hypomethylated/upregulated genes are indicated by red arrows. 
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Figure 14. Graphical summary of the epigenetic modifications caused by transient BVDV fetal infection on the WBC methylome obtained at birth. Representative hypermethylated genes such as WNT, LIF, and FGFR are downregulated (indicated by the green arrows), negatively impacting fetal growth and organ development. These epigenetic changes are supported by an observed decrease in the mean weight of TI calves at birth compared to uninfected controls. Hypomethylated genes such as Notch1, CD8, and IL-11 (red arrows) are potentially upregulated due to the fetal immune response to BVDV infection. Activation of these genes with activation of the adaptive immune response is supported by the presence of BVDV-specific antibodies in serum and clearance of the virus by TI calves at birth. 






Figure 14. Graphical summary of the epigenetic modifications caused by transient BVDV fetal infection on the WBC methylome obtained at birth. Representative hypermethylated genes such as WNT, LIF, and FGFR are downregulated (indicated by the green arrows), negatively impacting fetal growth and organ development. These epigenetic changes are supported by an observed decrease in the mean weight of TI calves at birth compared to uninfected controls. Hypomethylated genes such as Notch1, CD8, and IL-11 (red arrows) are potentially upregulated due to the fetal immune response to BVDV infection. Activation of these genes with activation of the adaptive immune response is supported by the presence of BVDV-specific antibodies in serum and clearance of the virus by TI calves at birth.



[image: Viruses 16 00721 g014]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
DO Control

DO BVDV Ti

- o
8 ©

pajejAyjowiadAH pajejAyjswodAH

2106TI

2103TI

2183TI

2186TI

2169TI






media/file18.png
Path Designer Transcriptional Regulatory Network in Embryonic Stem Cells_4-26-24

Activin  Tdf IGFInsulin
A beta

NODAL FGF2
/

Extracellular space TGEBR _ EGER IGFR

Cytoplasm | RN e _ \
| Yo v oV \ Human embryonic
Low levels of FGF factors are critical ! RAS  PI3K JAK  SMAD1/5/9 \ stem cell
for stem cell maintenance and pluripotency, “ | «
while high levels promote differentiation. h p ®
eV MAP2K AKT

SMAD2/3/4 \\M
v
ERK1/2 G

Nucleus

SsmAd1/5/8-
>mad4

__ Role of OCT4

@ ~ in Mammalian
.I_llv\mB,UQoao Stem

Cell Pluripotency

|

|

|
|
|
|
|
|
|
|

4 _p

Troph oderm
dev ent

Upstream regulatory elements are similar across the core genes:
POUSF 1 promoter: FOXD3, NANOG, POU5F1-SOX2 complex
SOX2 promoter: POU5F1, NANOG, POU5F1-SOX2 complex
NANOG promoter: FOXD3, POU5F1, POU5SF1-SOX2 complex

lllllll FOXD3 promoter: NANOG, POU5F1-SOX2 complex

e B

e

TGE-B
naling\ HISTONE

N

© 2000-2024 QIAGEN. All rights reserved.





media/file21.jpg





media/file26.png
B CELL RECEPTOR SIGNALING PATHWAY

Co-inhibitor
:
....... [
I
I
Antigen m
E
Regul f :
S t t
I
[
] \
Calcium signaling D \
h pathway \
.@ \ B cell ontogeny
z DNA 4 Autoimmunity
—>[ APL PO——% Ancray
o : \ Immuno response
Co-inhibitor mz_ APK signaling u : / Ig production
pathway / GC formation
: /
i /
D >
: DNA
Survival E
R mz_u-_n B signaling E
\ 3 pathway :

CD19-21 ooB_u_ox

OoB_u_anE and
coagulation cascade

PI3K-Akt
h&m:»:sm wm&imv\u mav%w_ﬂmw_%_:mmm_maw

04662 1/6/23
(c) Kanehisa Laboratories





media/file27.jpg
Growth
WA, LIE, FGFR

Maternal BVDV
inoculation on day

175 of gestation differentiation, &

Geveiopment
§ vecreased rowth

et 3 worc, con i1

Day 0

2 Funcionsiimmune

2 7ana B ol actvation
2 5V0V Clowrance






media/file3.jpg
3
£
§
S
o
8

21067l

21037l

21837l

DOBVDVTI

7 2186TI

| reom

PoeiujounedAl  pejeiAuowiodAn





media/file22.png
£
=

BICF/

4

[\
W/

(

— e —
" e —
— —

— e —
Y e —
— —

— —
—— —
IIIIIIIIIIIIIIIIII
— —

I||||
e \\\‘

— —
— —
— —

==
|||||| \\\

M
\X><7//>ANS<T/ /2

<

O

AN\

" e —

=y
— e — —

Osteoblast

M gs Iu@genesis

N

Q
oL
17
o

tion

6otlasts  Osteoblastogenesis

e

Ost
actg,V@

==
— =
i ———

\
b
Osteoclast
tion maturation

clasts
@ﬂa

B %
Y 4
rentia

Ost

E——
— — e — — = -
N S S S S S SEEEE SEEE S S S S S S— —

tion  diff

— — — — — —

—
—

Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis

Ost.téjaélast
prolijgjra'

teoclasts
Qe@tlation

differenti

Lo,

Os

CSE
val

Osteoclast
s‘e“”‘o%olas

suryi

/
ol
Mac;rioph; age
uiy;al

surv
© 2000-2024 QIAGEN. All rights reserved.





media/file19.jpg
e B U SN





media/file7.jpg
Percentage out of Total Genes
0246 81012141610

awonal Guidance signaing N
A8 eceptor Signaing N
W cterin Sgnaing
ulmonary Hesing Signaing patney |
G-protein Coupled Receptor signaiing I
Teanscrptions Regulatory Network némsyonic temcets [
oo sgnaing patnwsy [
Signaling by Rho Family GTases |
o inked ghcospason I
Homan EmbryonicStem el ripotecy N
epninReceptor Signains I
oo Hyperophy Sgnatn (enhances) NN
[ —
Seotoin Receptor Sgnain NN
e ofOsteolsts in Rheumatid Arhits Signaing Py NN
Rol of Macrophages, Firoblastsan EndothealCas nRheumatoa A I
At Goskteton signing N
enMAPK Signaing NN
ol of Osteoiasts,Osteocats and Choncrocyesin Rhurmatoid Artvs NN
umonaryFvoss iopatic Sgnaing Potvwsy [

MDownreguiated Upreguisted

s16
138
174
200

71
164
2%
269
122
205
205
554
as7
497
205
339

219
234
327

Kemuied uoes Ul $9USD Jo JOQNN [EI0L.





media/file28.png
Maternal BVDV
inoculation on day
175 of gestation

Day 0

PostnataI.'“""""----...,.....

f Functional immune

Growth
& WNT, LIF, FGFR

Proliferation,
differentiation, &
development

‘ Decreased growth
‘ Decreased birth weight

Immune
4 nortcH1, cDs, IL-11

response

f T and B cell activation

f BVDV Clearance





media/file10.png
- Top Upstream Regulators
.~ Upstream Regulators

Name
beta-estradiol
TGFB1
dexamethasone
STAT3

ID2

~ Causal Network

Name

mometasone furoate

ETV6-RUNX1

ONECUT1

pirtobrutinib

‘canonical’ WNT target genes:TCF/LEF:TLE tetramer:HDAC1

.~ Top Diseases and Bio Functions
" Diseases and Disorders

Name

Cancer

Organismal Injury and Abnormalities
Endocrine System Disorders
Gastrointestinal Disease

Dermatological Diseases and Conditions

~ Molecular and Cellular Functions

Name

Cellular Development

Cellular Growth and Proliferation
Cellular Movement

Cellular Assembly and Organization
Cellular Function and Maintenance

~ Physiological System Development and Function

Name

Nervous System Development and Function
Organismal Development

Tissue Development

Tissue Morphology
Embryonic Development

p-value
+ 2.23E-16
+ B8.61E-15
+  5.41E-13
+  2.00E-11
1.15E-10
p-value
+  6.53E-28
«  6.59E-27
+  1.07E-26
+  3.50E-26
+  1.14E-25

p-value range
aNEA ALy 7.75E-04 - 4.57E-120
I  8.29E-04 - 4.57E-120
Etet 4 6.67E-04 - 1.70E-113
Woeews 4 7.16E-04 - 3.02E-91
- f  6.23E-04 - 9.46E-69

p-value range
®ey e~ « B.00E-04 - 1.01E-20
&8s~ + B.00E-04 - 1.01E-20

@ fis - +  8.00E-04 - 5.41E-16

%P aafs « 7.16E-04 - 1.35E-15

MNephptos e B.27E-04 - 1.35E-15
p-value range

ot es . 7.82E-04 - 1.01E-20
e . 7.82E-04 - 1.01E-20
mase.s . 7.88E-04 - 1.01E-20
oopsohe o 7.31E-04 - 6.04E-18
WMpscet e 7.20E-04 - 3.38E-14

Predicted Activation

Predicted Activation

# Molecules
1099
1112
1020
1024
831

# Molecules
527
497
361
316
427

# Molecules
344
569
499
363
427





media/file14.png
Th1
differentiation:

- cell-mediated immunity
- intracellular pathogens
- inflammation

- autoimmunity

IL-27: Early activation of Th1, later inhibi
Produced also by Tr1 ce

Inhibiting
factors and receptors

Nucleus

CD4+ T cells play a critical role in adaptive immunity.
Following T cell receptor activation by antigen-presenting cells
(APCs), CD4+ T cells differentiate into one of several lineages
of T helper cell subtypes including Th1, Th2, Th17, and iTreg,
depending on the ambient pattern of cytokine production.

nlogical/synapse

Interleukins IL-12, IL-27, and
IL-18 begin the priming of Th1 cells,
in combination with antigen presen-

tation. Interferon gamma
is then produced and
continues Th1 activation.

—

antigen presenting cell
..such as a

dendritic cell or
macrophage

D@ |C§Ef<ﬁ1 C
Mhc2 MHC

Alpha 1I-B

Activated

THtcell & Iz \

Effectors and taxis receptors,
including IFNgamma

Macrophages,
CD8+ NK cells





media/file11.jpg
Predi n Legend Network Shapes

more extreme less © Complex/Group

. Upregulated O Cytokine
Disease
@ oovneguaes ()
Drug
more confidence less o

G-Protein Coupled Receptor

‘ Predicted Inhibition . ] \CrowhEactor
\/ Kinase

Predicted Relationships | microRNA
== Leads to activation Other
== Leads to inhibition A Phosphatase

= Finding inconsistent with state -
of downstream molecule

= Effect not predicted
=== Indirect interaction 0

Direct interaction {;5 Function

_ Transcriptional Regulator

Translational Regulator

Transmembrane Receptor






media/file6.png
0.15

0.10 0.05 0.
Hypem ethylated

-

0

chrX
chr29
chr28
chr27
chr26
chr25
chr24
chr23
chr22
chr21
chr20
chr19
chr18
chr17
chr16
chr15
chr14
chr13
chr12
chr11
chr10
chr9
chr8
chr7
chr6
chrb
chr4
chr3
chr2
chr1

0.00 0.05 0.10 0.15 020 0.25
Hypom ethylated





media/file15.jpg





nav.xhtml


  viruses-16-00721


  
    		
      viruses-16-00721
    


  




  





media/file16.png
Interleukin IL-2 (and possibly
IL-4) begins the priming of
Th2 cells, in combination
with antigen presentation.
IL-4 is then produced and
continues Th2 activation.

Th2
differentiation:
- antibody-mediated immunity
- extracellular parasites
TNF$F4 - asthma, allergy

antigen Eﬂ%%egéi%g cell

dendritic cell or

B-cell
)€ v,z A 1 %1
' Q:‘R/IHC_thz Y 19

lI-B8 Alpha \

@ Immunlogical lsynapse
CD28 TRATRA
(|

GB2 Notch

\ \
T égu Rede
|

\

12R—IL12

: GFB

Inhibiting
factors and receptors

C 6
Activated PT¥ R2
TH2 cell

Effectors and taxis receptors,
including IL-4





media/file2.png
I ]
o (7o o To)
< ™

(63) ybroam

Tl

Control





media/file20.png
Path Designer Human Embryonic Stem Cell Pluripotency

TGF-B/NODAL

vourovophin 0 P2 g@ AN
AN /% %m Y ‘

S-1P
Extracellular space

of
L S1PR2 Trk receptor FGFR >%\_ beta BMPR Frizzled
b PIP2 7 receptor
Cytoplasm ) v\o P eV
AN SMAD1/5

SMADZ2/3

Nucleus

© 2000-2024 QIAGEN. All rights reserved.





media/file23.jpg
Percentage out of Total Genes
02468 1wRMEIEN

101 Sgrang Panwey Il
Neuroph Extacetor T Sigaing Pty [
‘Sarotoni Receptor Signaing il
w15 Production [l
Puenary HosiogSpaingpay [l
el fTaueFatoinGarcr [l
[——— ]
[ ——
Glucacorticcid Receptor Signaing ||

[T ——]

Amyovoptic e Scorosis Sgnai [l

080 suT Sgnaing Py [l

stars panvey B

OisotionofFon ot [N
ol Signaing n Newrons [
Em——
‘D-myo-inositol (1,45 tsphosphate Degradaton [
e —
Ciass 1 pooxisomal marmbrane poten import [N
Proton Soring Sgaing Py [l
‘Superpathway of -myo-inositol 1.4y rsphosphate Metabotsr [N
ot tary s
et sopaiog [
Neuop deganiin |
[ —————"

©2000-2024 QIAGEN. Al ights eserved. WOownreguiated WUproguiated

201
400
469
123
199
207

257
582
16
16
127
135
13
138
140
16
1041
20
178
2
2
200
a6
EY

femuieq 4oe3 Ui $USD J0 JSQUINN [EI0L.





media/file5.jpg
0.15

[ | [ |
I I
| I
=) =——1
I I
= | S
e I
— ===
I ]
I ]
EE——— I
e} 1
L ———
I I
I ===
[=— =11
I I
I —
I ——
— —
I =5
I T
I =
——— =
I [——1
I I
e — ]
1} ==
I — [———|
—— L. ___ |

0.10 0.05
Hypem ethylated

0.00

chrX
chr29
chr28
chr27
chr26
chr25
chr24
chr23
chr22
chr21
chr20
chr1g9
chrig
chri7
chri6
chri5
chri4
chr13
chr12
chr11
chri0
chr9
chrg
chr7
chré
chrs
chrd
chr3
chr2
chri

0.00 0.05 0.10 0.15 020 025
Hypom ethylated





media/file24.png
Percentage out of Total Genes
0 2 4 6 8 10 12 14 16 18 20

ID1 Signaling Pathway ([l
Neutrophil Extracellular Trap Signaling Pathway .
Serotonin Receptor Signaling .
IL-15 Production -
Pulmonary Healing Signaling Pathway .

Role of Tissue Factor in Cancer .

Sperm Motility [l
Glucocorticoid Receptor Signaling l
IL-13 Signaling Pathway [l
Amyotrophic Lateral Sclerosis Signaling .
ROBO SLIT Signaling Pathway [l
STAT3 Pathway [
Dissolution of Fibrin Clot _
Reelin Signaling in Neurons -
Interleukin-15 signaling _
D-myo-inositol (1,4,5)-trisphosphate Degradation _
FAK Signaling ||
Class | peroxisomal membrane protein import -
Protein Sorting Signaling Pathway .
Superpathway of D-myo-inositol (1,4,5)-trisphosphate Metabolism -
Interleukin-6 family signaling -
PI3K/AKT Signaling |}
Neutrophil degranulation l

Activation of kainate receptors upon glutamate binding -

© 2000-2024 QIAGEN. All rights reserved. M Downregulated M Upregulated

201
400
469
123
19