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Infection of immunosuppressed transplant patients with the human γ-herpesvirus Epstein-Barr virus (EBV) is associated with post-transplant lymphoproliferative disease (PTLD), an often fatal complication. Immunosuppressed miniature pigs infected with γ-herpesvirus porcine lymphotropic herpesvirus 1 (PLHV1) develop a similar disease, identifying pigs as a potential preclinical model for PTLD in humans. BILF1 is a G protein-coupled receptor (GPCR) encoded by EBV with constitutive activity linked to tumorigenesis and immunoevasive function downregulating MHC-I. In the present study, we compared BILF1-orthologues encoded by the three known PLHVs (PLHV1-3) with EBV-BILF1 to determine pharmacological suitability of BILF1 orthologues as model system to study EBV-BILF1 druggability. Cell surface localization, constitutive internalization, and MHC-I downregulation as well as membrane proximal constitutive Gαi signaling patterns were conserved across all BILFs. Only subtle differences between the individual BILFs were observed in downstream transcription factor activation. Using Illumina sequencing, PLHV1 was observed in lymphatic tissue from PTLD-diseased, but not non-diseased pigs. Importantly, these tissues showed enhanced expression of PLHV1-BILF1 supporting its involvement in PTLD infection.
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1 Introduction

Epstein-Barr virus (EBV), also known as human herpesvirus 4 (HHV4), belongs to the γ-herpesvirus genus lymphocryptovirus and is present in approximately 95% of the adult population worldwide (1). EBV is an oncovirus capable of establishing a lifelong latent infection in memory B cells following primary infection. Although immunocompetent adults usually carry the virus asymptomatically, the yearly global burden of EBV-associated malignancies amounts to approximately 50,000 cases, with nasopharyngeal carcinoma, classical Hodgkin’s lymphoma, Burkitt’s lymphoma and gastric cancer being the most common (2, 3). EBV infection is also a driving factor in the development of post-transplant lymphoproliferative disease (PTLD), a major complication in immunocompromised solid organ (SOT) and hematopoietic stem cell transplantation (HSCT) patients, resulting in tumour development with a high risk of fatal outcome (4–6).

Despite the high incidence of EBV infection within the human population and its direct link to clinical disease, no vaccine or antiviral drug exists to control EBV infection or EBV-associated disease (1, 7). A number of promising antiviral agents that effectively inhibit EBV replication in vitro have shown only limited success in clinical trials (8–10). This failure in translation is partly due to the lack of ideal preclinical animal models (11) that mimic physiological, immunological and pathological properties of EBV-associated disease in humans. Mouse models are limited by the strict host tropism of EBV for humans, requiring the use of humanized mouse models (12, 13). Immunodeficient mouse strains (NOG and NSG) reconstituted with human stem cells have been used to study the development of EBV-associated lymphoma or lymphoproliferative disease (12, 14–16) and limited features of primary EBV infection (17, 18). However, major differences in genetics, immunologic and physiologic characteristics between mice and humans complicate direct translation of results from these models into human disease, especially cancer (19).

Non-human primates (NHPs) infected with naturally occurring γ-herpesviruses (lymphocryptoviruses) homologous to EBV provide alternative, and arguably more biologically relevant models to study EBV infection and disease. Infection of NHPs with these viruses mimic EBV primary infection in humans (20) as well as PTLD, following experimental immunosuppression and transplantation, where cells in tumour tissue showed evidence of infection (21–24). However, high cost and ethical concerns limit the wide-spread use of these NHP models. Miniature pigs represent an alternative large animal model for PTLD, with the disease developing after experimental immunosuppression during SOT or HSCT (25, 26). PTLD development in these animals is associated with either primary infection or reactivation of porcine lymphotropic herpesvirus 1 (PLHV1), a porcine γ-herpesvirus related to EBV (26–28). Together with two others closely related porcine macaviruses, PLHV2 and 3, these three viruses are widespread in pig population and are often co-infecting the host. Moreover, they are all related to EBV in terms of B cell tropism, and sequence similarity of conserved genes (29–31). The association of PTLD with PLHV1, shown by progressive increase of PLHV1 viral load in the diseased animals, has identified this preclinical model as suitable to study pathological aspects of EBV-mediated lymphoproliferative disease (25, 26, 32).

G protein-coupled receptors (GPCRs) serve as drug targets for the treatment of a variety of diseases, with approximately 40% of all approved drugs targeting these molecules (33). Intriguingly, several herpesviruses contain open reading frames (ORFs) that encode viral GPCRs (vGPCRs), which are believed to have been acquired through ancient acts of molecular piracy from the host (34). Examples of vGPCRs include: US28 encoded by human cytomegalovirus (HCMV) (35, 36); ORF74 encoded by human Kaposi’s sarcoma associated herpesvirus (KSHV) (37, 38) and the related equine herpesvirus (39); and BILF1 encoded by EBV and other primate as well as ungulate γ-herpesviruses (40–42), including PLHV1-3 of pigs (29, 43).

BILF1 encoded by EBV (EBV-BILF1) is the most extensively characterized BILF1 receptor. It is an orphan vGPCR with immunoevasive properties associated with MHC-I cell surface downregulation, thereby preventing recognition of EBV-infected cells by CD8+ T cells (44–46). MHC-I downregulation involves interference of EBV-BILF1 with MHC-I endocytic and exocytotic pathways, leading to enhanced lysosomal degradation and reduced presentation of newly synthesized MHC-I molecules at the cell surface (45). EBV-BILF1 is primarily expressed as a late lytic cycle protein, with increasing immunosuppressive activity being observed through progression of the lytic cycle (47). Moreover, EBV-BILF1 has also been detected during latency in clinical samples from Burkitt’s lymphoma patients (48). In addition to immunoevasive properties, EBV-BILF1 acts as an oncogene, inducing tumorigenesis through constitutive activation of Gαi-dependent signaling both in vitro and in vivo (41, 49, 50). Further downstream, EBV-BILF1 induced signaling results in constitutive activation of nuclear factor κ-B (NF-κB) and nuclear factor of activated T cells (NFAT) transcription factors, and inhibition of forskolin-induced transcription of cyclic AMP-responsive elements (CRE) (41, 50, 51). In COS-7 cells and Burkitt’s lymphoma B cells, EBV-BILF1 also downregulates phosphorylation of the double-stranded RNA-dependent protein kinase (PKR) (50).

vGPCRs have been identified as suitable for pharmacological intervention against herpesvirus-infected cells (52). Recently, the structure of EBV-BILF1 was solved using cryo-EM, and revealed substantial differences from closest endogenous GPCR (53), elucidating structural challenges for drug targeting of BILF1 by small molecule inhibitors. A previously published pig model infected with PLHV1 may therefore be a useful preclinical model not only to study EBV associated PTLD disease, but also to test the utility of pharmacological interventions targeting BILF1 as a potential immunotoxin drug target. Towards these aims, additional studies comparing pharmacological properties of the different BILF1 orthologues are warranted.

In the present study, we focused on characterization of BILF1 orthologues from PLHV1-3. We show conservation in BILF1 from EBV and PLHV1-3 regarding cell surface localization, as well as constitutive internalization and ability to downregulate MHC-I. Upstream signaling resulting in Gαi-mediated constitutive activation was conserved between orthologues, but PLHV1-3 BILF1 differed in downstream signaling and activation of NF-κB and NFAT transcription factors compared to EBV-BILF1. Finally, we show that only PLHV1, but not PLHV2 or 3, was found in lymphatic tissue from diseased miniature pigs with PTLD, and in these tissues PLHV1-BILF1 was upregulated, which was not observed in non-diseased pigs. Together, these results provide a first step towards establishing a PLHV1-associated PTLD pig model not only for the study of pathological aspects of EBV-mediated disease, but also to test BILF1 as a potential drug target with relevance to treatment of EBV-associated PTLD in humans.



2 Materials and Methods


2.1 Constructs and Cloning

EBV-BILF1 and the PLHV1-3 BILF1 receptors with an N-terminal FLAG-tag were cloned into the pcDNA3.1+ vector. GαΔ6qi4myr recombinant G protein was kindly provided by Evi Kostenis (Institute for Pharmaceutical Biology, University of Bonn, Germany).



2.2 Cell Culture and Transfection

Human embryonic kidney 293 (HEK-293) cells were cultured at 37°C and 10% CO2 in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Porcine kidney 15 (PK-15) cells were cultured at 37°C and 5% CO2 in minimum essential medium (MEM; Invitrogen) containing 10% heat inactivated FBS and 1% penicillin-streptomycin. CRISPR/Cas9 modified HEK-293A pan knock-out (KO) cells (ΔGs/olf/q/11/12/13/z) (54) and HEK-293A parental cells were kindly provided by Asuka Inoue (Tohoku University, Japan). They were cultured at 37°C and 5% CO2 in DMEM supplemented with 10% heat inactivated FBS, 1% penicillin-streptomycin and 1% L-glutamine. Cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s recommendation. For immunohistochemistry, cells were transfected using Fugene 6 (HEK-293) or FuGeneHD (PK-15) transfection reagent (Promega) according to the manuacturer’s instructions.



2.3 Sample Material From PTLD Diseased Pigs

Pig tissue samples were obtained from earlier published in vivo experiments that have been described in detail (26, 32, 55, 56). These animals were derived from partially inbred MHC-defined miniature swine herd (Massachusetts General Hospital) and all received 1000cGy thymic irradiation (TI) and 0.05mg/kg pCD3-CRM9 two days prior to cytokine mobilized peripheral blood cell transplantation (57). Oral cyclosporine (Neoral) was started at a dose of 15mg/kg one day before transplantation and was continued BID for 30-60 days (or until death). Samples from three pigs were collected at the time of the transplantation and after the onset of PTLD disease, whereas samples from two PTLD diseased pigs were collected only after disease onset. Samples from one pig without signs of disease were used as controls.



2.4 Cell-Based Enzyme-Linked Immunosorbent Assay 

HEK-293 and PK-15 cells were seeded in Poly-D-lysine pre-coated 96-well plates and after 24 hours transiently transfected with various concentrations of receptor DNA (0, 1, 2, 5, 10, 25, 35, 50ng) using Lipofectamine 2000. In order to achieve comparable transfection efficiency in both cell types, we increased the amount of DNA in PK-15 cells. Twenty-four hours after transfection, cells were fixed with 3.7% paraformaldehyde in PBS/CaCl2 (pH 7.3) for 10 minutes. After three washes in PBS, cells were blocked with 2% bovine serum albumin (BSA) in PBS/CaCl2 for 30 minutes at RT and subsequently incubated with primary mouse M1 anti-FLAG antibody (Sigma-Aldrich) at 1:2250 in 1% BSA/PBS/CaCl2 for 1 hour at RT. Following three washes in PBS/CaCl2, cells were incubated with secondary goat anti-mouse horseradish peroxidase-conjugated IgG antibody (Sigma-Aldrich) at 1:1000 in PBS/CaCl2 for 1 hour at RT. Peroxidase activity was determined by addition of 3,3’-5,5’-tetramethyl benzidine substrate (TMB) (Sigma-Aldrich) for 5 minutes. The reaction was terminated by addition of 0.2M H2SO4 and absorbance was measured at 450 nm using FlexStation3® Benchtop Multi-Mode Microplate Reader (Molecular devices).



2.5 Confocal Microscopy

HEK-293 and PK-15 cells were seeded on fibronectin coated (10µg/mL) coverslips in 24-well plates. The next day cells were transiently transfected using FuGene (HEK-293) or FugeneHD (PK-15). Twenty-four hours after transfection, cells were washed with PBS and fixed in 3.7% paraformaldehyde for 10 minutes on ice and additional 10 minutes at RT. Following three washing steps, cells were permeabilized using 0.02% saponin in 1% donkey serum/PBS and additionally blocked with 10% donkey serum in PBS for 20 minutes. For cell surface receptor visualization, cells were incubated with primary mouse M1 anti-FLAG antibody (Sigma-Aldrich) at 1:2250 in 1% donkey serum/PBS/CaCl2 for 1 hour at RT. Following three washes with PBS/CaCl2, cells were incubated with secondary donkey anti-mouse Alexa Fluor 594 antibody at 1:100 in PBS for 1 hour at RT. For the last 10 minutes of the incubation, wheat germ agglutinin (WGA) conjugated to Alexa488 (Invitrogen) was added to the cells as a membrane marker (5μg/mL). Cells were additionally incubated with PBS containing Hoechst 33342 stain (Invitrogen) (1μg/mL) and samples were mounted with 8μL of Fluorescence mounting medium (Dako) before imaging on a fluorescence microscope (LSM700).



2.6 Luciferase-Based Transcriptional Assay

Luciferase assays were performed on HEK-293 cells or CRISPR/Cas9 genetically engineered HEK-293A cells depleted of different G proteins and parental HEK-293A cells. Cells were seeded at 35,000 cells per well on white 96-well plates pre-treated with poly-D-lysine. The following day, cells were transiently transfected with receptor constructs at indicated concentrations and co-transfected with transcription reporter plasmids CRE-Luc, NFAT-Luc or NF-κB-Luc at 30ng/well using Lipofectamine 2000 (Invitrogen). Additional co-transfection with GαΔ6qi4myr, which is recognized by GPCRs as a Gαi protein but elicits Gαq-dependent signaling (58) was performed in CRE and co-transfection with Gαq or Gα11 was performed in NFAT luciferase assay. After 24 hours, cells were washed with PBS and incubated for 30 minutes with a mixture of SteadyLite (50μL/well, PerkinElmer) and PBS (50μL/well). Plates were read on an EnVision Multilabel Plate Reader (PerkinElmer) using the luciferase program. The experiment was performed three times in triplicates.



2.7 Antibody Feeding Internalization Assay

To determine the internalization properties of BILF1 orthologues, we performed two separate assays, both relying on the principal of antibody uptake over time. With time-course cell-based ELISA assay, we quantitatively assessed the amount of surface expressed receptors over time. Using microscopy approach, surface expressed and internalized receptors, can be visualized in different time points after induction of internalization.


2.7.1 Time-Course Cell-Based ELISA Internalization Assay

Transiently transfected HEK-293 cells were seeded in 24-well plates coated with poly-D-lysine at a density of 2x105 cells/well. After 24 hours, cells were incubated with cold DMEM containing primary mouse M1 anti-FLAG antibody at 2μg/mL (Sigma-Aldrich) at 4°C for 1 hour. Following three washes in cold DMEM, cells were either immediately fixed (t=0) with 3.7% paraformaldehyde or incubated in pre-warmed DMEM media (37°C) at different time points (t=5, 10, 20, 30, 60 minutes) to induce the internalization and then fixed. Thereafter the procedure followed the standard cell-based ELISA protocol. The experiment was performed in triplicate at least three times.



2.7.2 Microscopy Based Internalization Assay

HEK-293 and PK-15 cells were seeded on fibronectin-coated 12mm round coverslips in 24-well plates and transfected the next day using Fugene (HEK-293) or Fugene HD (PK-15). Internalization was studied at three different time points (t=0, 15 and 30 min) each on a separate coverslip. After 24 hours, cells were incubated for 1 hour with primary mouse M1 anti-FLAG antibody (2µg/mL) directly labelling the FLAG-tag on the C-terminus of BILF1 receptors. Primary antibody was added in saturation to ensure the labelling of all surface expressed BILF1 receptors. All the handling was performed at 4°C to prevent internalization. For t=0, cells were immediately fixed with 3.7% paraformaldehyde for 20 minutes at 4°C. To induce internalization of labelled receptors (t=15, 30) cells were first incubated in pre-warmed DMEM at 37°C for 15 or 30 minutes and then fixed. Following three washes, cells were blocked in 2% BSA in PBS for 20 minutes at RT. In the next step, intact cell membrane allowed us to label receptors located at the cell surface of fixed cells with secondary donkey anti-mouse Alexa Fluor 488-conjugated antibody (Thermo Fisher) at 1:500 for 1 hour at RT. After membrane permeabilization step with 0.2% Saponin (Sigma) for 20 minutes, additional incubation with donkey anti-mouse Alexa594 antibody (Sigma-Aldrich) at 1:500 was performed to specifically label the internalized receptors. Following two wash steps, cells were incubated with PBS containing Hoechst 33342 stain (Invitrogen) (1μg/mL). Before imaging on fluorescence microscope (LSM700) cells were mounted with 8μL of Fluorescence mounting medium (Dako).




2.8 Flow Cytometry Analysis

HEK-293 cells were seeded in a 6-well plate and transfected using FuGeneHD reagent. Fourty-eight hours after transfection, 5x105 cells/sample were transferred to a tube and stained using APC-labelled anti human HLA-A,B,C (W6/32) antibody at the recommended concentration (Biolegend). Receptors were detected using anti-FLAG FITC conjugated antibodies (Genscript) and isotype controls were used to differentiate non-specific background signal from specific antibody signals. Samples were analysed on a BD FACSCanto™ II instrument equipped with 488 nm and 633 nm lasers using FITC (530/30) and APC (660/20) filters. Data were analysed using Kaluza software.



2.9 Microscopy-Based Approach Observing MHC-I Downregulation

For analysis of MHC-I downregulation, cells were seeded, transfected and fixed as described above (paragraph 2.5). Afterwards, cells were incubated with primary rabbit anti-FLAG antibody (Sigma-Aldrich) at 1:300 and mouse anti human HLA-A, B, C class I antibody (1:100) in HEK-293 cells (Santa Cruz) or mouse anti-pig SLA class I antibody (1:100) for PK-15 cells (R&D systems) for 1 hour at RT. Following three washes with PBS/CaCl2, cells were incubated with secondary goat anti-rabbit Alexa Fluor 647 antibody and goat anti-mouse Alexa Fluor 555 antibody at 1:500 in PBS for 1 hour at RT. For the last 10 minutes of the incubation, WGA conjugated to Alexa488 (Invitrogen) was added to the cells as a membrane marker (5μg/mL). Following two wash steps, cells were incubated with PBS containing Hoechst 33342 stain (Invitrogen) (1μg/mL). Before imaging on a fluorescence microscope (LSM700) cells were mounted with 8μL of Fluorescence mounting medium (Dako). Equivalent numbers of transfected and non-transfected cells were blindly selected and we measured the intensity of 555 channel (MHC-I) using FIJI software.



2.10 CellTiter Glo® Viability Assay

Cell viability assay was performed as described in the manufacturer’s manual. Briefly, CRISPR/Cas9 genetically engineered HEK-293A cells depleted of different G proteins and parental HEK-293A cells were seeded at 35,000 cells per well and transfected the next day. 24 hours after transfection, plates were incubated at RT for approximately 30 minutes. 100 µL of CellTiter Glo reagent was carefully added to each well. Plates were incubated for 12 minutes on shaker before the luminescence was measured on EnVision Multilabel Plate Reader (PerkinElmer).



2.11 Sequencing of PLHV Infected Pigs

Sequencing libraries were prepared from DNA extracted from four PTLD diseased pig samples using the NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs), according to manufacturer’s instructions. Libraries were subsequently multiplexed and sequenced using a 300 cycle mid-output kit (2x150 paired-end mode) on a NextSeq 550 (Illumina Technologies).



2.12 Competitive Alignment

Prior to competitive alignment, sequence read datasets were quality and adapter trimmed using TrimGalore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). For the competitive alignment step, a hybrid reference genome was constructed by merging FASTA files containing the Sus scrofa (Sscrofa11.1) genome and partial genome sequences for PLHV1 (NC_038264.1), PLHV2 (NC_038265.1), and PLHV3 (AY170316). Sequence read datasets were aligned against the hybrid genome using bbmap (https://sourceforge.net/projects/bbmap/) with minid=0.9 and ambiguous=random before post-processing with SAMtools (59) and BEDtools (60). Coverage plots were generated using the R 4.0 bioconductor packages Gviz (61) and GenomicFeatures (62).



2.13 Real-Time qPCR

RNA was extracted from samples using QIAzol® lysis reagent (Qiagen). RNA (500ng) was used to prepare cDNA using Superscript III reverse transcriptase (Thermo Fischer Scientific). RT-qPCR was performed on 96-well plates using TaqMan® Fast Advanced Master mix (2x) (Thermo Fischer Scientific) and costumed TaqMan® gene expression assay probes (Thermo Fischer Scientific), designed for specific detection of PLHV1-BILF1 (forward primer: 5’TCTGATACTCACTGTTGCTAACTTTGTT3’, reverse primer: 5’ACTTATAGCTTGGCGACACTTGAA3’, probe: 5’FAM-ACCTTCAAAGCTCAAAGTAGT-MGB3’), PLHV2-BILF1 (forward primer: 5’GCTGTTGCTAACTTTCTTAvGTTTTGGA3’, reverse primer: 5’ACTTATACCTTGGCGACACTTGAAG3’, probe: 5’FAM-CCTTCAAAGCTCAATACAGC-MGB3’), PLHV3-BILF1 (forward primer: 5’GTCTTTTGGCAGTTGTTGCTAATCT3’, reverse primer: 5’ACTTGTAGCCTGGCGACATT3’, probe: 5’FAM-CAAGTGCAGCATAATTC-MGB3’) and a reference gene RPL4 (assay identification number: Ss03374063_g1). RT-qPCR was performed on a QuantStudio 6 Flex Real-Time PCR system (Thermo Fisher Scientific) using a standard protocol. Ct (cycle threshold) values were acquired using QuantStudio Real-Time PCR software. To present the relative fold change of cDNA levels compared to a reference gene (RPL4) we used 2ΔCt calculation.



2.14 Homology Modelling of MHC Class I Molecules

Compared PDB entries: 3BO8 (human) (https://www.rcsb.org/structure/3bo8) & 5NPZ (porcine) (https://www.rcsb.org/structure/5NPZ).



2.15 Data Analysis and Statistics

Data were analysed using Graph Pad Prism (8.3.0), Kaluza analysis software and FIJI software and reported as mean ± SEM (standard error of the mean). For all microscopy experiments, images were visualized using an LSM700 microscope and ZEN blue software. Statistical analysis was performed with Graph Pad Prism using ANOVA or student t-test as indicated. P value < 0.05 was considered statistically significant.




3 Results


3.1 PLHV- and EBV-BILF1 Orthologues Exhibit a Similar Subcellular Localization

EBV-BILF1 is known to localize primarily to the cell surface, which is based on results from a number of studies performed in a variety of cell types [e.g. human embryonic kidney (HEK-293) cells and human melanoma (MJS) cells] (41, 44, 46, 49, 51). To examine the subcellular localization of the three uncharacterized PLHV1-3 BILFs in comparison to EBV-BILF1 in the present study, we cloned BILFs into eukaryotic expression plasmids followed by transient expression in HEK-293 and porcine kidney epithelial (PK-15) cells. Localization was then analysed using both a quantitative cell-based ELISA and fluorescence microscopy. The cell-based ELISA using increasing concentrations of EBV-BILF1 and PLHV1-3 BILF1 expression plasmids, showed cell surface localization of all BILFs in both HEK-293 (Figure 1A) and PK-15 cells (Figure 1B). To achieve a comparable dose response in both cell lines, higher amounts of plasmid DNA for each BILF1 orthologue was required for transfection in PK-15 cells (Supplementary Figure 1). PLHV1-3 BILF1 showed ~20-40% of surface expression levels compared to EBV-BILF1 in HEK-293 cells, and ~60-70% (PLHV1- and 2-BILF1) and ~20% (PLHV3-BILF1) of EBV-BILF1 levels in PK-15 cells. Subcellular distribution determined by fluorescence microscopy using WGA as a cell surface (plasma membrane) marker was consistent with the cell-based ELISA results, as BILFs co-localized with WGA at the cell surface of HEK-293 (Figure 1C) and PK-15 cells (Figure 1D). In summary, analysis of subcellular distribution shows that similar to EBV-BILF1, PLHV1-3 BILFs are localized at the plasma membrane, and this appears to be independent of cell type.




Figure 1 | Cell surface expression of BILF1 receptors in HEK-293 and PK-15 cells. (A, B) Graphs show surface expression of PLHV BILF1 orthologues compared to EBV-BILF1 expression using cell-based ELISA at increasing concentrations of receptor DNA in (A) HEK-293 and (B) PK-15 cells (values are mean ± SEM; n = 3). (C, D) Representative microscopy images show the localization of BILF1 orthologues (red) at the cell surface determined by co-localization with WGA conjugated to Alexa 488 (green) in (C) HEK-293 and (D) PK-15 cells. Nuclei are stained with Hoechst 33342 stain (blue). Images were taken with 63 × oil immersion plan‐apochromat objective.





3.2 Gαi-Dependent Constitutive Signaling is Conserved Across BILF1 Receptor Orthologues From PLHV1-3 and EBV

Next, we focused on the membrane proximal signaling pattern of PLHV1-3 BILFs in comparison to the previously described Gαi-dependent signaling of EBV-BILF1 (41, 50). For these studies we used HEK-293 cells, which is a cell-type commonly used for studying signaling properties of GPCRs (63) also based on their expression of full repertoire of G protein subunits (64). We first investigated receptor-mediated regulation on the activity of the downstream cyclic adenosine monophosphate (cAMP) response element (CRE) transcription factor (Figure 2), which responds to receptor activity via Gαs (increased activity) and Gαi (decreased activity) (65). Cells were pre-treated with forskolin, an inducer of cAMP formation, which enables measurement of Gαi-coupled receptor activity (Figures 2A, B). Similar to EBV-BILF1, PLHV1-3 BILFs inhibited forskolin-induced CRE transcription factor activity in a dose dependent manner (Figure 2A). Among PLHV BILFs, PLHV2-BILF1 showed a moderate (30%) decrease in forskolin induced CRE transcription factor activity in comparison with BILF1 from PLHV1 and PLHV3, where the level of inhibition was approximately 2-fold higher (approx. 60% decrease) and comparable to EBV-BILF1 levels. In the absence of forskolin, receptor-mediated CRE transcription factor activity was not detected for any BILF1 orthologue, excluding Gαs dependent activation. To support these findings, we co-transfected HEK-293 cells with the different BILFs together with the chimeric G protein GαΔ6qi4myr (Figures 2C, D). Activation of this chimeric protein leads to increased CRE activity through phospholipase C (PLC). Using this approach, BILF1 from both PLHV1 and PLHV2 increased CRE activity in a gene dose-dependent manner to a similar level observed for EBV-BILF1; PLHV3-BILF1 showed lower (~46%) activity. Together, our analysis showing inhibition of both forskolin-dependent CRE transcription factor activity and increased CRE activity following co-transfection with GαΔ6qi4myr indicate that constitutive membrane proximal signaling via Gαi is generally conserved across PLHV1-3 BILFs similar to EBV-BILF1 (41, 50).




Figure 2 | BILF1 receptor signaling is Gαi dependent. (A) HEK-293A or (C) HEK-293 cells were transiently co-transfected with different concentrations of BILF1 orthologues 30ng/well of CRE cis-reporter plasmid. (A) HEK-293A cells were stimulated with 10µM of forskolin for 5 hours, before gene-dose dependant CRE activity of BILF1 receptors was measured. (C) HEK-293 cells were additionally co-transfected with 30ng/well of GαΔ6qi4myr and CRE activity was measured 24 hours after transfection (values are means ± SEM; n = 3). (B) Forskolin induces cyclic AMP formation and enables the observation of its decrease mediated by receptors. (D) Chimeric G protein GαΔ6qi4myr is recognized by receptor as a Gαi, but functions as a Gαq subunit, resulting in increased activity of phospholipase C (PLC) and hence CRE activity.





3.3 EBV and PLHV1-3 BILF1 Receptors Show Differential Membrane Distal Signaling in Activation of NFAT and NF-κB Transcription Factors

In addition to CRE, EBV-BILF1 activates more distally located downstream NF-κB and NFAT transcription factor pathways (45, 46, 50, 51). To test the capacity of PLHV1-3 BILFs for activation of these additional signaling pathways, we first examined constitutive activation of NF-κB and NFAT in HEK-293A (parental) cells. Figure 3 and Supplementary Figure 2 show the activity of PLHV1-3 BILF1 receptors relative to the maximal NF-κB or NFAT activity elicited by EBV-BILF1 in parental cells (designated as 100% activity). EBV-BILF1 activated both NF-κB and NFAT transcription factors. BILF1 from PLHV1 and PLHV2 showed ~130% and ~240% NF-κB activity, respectively (Figure 3A and Supplementary Figure 2A) compared to EBV-BILF1 and either low or no NFAT activity, respectively. PLHV3-BILF1 failed to activate NF-κB, but showed comparable NFAT activity (~120%) to EBV-BILF1 in these cells (Figure 3B and Supplementary Figure 2B). In summary, these results from parental cells show that only PLHV1- and PLHV2-BILF1 can mediate NF-κB activity, whereas NFAT activity is only induced by PLHV3-BILF1 in comparison to EBV-BILF1, which is able to activate both transcription factors.




Figure 3 | BILF1 receptor signaling in CRISPR/Cas9 modified HEK-293A cells. (A) NF-κB and (B) NFAT activity was determined in parental HEK-293A cells and HEK-293A cells depleted of various G proteins (ΔGαs/olf/q/11/12/13/z) by CRISPR/Cas9 technology (pan KO HEK-293A cells). We used 30ng/well of (A) NF-κB and (B) NFAT cis-reporter plasmid. Graphs represent the receptor dependent NF-κB and NFAT activity relative to the maximal activity of EBV-BILF1 in parental cells (values are means ± SEM, n = 3).



To determine the dependence of the observed NF-κB and NFAT activity on Gαi, we then used HEK-293A cells genetically engineered by using CRISPR/Cas9 to express only Gαi proteins (ΔGs/olf/q/11/12/13/z; “pan KO” cells). As shown in Figure 3A, BILF1 from EBV, PLHV1 and PLHV2 retained NF-κB activity in pan KO cells (50%, 50% and 80%, respectively, compared to EBV-BILF1 activity in parental cells), showing important but not exclusive Gαi mediated NF-κB activation for these receptors. Again, comparable to its behaviour in parental cells, PLHV3-BILF1 did not show any significant activity in pan KO cells (Figure 3A and Supplementary Figure 2A). NFAT activity of EBV and PLHV3 -BILF1 (Figure 3B and Supplementary Figure 2B) was conserved in pan KO cells (100% and ~75%, respectively) implicating Gαi as the primary G protein involved in NFAT signaling through these receptors. Importantly, cell surface expression of BILFs was approximately 20% lower in pan KO cells and comparable to our results shown on Figure 1 with EBV-BILF1 showing highest cell surface expression (Supplementary Figure 3). Surprisingly, in pan KO cells PLHV1-BILF1 showed ~30% activity, whereas in parental cells it did not show any activity. Consistent with NFAT signaling in parental cells, PLHV2-BILF1 did not activate NFAT (Figure 3B and Supplementary Figure 2B). In summary, only PLHV3-BILF1 showed NFAT activity comparable to EBV-BILF1.

Together, results from these studies show that Gαi-coupling is conserved between all BILFs at membrane proximal levels, but differs for the activation of more distal levels of NF-κB and NFAT transcription factors.



3.4 EBV and PLHV1-3 BILF1 Receptors Undergo Constitutive Internalization

Constitutive internalization of EBV-BILF1 has previously been proposed both as a means to function as an immunoevasin downregulating MHC-I molecules, and as an important regulatory mechanism to enable constitutive signaling during the virus replication cycle (44). We next determined the internalization of PLHV1-3 BILFs by using antibody feeding experiments in combination with fluorescence microscopy and cell-based ELISA. Microscopy analysis confirmed that all BILFs were located at the cell surface at the beginning of the experiment (t=0). Additionally, the constitutively internalized fraction of the receptors were shown to localize to a comparable perinuclear endocytic vesicular site after 30 minutes in both HEK-293 and PK-15 cells (Figures 4A, B). Time-dependent receptor internalization was analysed by cell-based ELISA in HEK-293 cells where BILF1 surface expression was measured following incubation at 37°C for 0, 5, 10, 20 and 30 minutes (Figure 4C). Internalization of PLHV1 and PLHV2 BILF1 receptors showed comparable rates of internalization as EBV-BILF1, with ~20% of these receptors being internalized after 30 minutes. Internalization of PLHV3-BILF1 was slower with only 8% being internalized over the same time period. Thus, in terms of rate and total level of internalization as well as subcellular distribution following internalization, BILFs from PLHV1 and 2 are similar to the constitutively internalizing EBV-BILF1 receptor.




Figure 4 | Constitutive internalization of the BILF1 receptor family. (A, B) Antibody feeding based microscopy assay showed internalization of BILF1 receptors in (A) HEK-293 cells and (B) PK-15 cells. Alexa488 antibody (green) was used to label receptors expressed at the cell surface and Alexa 594 antibody (red) to detect the internalized receptors. Nuclei are stained with Hoechst 33342 stain (blue). Images were taken with 63 × oil immersion plan‐apochromat objective. (C) Time-course cell-based ELISA internalization assay. Receptor surface expression was determined over time as in cell-based ELISA experiment. CXCR4 was additionally incubated with 10µM CXCL12 as a positive control (values are means ± SEM, n = 3). Statistics were performed by 2-way ANOVA using GraphPad Prism. *p–value < 0.05; **p–value < 0.01; ***p–value < 0.001.





3.5 Immunoevasive Properties of BILF1 Receptor Family

Given the suggested link between constitutive internalization and immunoevasive properties shown for EBV-BILF1 (45, 46) and the observed conserved levels of constitutive internalization for at least two of the PLHV BILF1 receptors, we next determined their immunoevasive properties. Initially, we performed FACS analysis, measuring the expression of endogenous MHC-I molecules at the surface of BILF1 transfected HEK-293 cells in comparison to control (pcDNA) transfected HEK-293 cells as described previously for EBV-BILF1 (44). Our decision to use human HEK293 cells, was supported by comparing the sequence relationship between human and porcine MHC-I with a homology model (Figure 5A) showing a 74% aa sequence homology and high structure identity. Our FACS results showed a comparable downregulation of MHC-I in EBV-BILF1 transfected cells as had been previously observed (44) (Supplementary Figure 4). Ratio between BILF1 transfected and non-transfected cells showed significantly lower MHC-I expression (0,61 and 0,67) for EBV-BILF1 and PLHV3-BILF1 respectively, whereas PLHV1- and PLHV2-BILF1 showed a tendency towards MHC-I downregulation (0,84 and 0,83 respectively) (Supplementary Figure 4). Considering low transfection efficiency observed for all PLHV BILFs which persisted despite optimization using higher concentrations of DNA, different transfection protocols or different vector systems (pcDNA and bicistronic IRES vector) we looked at the single cell MHC-I expression using a new methodology based on fluorescence microscopy (Figures 5B, C). This approach allowed us to determine both the receptor expression and to evaluate MHC-I surface expression on transfected (coloured bars) compared to non-transfected (grey bars) cells. Notably, this approach was not limited by transfection efficiency enabling analysis in both human (HEK-293) and porcine (PK15) cells. Although not definitive, the level of homology conservation for human and porcine MHC-I molecules shown (Figure 5A), supports the possibility for cross-species MHC-I recognition. As shown in Figure 5, all BILF1 receptors significantly reduced surface MHC-I expression in HEK-293 cells. EBV-BILF1 and PLHV3-BILF1 showed approximately 50% downregulation of MHC-I molecules, whereas PLHV1-BILF1 and PLHV2-BILF1 showed 30-35% downregulation of surface MHC-I molecules compared to non-transfected cells (Figure 5B). Importantly, FACS data indicated the conserved MHC-I downregulation for PLHV BILF1 receptors, which was further confirmed by microscopy studies in HEK-293 cells. In contrast to HEK-293 cells, in PK-15 cells all BILFs including EBV-BILF1 showed higher expression of MHC-I molecules at the cell surface in transfected cells in comparison to non-transfected cells (Figure 5C). This is in contrast to what has been published for EBV-BILF1 and our observations for EBV- and PLHV1-3 BILF1 in HEK-293 cells, therefore we conclude that downregulation of MHC-I cell surface expression mediated by BILF1 is cell type dependent.




Figure 5 | PLHV1-3 BILFs downregulate surface MHC-I molecules. (A) Porcine SLA-I molecule (green) compared to the human HLA-I molecule (orange). The differences between the molecules are marked in red. (B) HEK-293 and (C) PK-15 cells were transfected with FLAG-labelled BILF1 orthologues and stained with rabbit anti-FLAG (receptor labelling) and mouse anti-human HLA class I antibodies. Graphs represent the percentage of surface expressed MHC-I molecules at the surface of 33 BILF1-transfected and 33 non-transfected cells. Statistics were performed by unpaired student t-test using GraphPad Prism. *p–value < 0.05; **p–value < 0.01; ****p–value < 0.0001.





3.6 PLHV1-BILF1 Expression Levels Are Increased in PTLD Samples

Previously, Huang et al. (2001) reported the development of PTLD in miniature pigs undergoing SOT or HSCT transplantation and immunosuppression, which was associated with PLHV1 infection (26). Notably, histological and pathological properties of PTLD in these pigs resembled the disease in humans, with B-cell lymphoproliferation in peripheral blood, lymph nodes and tonsils. We therefore examined PLHV1-3 expression in samples obtained from four miniature pigs with PTLD by using Illumina sequencing. Further supporting the association of PLHV1 with PTLD, as only PLHV1 was detected in the diseased pigs (Figures 6A, B). By contrast, neither PLHV2 nor PLHV3 genomes were detected in any of the sequence data for these samples (Figure 6B). Next, to examine the association of PLHV1-BILF1 expression with PTLD in these pigs, we designed specific probes and performed PLHV1-BILF1 qPCR. Notably, in five of five samples collected after the PTLD onset, we detected high expression levels of PLHV1-BILF1 (Figure 6C). Importantly, PLHV1-BILF1 was not detected in any of three pre-transplant samples from these same animals that developed disease, nor in a sample from a pig lacking PTLD symptoms, showing specific link between PLHV1 infection and PTLD development. BILF1 from PLHV2 or PLHV3 were not detected in any of the pigs (Figure 6C).




Figure 6 | High expression levels of PLHV1 and PLHV1-BILF1 detected in PTLD-diseased pigs. (A) Illumina sequencing of PTLD samples allowed the identification of a small number of sequence reads aligning to the PLHV1 UL region. Coverage plots are shown for each sample and show an even distribution across the genomic fragment. The y-axis scale indicates read depth while the x-axis shows the genome fragment along with annotated ORFs (gold boxes). (B) Competitive alignment of Illumina sequence reads derived from tumours, against PLHV1, PLHV2, and PLHV3 genome fragments. (C) The expression levels of PLHV1-3 BILF1 were determined by qPCR using cDNA from lymphoid tissue samples of PTLD diseased pigs collected before and after disease onset. Results are mean ± SEM of raw data and presented as 2ΔCt.






4 Discussion

In the present study, we compared the localization, signaling, trafficking and immunoevasive properties of PLHV1-3 BILFs with EBV-BILF1. We show that cell surface localization and constitutive internalization are conserved features among all BILFs in both human and porcine cell lines; the ability to downregulate MHC-I molecules from the cell surface was observed only in human HEK-293. Analysis of BILFs signaling pathways showed conserved constitutive signaling mediated predominantly through Gαi. However, activation of NFAT and Nf-κB transcription factors differed for PLHV1-3 BILFs compared to EBV-BILF1. Consistent with the association of PLHV-1 with PTLD disease, PLHV-1 infection and increased expression of PLHV1-BILF1 was observed in samples from PTLD diseased pigs.

Constitutive activity is a conserved property among vGPCRs and has been linked to their transforming potential (66, 67). Constitutive signaling and internalization have been reported for HCMV-US28 and KSHV-ORF74 (68, 69) as well as for EBV-BILF1 and BILFs of non-human primate lymphocryptoviruses (51). Similar to EBV-BILF1, the recognition of KSHV-ORF74 as oncogene driving several virus associated malignancies was shown to result from the constitutive activation of multiple signaling pathways, but also from ligand dependent activation (e.g., Gαq, Gαi, Gα12/13, MAP kinases and transcription factors NF-κB, NFAT and CRE) (38, 70–73). HCMV-US28 functions as an onco-modulator, however direct oncogenic potential of this receptor remains to be described (74, 75). In the present study, we found that all PLHV1-3 BILFs display constitutive, Gαi dependent signaling. This suggests that like EBV-BILF1, PLHV1-3 BILFs could have cell transforming properties and thereby behave as oncogenes. Previous reports showed constitutive, Gαi mediated activation of NF-κB and NFAT transcription factors for EBV-BILF1 in HEK-293 and COS-7 cells (50, 51). In our study, use of CRISPR/Cas9 modified cells provided a novel system to dissect the involvement of Gαi protein in downstream activation of NF-κB and NFAT transcription factor for EBV and PLHV1-3 encoded BILFs. NF-κB regulates cytokine, chemokine and growth factor secretion (76), whereas NFAT plays an important role in immune system function as well as cell proliferation and apoptosis (77). Activation of both transcription factors has also been confirmed for KSHV-ORF74 and HCMV-US28 where their activation has been linked to regulation of other downstream effectors (COX-2, CXCL8, ANGPT2, ICAM-1) contributing to different cancer hallmarks such as angiogenesis, production of inflammatory cytokines and tumour promoting properties (51, 67, 78). For EBV-BILF1 it was recently shown that NF-κB activation up-regulates intracellular adhesion molecule-1 (ICAM-1), a factor known for its involvement in progression of malignant cancer (79). Our results show that NF-κB activity was conserved for PLHV1- and PLHV2-BILF1 to comparable levels as EBV-BILF1, whereas PLHV3-BILF1 did not induce NF-κB activation. As cell viability was comparable (Supplementary Figure 5), the ~50% lower activity in cells expressing only Gαi (pan KO) compared to cells expressing a total repertoire of G proteins (parental) may indicate the involvement of the β/γ subunit or other signaling pathways contributing to the activation of NF-κB (80). Such promiscuous G protein coupling has already been shown for HCMV-US28, where coupling to different G proteins also depends on ligand binding and cell type (81–83). NFAT activation by BILFs is only conserved among BILF1 encoded by EBV, marmoset and siamang herpesvirus (51). In contrast to the activation of NF-κB, we found that NFAT was only activated by PLHV3-BILF1 to a level comparable to that observed for EBV-BILF1, showing some differences in PLHV BILF1 receptor downstream signaling. Importantly, the activity of all PLHV BILF1 orthologues was mediated by Gαi protein, comparable with the observed and previously reported EBV-BILF1 activity.

As mentioned above, constitutive internalization has been proposed as a mechanism required for downregulation of surface MHC-I molecules by EBV-BILF1 (44). Here, we first show conserved constitutive internalization for PLHV1-3 BILFs expressed in HEK-293 and PK-15 cells and further confirm the MHC-I downregulation mediated by these orthologues in HEK-293 cells. Our FACS studies show the conservation of downregulation effect for at least PLHV3-BILF1, where the MHC-I expression at the surface was significantly reduced. However, we believe that low transfection efficiency of PLHV1-3 BILF1 in HEK-293 cells both in terms of percentage of transfected cells and intensity of expression made it more difficult to study these receptors in FACS studies. Therefore, we further applied a single-cell microscopy-based approach, allowing us to study the downregulation in cells with high expression levels of PLHV1-3 BILFs in both HEK-293 and PK-15 cells. When studying BILF1 receptors with low expression profiles (Supplementary Figure 4) our novel single-cell microscopy method has the advantage of measuring the fluorescence intensity of the conjugated MHC-I molecule at the cell surface on an individual single cell basis. Importantly, these MHC-I downregulation experiments supported our initial FACS results and suggested a conserved immunoevasive property for all PLHV1-3 BILFs compared to EBV-BILF1 in HEK-293 cells. This method also has some limitations, among which is the small number of cells analyzed. However, we would suggest that it allowed us to reliably investigate whether downregulation is present in cells expressing higher levels of PLHV1-3 BILF1 (Supplementary Figure 6). The high sequence identity of human and porcine MHC-I molecules, (Figure 5A) may explain why PLHV1-3 BILFs are able to downregulate human MHC-I molecules. However, surprisingly MHC-I downregulation experiments performed in PK-15 cells showed that neither EBV-BILF1 nor any PLHV1-3 BILF was able to downregulate porcine MHC-I molecules in these cells. It is presently unclear as to why downregulation was not observed in porcine cells, especially for PLHV BILFs, but shows that the choice of cell type could be important to study this vGPCR property. B-cells, in which γ-herpesviruses establish a latent infection, may be the most appropriate tissue model to study BILF1 mediated MHC-I downregulation. With PLHV1-3 frequently naturally occurring in pigs, it is very work- and cost intensive to isolate B-cells from seronegative piglets being bottle feed, as negative controls. Moreover, the whole genome sequence of PLHV1-3 is until to date not available, and therefore B-cells cannot be infected with engineered PLHV1-3- or the deletion viruses. These experiments are out of scope of this study but are of high relevance for future studies to establish this potential in vivo model.

PTLD disease in pigs, which has been associated with PLHV1 infection, has been shown to model EBV-associated PTLD in humans after HCT and SOT, with disease being a response to either primary infection or reactivation with PLHV1 (26, 27, 32). Similar to PTLD in humans (and NHPs), immunosuppression is an additional requirement for PTLD in PLHV1-infected pigs, supporting similar disease aetiologies. Pigs could therefore serve as an alternative large animal model for PTLD disease. In this study, we confirmed PLHV1 infection in PTLD diseased pigs and enhanced expression of only PLHV1-BILF after disease onset, which further supports the involvement of PLHV1 infection in PTLD. We cannot yet conclude whether enhanced expression of BILF1 encoded by PLHV1 is a result of viral reactivation or upregulation of BILF1. Although presently lacking, annotation of the whole genome sequence of PLHV1 is ongoing and such important questions will be part of future studies being beyond the scope of the present study.

The degree of immunosuppression administered to prevent graft rejection prior to organ transplantation is an important risk factor in EBV-PTLD development (84), as the disease results from uncontrolled expansion of EBV positive B cells from either donor or recipient. Reconstitution of EBV specific cytotoxic T cells in the donor prevents the development of EBV-PTLD, demonstrating that reconstituted immunity against EBV is a successful approach against PTLD (85, 86). As EBV-BILF1 reduces CD8+ T recognition of infected cells by manipulating MHC-I expression, targeting BILF1 to suppress its function may allow better immune recognition and elimination of EBV infected cells by T-cells. At a wider perspective, a reliable in vivo model is needed to study EBV associated diseases and potential drug targets against EBV. Similar disease aetiology and the demonstration of high homology between EBV-BILF1 and PLHV1-BILF1 in terms of signaling, internalization and MHC-I downregulation in the present study, further suggests the use of PLHV1-infected pigs as a relevant pre-clinical large animal model for this disease. Human PTLD samples are mostly limited to serum due to the technical challenges of conserving whole blood over time. The large size and long-life span of pigs enables greater ease of sample collection and monitoring over extended time periods (19, 25, 27, 87, 88), where the expression of BILF1 receptor can be determined from isolated B cells, as well as tissue material, such as spleen and lymph nodes, during PTLD development. Such a model would also enable use of genetically modified PLHV1-3 BILFs to study the importance of individual viral genes in PTLD development.

Constitutive receptor internalization is a requirement for drug targeting, as shown for HCMV-US28. Taking advantage of its constitutive internalization and selective binding profile for the chemokine CX3CL1, HCMV-US28 has been successfully targeted by a CX3CL1-based immunotoxin (89–92). Drug targeting to block specific functions of EBV-BILF1 has been suggested after engineering of the vGPCR to contain a binding site for a ‘tool’ compound (93). The conserved constitutive internalization among BILF1 receptors, suggests that a similar strategy could be applied in targeting EBV-infected cells and pigs infected with PLHV1 could serve as a model to test such a drug approach. EBV-BILF1 remains an orphan receptor lacking a defined ligand, but new technologies such as phage display technologies to identify novel ligands offer a potential means by which to target these receptors (93). Furthermore, using a target moiety fused to a toxic drug has shown potential in targeting vGPCRs (94). In the future, a development of a mini-pig model infected with PLHV1 may therefore provide the first suitable in vivo model to study the role of BILF1 in PTLD development and its potential use as drug target for the treatment of PTLD.



Data Availability Statement

All sequencing data associated with this study are deposited at the European Nucleotide Archive under the project accession number: PRJEB42358.



Ethics Statement

Ethical review and approval was not required for the animal study because all miniature swine experiments including diagnostic and euthanasia procedures were published previously in another study (DOI: 10.1182/blood.v97.5.1467) and were performed at an AAALAC International accredited institution in compliance with National Institute of Health guidelines for treatment of laboratory animals, and approved by the Institutional Animal Care and Use Committee. For the present study we only used the stored tissue material.



Author Contributions

Conceptualization, KS, MMR, VK, BE, MV, JB, MJ. Data curation, MM, VK, KS, DPD, CH, EJJ, TP. Formal analysis, MM, KS, MMR, VK. Funding acquisition, VK, KS, MMR. Investigation, MM, KS, MMR, VK, DPD. Methodology, MM, VK, DPD, CH, JZ, EJJ, TP, MV, MJ, JB, KS. Project administration KS. Resources, MMR, VK, KS. Supervision, VK, KS, MMR. Validation, KS, MMR, VK. Visualization, MM. Investigation, MM, VK, DPD, CH, JZ, EJJ, KS. Writing—original draft preparation, MM, VK, MMR, KS. Writing—review and editing, MM, VK, CH, JZ, DPD, JB, MV, EJJ, TP, BE, MJ, MMR, KS. All authors have read and agreed to the submitted version of the manuscript.



Funding

We acknowledge funding from the Slovenian Research Agency program P4-0053 and PhD funding for MM. This work was also supported by a Short-term scientific mission (STSM) grant from COST Action CA 18133 (ERNEST). Authors participate in the European COST Action CA 18133 (ERNEST). KS was funded by a postdoc grant from the Danish Council for Independent Research. TP and EJJ were funded by the P1-0207 Research Program grant, the J7-1818 Research Project grant to TP and the Z3-2650 postdoctoral fellowship to EJJ from the Slovenian Research Agency. MMR and KS were funded by The European Research council: VIREX (Grant agreement 682549, Call ERC-2105-CoG).



Acknowledgments

The authors would like to thank Florent Xavier Smit for his help on homology model of the human MHC-I and porcine MHC-I molecule. We acknowledge the Core Facility for Integrated Microscopy (CFIM), Faculty of Health and Medical Sciences, University of Copenhagen and their staff, especially Pablo Hernandes-Varas for excellent guidance and support while performing microsopy. We also acknowledge Core Facility for Flow Cytometry and Single Cell Analysis, Faculty of Health and Medical Sciences, University of Copenhagen. We thank Asuka Inoue (Tohoku University, Japan) for supplying CRISPR/Cas9 modified pan KO cells. We also thank prof. dr. Peter Hostnik, who provided PK-15 cells. We would like to thank Magdalena Dobravec, for excellent technical assistance. MM, KS, MMR, MV and VK participate in the European COST Action CA 18133 (ERNEST).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2022.862940/full#supplementary-material

  

References

1. Andrei, G, Trompet, E, and Snoeck, R. Novel Therapeutics for Epstein(-)Barr Virus. Molecules (2019) 24(5). doi: 10.3390/molecules24050997

2. de Martel, C, Georges, D, Bray, F, Ferlay, J, and Clifford, GM. Global Burden of Cancer Attributable to Infections in 2018: A Worldwide Incidence Analysis. Lancet Glob Health (2020) 8(2):e180–90. doi: 10.1016/s2214-109x(19)30488-7

3. Bass, AJ, Thorsson, V, Shmulevich, I, Reynolds, SM, Miller, M, Bernard, B, et al. Comprehensive Molecular Characterization of Gastric Adenocarcinoma. Nature (2014) 513(7517):202–9. doi: 10.1038/nature13480

4. Chang, RS, Lewis, JP, Reynolds, RD, Sullivan, MJ, and Neuman, J. Oropharyngeal Excretion of Epstein-Barr Virus by Patients With Lymphoproliferative Disorders and by Recipients of Renal Homografts. Ann Intern Med (1978) 88(1):34–40. doi: 10.7326/0003-4819-88-1-34

5. Dierickx, D, and Habermann, TM. Post-Transplantation Lymphoproliferative Disorders in Adults. N Engl J Med (2018) 378(6):549–62. doi: 10.1056/NEJMra1702693

6. Seema Naik, HZ, Rakszawski, K, Sample, C, Sample, J, and Bayerl, M. Organ Donation and Transplantation - Current Status and Future Challenges. London: IntechOpen (2018). doi: 10.5772/intechopen.75356.

7. Cohen, JI. Vaccine Development for Epstein-Barr Virus. Adv Exp Med Biol (2018) 1045:477–93. doi: 10.1007/978-981-10-7230-7_22

8. Coen, N, Duraffour, S, Naesens, L, Krecmerova, M, Van den Oord, J, Snoeck, R, et al. Evaluation of Novel Acyclic Nucleoside Phosphonates Against Human and Animal Gammaherpesviruses Revealed an Altered Metabolism of Cyclic Prodrugs Upon Epstein-Barr Virus Reactivation in P3HR-1 Cells. J Virol (2013) 87(22):12422–32. doi: 10.1128/jvi.02231-13

9. Coen, N, Duraffour, S, Topalis, D, Snoeck, R, and Andrei, G. Spectrum of Activity and Mechanisms of Resistance of Various Nucleoside Derivatives Against Gammaherpesviruses. Antimicrob Agents Chemother (2014) 58(12):7312–23. doi: 10.1128/aac.03957-14

10. Keith, KA, Hartline, CB, Bowlin, TL, and Prichard, MN. A Standardized Approach to the Evaluation of Antivirals Against DNA Viruses: Polyomaviruses and Lymphotropic Herpesviruses. Antiviral Res (2018) 159:122–9. doi: 10.1016/j.antiviral.2018.09.016

11. Munz, C. Humanized Mouse Models for Epstein Barr Virus Infection. Curr Opin Virol (2017) 25:113–8. doi: 10.1016/j.coviro.2017.07.026

12. Fujiwara, S, Imadome, KI, and Takei, M. Modeling EBV Infection and Pathogenesis in New-Generation Humanized Mice. Exp Mol Med (2015) 47:e135. doi: 10.1038/emm.2014.88

13. Fujiwara, S, and Nakamura, H. Animal Models for Gammaherpesvirus Infections: Recent Development in the Analysis of Virus-Induced Pathogenesis. Pathogens (2020) 9(2). doi: 10.3390/pathogens9020116

14. Islas-Ohlmayer, M, Padgett-Thomas, A, Domiati-Saad, R, Melkus, MW, Cravens, PD, Martin Mdel, P, et al. Experimental Infection of NOD/SCID Mice Reconstituted With Human CD34+ Cells With Epstein-Barr Virus. J Virol (2004) 78(24):13891–900. doi: 10.1128/jvi.78.24.13891-13900.2004

15. Strowig, T, Gurer, C, Ploss, A, Liu, YF, Arrey, F, Sashihara, J, et al. Priming of Protective T Cell Responses Against Virus-Induced Tumors in Mice With Human Immune System Components. J Exp Med (2009) 206(6):1423–34. doi: 10.1084/jem.20081720

16. Yajima, M, Imadome, K, Nakagawa, A, Watanabe, S, Terashima, K, Nakamura, H, et al. A New Humanized Mouse Model of Epstein-Barr Virus Infection That Reproduces Persistent Infection, Lymphoproliferative Disorder, and Cell-Mediated and Humoral Immune Responses. J Infect Dis (2008) 198(5):673–82. doi: 10.1086/590502

17. Chijioke, O, Müller, A, Feederle, R, Barros, MHM, Krieg, C, Emmel, V, et al. Human Natural Killer Cells Prevent Infectious Mononucleosis Features by Targeting Lytic Epstein-Barr Virus Infection. Cell Rep (2013) 5(6):1489–98. doi: 10.1016/j.celrep.2013.11.041

18. Sato, K, Misawa, N, Nie, C, Satou, Y, Iwakiri, D, Matsuoka, M, et al. A Novel Animal Model of Epstein-Barr Virus-Associated Hemophagocytic Lymphohistiocytosis in Humanized Mice. Blood (2011) 117(21):5663–73. doi: 10.1182/blood-2010-09-305979

19. Duran-Struuck, R, Huang, CA, and Matar, AJ. Cellular Therapies for the Treatment of Hematological Malignancies; Swine Are an Ideal Preclinical Model. Front Oncol (2019) 9:418. doi: 10.3389/fonc.2019.00418

20. Moghaddam, A, Rosenzweig, M, Lee-Parritz, D, Annis, B, Johnson, RP, and Wang, F. An Animal Model for Acute and Persistent Epstein-Barr Virus Infection. Science (1997) 276(5321):2030–3. doi: 10.1126/science.276.5321.2030

21. Schmidtko, J, Wang, R, Wu, CL, Mauiyyedi, S, Harris, NL, Della Pelle, P, et al. Posttransplant Lymphoproliferative Disorder Associated With an Epstein-Barr-Related Virus in Cynomolgus Monkeys. Transplantation (2002) 73(9):1431–9. doi: 10.1097/00007890-200205150-00012

22. McInnes, EF, Jarrett, RF, Langford, G, Atkinson, C, Horsley, J, Goddard, MJ, et al. Posttransplant Lymphoproliferative Disorder Associated With Primate Gamma-Herpesvirus in Cynomolgus Monkeys Used in Pig-to-Primate Renal Xenotransplantation and Primate Renal Allotransplantation. Transplantation (2002) 73(1):44–52. doi: 10.1097/00007890-200201150-00008

23. Feichtinger, H, Li, SL, Kaaya, E, Putkonen, P, Grünewald, K, Weyrer, K, et al. A Monkey Model for Epstein Barr Virus-Associated Lymphomagenesis in Human Acquired Immunodeficiency Syndrome. J Exp Med (1992) 176(1):281–6. doi: 10.1084/jem.176.1.281

24. Kamperschroer, C, Gosink, MM, Kumpf, SW, O'Donnell, LM, and Tartaro, KR. The Genomic Sequence of Lymphocryptovirus From Cynomolgus Macaque. Virology (2016) 488:28–36. doi: 10.1016/j.virol.2015.10.025

25. Dor, FJ, Doucette, KE, Mueller, NJ, Wilkinson, RA, Bajwa, JA, McMorrow, IM, et al. Posttransplant Lymphoproliferative Disease After Allogeneic Transplantation of the Spleen in Miniature Swine. Transplantation (2004) 78(2):286–91. doi: 10.1097/01.tp.0000128342.64240.cf

26. Huang, CA, Fuchimoto, Y, Gleit, ZL, Ericsson, T, Griesemer, A, Scheier-Dolberg, R, et al. Posttransplantation Lymphoproliferative Disease in Miniature Swine After Allogeneic Hematopoietic Cell Transplantation: Similarity to Human PTLD and Association With a Porcine Gammaherpesvirus. Blood (2001) 97(5):1467–73. doi: 10.1182/blood.V97.5.1467

27. Doucette, K, Dor, FJ, Wilkinson, RA, Martin, SI, Huang, CA, Cooper, DK, et al. Gene Expression of Porcine Lymphotrophic Herpesvirus-1 in Miniature Swine With Posttransplant Lymphoproliferative Disorder. Transplantation (2007) 83(1):87–90. doi: 10.1097/01.tp.0000228237.32549.16

28. Goltz, M, Ericsson, T, Patience, C, Huang, CA, Noack, S, Sachs, DH, et al. Sequence Analysis of the Genome of Porcine Lymphotropic Herpesvirus 1 and Gene Expression During Posttransplant Lymphoproliferative Disease of Pigs. Virology (2002) 294(2):383–93. doi: 10.1006/viro.2002.1390

29. Chmielewicz, B, Goltz, M, Franz, T, Bauer, C, Brema, S, Ellerbrok, H, et al. A Novel Porcine Gammaherpesvirus. Virology (2003) 308(2):317–29. doi: 10.1016/S0042-6822(03)00006-0

30. Ehlers, B, Ulrich, S, and Goltz, M. Detection of Two Novel Porcine Herpesviruses With High Similarity to Gammaherpesviruses. J Gen Virol (1999) 80( Pt 4):971–8. doi: 10.1099/0022-1317-80-4-971

31. Ulrich, S, Goltz, M, and Ehlers, B. Characterization of the DNA Polymerase Loci of the Novel Porcine Lymphotropic Herpesviruses 1 and 2 in Domestic and Feral Pigs. J Gen Virol (1999) 80( Pt 12):3199–205. doi: 10.1099/0022-1317-80-12-3199

32. Cho, PS, Mueller, NJ, Cameron, AM, Cina, RA, Coburn, RC, Hettiaratchy, S, et al. Risk Factors for the Development of Post-Transplant Lymphoproliferative Disorder in a Large Animal Model. Am J Transplant (2004) 4(8):1274–82. doi: 10.1111/j.1600-6143.2004.00506.x

33. Hauser, AS, Attwood, MM, Rask-Andersen, M, Schioth, HB, and Gloriam, DE. Trends in GPCR Drug Discovery: New Agents, Targets and Indications. Nat Rev Drug Discovery (2017) 16(12):829–42. doi: 10.1038/nrd.2017.178

34. Rosenkilde, MM. Virus-Encoded Chemokine Receptors–Putative Novel Antiviral Drug Targets. Neuropharmacology (2005) 48(1):1–13. doi: 10.1016/j.neuropharm.2004.09.017

35. Chee, MS, Satchwell, SC, Preddie, E, Weston, KM, and Barrell, BG. Human Cytomegalovirus Encodes Three G Protein-Coupled Receptor Homologues. Nature (1990) 344(6268):774–7. doi: 10.1038/344774a0

36. Kledal, TN, Rosenkilde, MM, and Schwartz, TW. Selective Recognition of the Membrane-Bound CX3C Chemokine, Fractalkine, by the Human Cytomegalovirus-Encoded Broad-Spectrum Receptor US28. FEBS Lett (1998) 441(2):209–14. doi: 10.1016/s0014-5793(98)01551-8

37. Chang, Y, Cesarman, E, Pessin, MS, Lee, F, Culpepper, J, Knowles, DM, et al. Identification of Herpesvirus-Like DNA Sequences in AIDS-Associated Kaposi's Sarcoma. Science (1994) 266(5192):1865–9. doi: 10.1126/science.7997879

38. Rosenkilde, MM, Kledal, TN, Brauner-Osborne, H, and Schwart, TW. Agonists and Inverse Agonists for the Herpesvirus 8-Encoded Constitutively Active Seven-Transmembrane Oncogene Product, ORF-74. J Biol Chem (1999) 274(2):956–61. doi: 10.1074/jbc.274.2.956

39. Rosenkilde, MM, Kledal, TN, and Schwartz, TW. High Constitutive Activity of a Virus-Encoded Seven Transmembrane Receptor in the Absence of the Conserved DRY Motif (Asp-Arg-Tyr) in Transmembrane Helix 3. Mol Pharmacol (2005) 68(1):11–9. doi: 10.1124/mol.105.011239

40. Baer, R, Bankier, AT, Biggin, MD, Deininger, PL, Farrell, PJ, Gibson, TJ, et al. DNA Sequence and Expression of the B95-8 Epstein-Barr Virus Genome. Nature (1984) 310(5974):207–11. doi: 10.1038/310207a0

41. Paulsen, SJ, Rosenkilde, MM, Eugen-Olsen, J, and Kledal, TN. Epstein-Barr Virus-Encoded BILF1 is a Constitutively Active G Protein-Coupled Receptor. J Virol (2005) 79(1):536–46. doi: 10.1128/jvi.79.1.536-546.2005

42. Beisser, PS, Laurent, L, Virelizier, JL, and Michelson, S. Human Cytomegalovirus Chemokine Receptor Gene US28 is Transcribed in Latently Infected THP-1 Monocytes. J Virol (2001) 75(13):5949–57. doi: 10.1128/jvi.75.13.5949-5957.2001

43. Lindner, I, Ehlers, B, Noack, S, Dural, G, Yasmum, N, Bauer, C, et al. The Porcine Lymphotropic Herpesvirus 1 Encodes Functional Regulators of Gene Expression. Virology (2007) 357(2):134–48. doi: 10.1016/j.virol.2006.08.008

44. Zuo, J, Currin, A, Griffin, BD, Shannon-Lowe, C, Thomas, WA, Ressing, ME, et al. The Epstein-Barr Virus G-Protein-Coupled Receptor Contributes to Immune Evasion by Targeting MHC Class I Molecules for Degradation. PloS Pathog (2009) 5(1):e1000255. doi: 10.1371/journal.ppat.1000255

45. Zuo, J, Quinn, LL, Tamblyn, J, Thomas, WA, Feederle, R, Delecluse, HJ, et al. The Epstein-Barr Virus-Encoded BILF1 Protein Modulates Immune Recognition of Endogenously Processed Antigen by Targeting Major Histocompatibility Complex Class I Molecules Trafficking on Both the Exocytic and Endocytic Pathways. J Virol (2011) 85(4):1604–14. doi: 10.1128/jvi.01608-10

46. Griffin, BD, Gram, AM, Mulder, A, Van Leeuwen, D, Claas, FH, Wang, F, et al. EBV BILF1 Evolved to Downregulate Cell Surface Display of a Wide Range of HLA Class I Molecules Through Their Cytoplasmic Tail. J Immunol (2013) 190(4):1672–84. doi: 10.4049/jimmunol.1102462

47. Quinn, LL, Zuo, J, Abbott, RJ, Shannon-Lowe, C, Tierney, RJ, Hislop, AD, et al. Cooperation Between Epstein-Barr Virus Immune Evasion Proteins Spreads Protection From CD8+ T Cell Recognition Across All Three Phases of the Lytic Cycle. PloS Pathog (2014) 10(8):e1004322. doi: 10.1371/journal.ppat.1004322

48. Tierney, RJ, Shannon-Lowe, CD, Fitzsimmons, L, Bell, AI, and Rowe, M. Unexpected Patterns of Epstein-Barr Virus Transcription Revealed by a High Throughput PCR Array for Absolute Quantification of Viral mRNA. Virology (2015) 474:117–30. doi: 10.1016/j.virol.2014.10.030

49. Lyngaa, R, Norregaard, K, Kristensen, M, Kubale, V, Rosenkilde, MM, and Kledal, TN. Cell Transformation Mediated by the Epstein-Barr Virus G Protein-Coupled Receptor BILF1 is Dependent on Constitutive Signaling. Oncogene (2010) 29(31):4388–98. doi: 10.1038/onc.2010.173

50. Beisser, PS, Verzijl, D, Gruijthuijsen, YK, Beuken, E, Smit, MJ, Leurs, R, et al. The Epstein-Barr Virus BILF1 Gene Encodes a G Protein-Coupled Receptor That Inhibits Phosphorylation of RNA-Dependent Protein Kinase. J Virol (2005) 79(1):441–9. doi: 10.1128/jvi.79.1.441-449.2005

51. Spiess, K, Fares, S, Sparre-Ulrich, AH, Hilgenberg, E, Jarvis, MA, Ehlers, B, et al. Identification and Functional Comparison of Seven-Transmembrane G-Protein-Coupled BILF1 Receptors in Recently Discovered Nonhuman Primate Lymphocryptoviruses. J Virol (2015) 89(4):2253–67. doi: 10.1128/jvi.02716-14

52. De Groof, TWM, Elder, EG, Siderius, M, Heukers, R, Sinclair, JH, and Smit, MJ. Viral G Protein-Coupled Receptors: Attractive Targets for Herpesvirus-Associated Diseases. Pharmacol Rev (2021) 73(2):828–46. doi: 10.1124/pharmrev.120.000186

53. Tsutsumi, N, Qu, Q, Mavri, M, Baggesen, MS, Maeda, S, Waghray, D, et al. Structural Basis for the Constitutive Activity and Immunomodulatory Properties of the Epstein-Barr Virus-Encoded G Protein-Coupled Receptor BILF1. Immunity (2021) 54(7):1405–1416.e7. doi: 10.1016/j.immuni.2021.06.001

54. Mathiasen, S, Palmisano, T, Perry, NA, Stoveken, HM, Vizurraga, A, McEwen, DP, et al. G12/13 is Activated by Acute Tethered Agonist Exposure in the Adhesion GPCR Adgrl3. Nat Chem Biol (2020) 16(12):1343–50. doi: 10.1038/s41589-020-0617-7

55. Cho, PS, Lo, DP, Wikiel, KJ, Rowland, HC, Coburn, RC, McMorrow, IM, et al. Establishment of Transplantable Porcine Tumor Cell Lines Derived From MHC-Inbred Miniature Swine. Blood (2007) 110(12):3996–4004. doi: 10.1182/blood-2007-02-074450

56. Matar, AJ, Patil, AR, Al-Musa, A, Hanekamp, I, Sachs, DH, Huang, CA, et al. Effect of Irradiation on Incidence of Post-Transplant Lymphoproliferative Disorder After Hematopoietic Cell Transplantation in Miniature Swine. Biol Blood Marrow Transplant (2015) 21(10):1732–8. doi: 10.1016/j.bbmt.2015.07.017

57. Huang, CA, Yamada, K, Murphy, MC, Shimizu, A, Colvin, RB, Neville, DM, et al. In Vivo T Cell Depletion in Miniature Swine Using the Swine CD3 Immunotoxin, Pcd3-CRM9. Transplantation (1999) 68(6):855–60. doi: 10.1097/00007890-199909270-00019

58. Kostenis, E, Martini, L, Ellis, J, Waldhoer, M, Heydorn, A, Rosenkilde, MM, et al. A Highly Conserved Glycine Within Linker I and the Extreme C Terminus of G Protein Alpha Subunits Interact Cooperatively in Switching G Protein-Coupled Receptor-to-Effector Specificity. J Pharmacol Exp Ther (2005) 313(1):78–87. doi: 10.1124/jpet.104.080424

59. Li, H, Handsaker, B, Wysoker, A, Fennell, T, Ruan, J, Homer, N, et al. The Sequence Alignment/Map Format and SAMtools. Bioinformatics (2009) 25(16):2078–9. doi: 10.1093/bioinformatics/btp352

60. Quinlan, AR, and Hall, IM. BEDTools: A Flexible Suite of Utilities for Comparing Genomic Features. Bioinformatics (2010) 26(6):841–2. doi: 10.1093/bioinformatics/btq033

61. Hahne, F, and Ivanek, R. Visualizing Genomic Data Using Gviz and Bioconductor. Methods Mol Biol (2016) 1418:335–51. doi: 10.1007/978-1-4939-3578-9_16

62. Lawrence, M, Huber, W, Pagès, H, Aboyoun, P, Carlson, M, Gentleman, R, et al. Software for Computing and Annotating Genomic Ranges. PloS Comput Biol (2013) 9(8):e1003118. doi: 10.1371/journal.pcbi.1003118

63. Thomas, P, and Smart, TG. HEK293 Cell Line: A Vehicle for the Expression of Recombinant Proteins. J Pharmacol Toxicol Methods (2005) 51(3):187–200. doi: 10.1016/j.vascn.2004.08.014

64. Atwood, BK, Lopez, J, Wager-Miller, J, Mackie, K, and Straiker, A. Expression of G Protein-Coupled Receptors and Related Proteins in HEK293, AtT20, BV2, and N18 Cell Lines as Revealed by Microarray Analysis. BMC Genomics (2011) 12:14. doi: 10.1186/1471-2164-12-14

65. Martin, AL, Steurer, MA, and Aronstam, RS. Constitutive Activity Among Orphan Class-A G Protein Coupled Receptors. PloS One (2015) 10(9):e0138463. doi: 10.1371/journal.pone.0138463

66. Rosenkilde, MM, Smit, MJ, and Waldhoer, M. Structure, Function and Physiological Consequences of Virally Encoded Chemokine Seven Transmembrane Receptors. Br J Pharmacol (2008) 153:Suppl: 1):S154–66. doi: 10.1038/sj.bjp.0707660

67. van Senten, JR, Fan, TS, Siderius, M, and Smit, MJ. Viral G Protein-Coupled Receptors as Modulators of Cancer Hallmarks. Pharmacol Res (2020) 156. doi: 10.1016/j.phrs.2020.104804

68. Waldhoer, M, Casarosa, P, Rosenkilde, MM, Smit, MJ, Leurs, R, Whistler, JL, et al. The Carboxyl Terminus of Human Cytomegalovirus-Encoded 7 Transmembrane Receptor US28 Camouflages Agonism by Mediating Constitutive Endocytosis. J Biol Chem (2003) 278(21):19473–82. doi: 10.1074/jbc.M213179200

69. Azzi, S, Smith, SS, Dwyer, J, Leclair, HM, Alexia, C, Hebda, JK, et al. YGLF Motif in the Kaposi Sarcoma Herpes Virus G-Protein-Coupled Receptor Adjusts NF-κb Activation and Paracrine Actions. Oncogene (2014) 33(49):5609–18. doi: 10.1038/onc.2013.503

70. McLean, KA, Holst, PJ, Martini, L, Schwartz, TW, and Rosenkilde, MM. Similar Activation of Signal Transduction Pathways by the Herpesvirus-Encoded Chemokine Receptors US28 and ORF74. Virology (2004) 325(2):241–51. doi: 10.1016/j.virol.2004.04.027

71. Sodhi, A, Montaner, S, Patel, V, Zohar, M, Bais, C, Mesri, EA, et al. The Kaposi's Sarcoma-Associated Herpes Virus G Protein-Coupled Receptor Up-Regulates Vascular Endothelial Growth Factor Expression and Secretion Through Mitogen-Activated Protein Kinase and P38 Pathways Acting on Hypoxia-Inducible Factor 1alpha. Cancer Res (2000) 60(17):4873–80.

72. Bais, C, Santomasso, B, Coso, O, Arvanitakis, L, Raaka, EG, Gutkind, JS, et al. G-Protein-Coupled Receptor of Kaposi's Sarcoma-Associated Herpesvirus is a Viral Oncogene and Angiogenesis Activator. Nature (1998) 391(6662):86–9. doi: 10.1038/34193

73. Munshi, N, Ganju, RK, Avraham, S, Mesri, EA, and Groopman, JE. Kaposi's Sarcoma-Associated Herpesvirus-Encoded G Protein-Coupled Receptor Activation of C-Jun Amino-Terminal Kinase/Stress-Activated Protein Kinase and Lyn Kinase is Mediated by Related Adhesion Focal Tyrosine Kinase/Proline-Rich Tyrosine Kinase 2. J Biol Chem (1999) 274(45):31863–7. doi: 10.1074/jbc.274.45.31863

74. Maussang, D, Verzijl, D, van Walsum, M, Leurs, R, Holl, J, Pleskoff, O, et al. Human Cytomegalovirus-Encoded Chemokine Receptor US28 Promotes Tumorigenesis. Proc Natl Acad Sci U.S.A. (2006) 103(35):13068–73. doi: 10.1073/pnas.0604433103

75. Heukers, R, Fan, TS, de Wit, RH, van Senten, JR, De Groof, TWM, Bebelman, MP, et al. The Constitutive Activity of the Virally Encoded Chemokine Receptor US28 Accelerates Glioblastoma Growth. Oncogene (2018) 37(30):4110–21. doi: 10.1038/s41388-018-0255-7

76. Baeuerle, PA, and Henkel, T. Function and Activation of NF-Kappa B in the Immune System. Annu Rev Immunol (1994) 12:141–79. doi: 10.1146/annurev.iy.12.040194.001041

77. Macian, F. NFAT Proteins: Key Regulators of T-Cell Development and Function. Nat Rev Immunol (2005) 5(6):472–84. doi: 10.1038/nri1632

78. Soroceanu, L, Matlaf, L, Bezrookove, V, Harkins, L, Martinez, R, Greene, M, et al. Human Cytomegalovirus US28 Found in Glioblastoma Promotes an Invasive and Angiogenic Phenotype. Cancer Res (2011) 71(21):6643–53. doi: 10.1158/0008-5472.can-11-0744

79. Guo, Q, Gao, J, Cheng, L, Yang, X, Li, F, and Jiang, G. The Epstein-Barr Virus-Encoded G Protein-Coupled Receptor BILF1 Upregulates ICAM-1 Through a Mechanism Involving the NF-κb Pathway. Biosci Biotechnol Biochem (2020) 84(9):1810–9. doi: 10.1080/09168451.2020.1777525

80. Ye, RD. Regulation of Nuclear Factor kappaB Activation by G-Protein-Coupled Receptors. J Leukoc Biol (2001) 70(6):839–48. doi: 10.1189/jlb.70.6.839

81. Casarosa, P, Bakker, RA, Verzijl, D, Navis, M, Timmerman, H, Leurs, R, et al. Constitutive Signaling of the Human Cytomegalovirus-Encoded Chemokine Receptor US28. J Biol Chem (2001) 276(2):1133–7. doi: 10.1074/jbc.M008965200

82. Vischer, HF, Leurs, R, and Smit, MJ. HCMV-Encoded G-Protein-Coupled Receptors as Constitutively Active Modulators of Cellular Signaling Networks. Trends Pharmacol Sci (2006) 27(1):56–63. doi: 10.1016/j.tips.2005.11.006

83. Vomaske, J, Nelson, JA, and Streblow, DN. Human Cytomegalovirus US28: A Functionally Selective Chemokine Binding Receptor. Infect Disord Drug Targets (2009) 9(5):548–56. doi: 10.2174/187152609789105696

84. Martinez, OM, and Krams, SM. The Immune Response to Epstein Barr Virus and Implications for Posttransplant Lymphoproliferative Disorder. Transplantation (2017) 101(9):2009–16. doi: 10.1097/tp.0000000000001767

85. Papadopoulos, EB, Ladanyi, M, Emanuel, D, Mackinnon, S, Boulad, F, Carabasi, MH, et al. Infusions of Donor Leukocytes to Treat Epstein-Barr Virus-Associated Lymphoproliferative Disorders After Allogeneic Bone Marrow Transplantation. N Engl J Med (1994) 330(17):1185–91. doi: 10.1056/nejm199404283301703

86. Heslop, HE, Slobod, KS, Pule, MA, Hale, GA, Rousseau, A, Smith, CA, et al. Long-Term Outcome of EBV-Specific T-Cell Infusions to Prevent or Treat EBV-Related Lymphoproliferative Disease in Transplant Recipients. Blood (2010) 115(5):925–35. doi: 10.1182/blood-2009-08-239186

87. Duran-Struuck, R, Huang, CA, Orf, K, Bronson, RT, Sachs, DH, and Spitzer, TR. Miniature Swine as a Clinically Relevant Model of Graft-Versus-Host Disease. Comp Med (2015) 65(5):429–43.

88. Duran-Struuck, R, Matar, AJ, and Huang, CA. Myeloid Leukemias and Virally Induced Lymphomas in Miniature Inbred Swine: Development of a Large Animal Tumor Model. Front Genet (2015) 6:332. doi: 10.3389/fgene.2015.00332

89. Krishna, BA, Spiess, K, Poole, EL, Lau, B, Voigt, S, Kledal, TN, et al. Targeting the Latent Cytomegalovirus Reservoir With an Antiviral Fusion Toxin Protein. Nat Commun (2017) 8:14321. doi: 10.1038/ncomms14321

90. Spiess, K, Jeppesen, MG, Malmgaard-Clausen, M, Krzywkowski, K, Dulal, K, Cheng, T, et al. Rationally Designed Chemokine-Based Toxin Targeting the Viral G Protein-Coupled Receptor US28 Potently Inhibits Cytomegalovirus Infection In Vivo. Proc Natl Acad Sci U.S.A. (2015) 112(27):8427–32. doi: 10.1073/pnas.1509392112

91. Spiess, K, Jeppesen, MG, Malmgaard-Clausen, M, Krzywkowski, K, Kledal, TN, and Rosenkilde, MM. Novel Chemokine-Based Immunotoxins for Potent and Selective Targeting of Cytomegalovirus Infected Cells. J Immunol Res (2017) 2017:4069260. doi: 10.1155/2017/4069260

92. Ribeiro, RVP, Ku, T, Wang, A, Pires, L, Ferreira, VH, Michaelsen, V, et al. Ex Vivo Treatment of Cytomegalovirus in Human Donor Lungs Using a Novel Chemokine-Based Immunotoxin. J Heart Lung Transplant (2021) 41(3):287–97. doi: 10.1016/j.healun.2021.10.010

93. Fares, S, Spiess, K, Olesen, ETB, Zuo, J, Jackson, S, Kledal, TN, et al. Distinct Roles of Extracellular Domains in the Epstein-Barr Virus-Encoded BILF1 Receptor for Signaling and Major Histocompatibility Complex Class I Downregulation. mBio (2019) 10(1). doi: 10.1128/mBio.01707-18

94. Spiess, K, Jakobsen, MH, Kledal, TN, and Rosenkilde, MM. The Future of Antiviral Immunotoxins. J Leukoc Biol (2016) 99(6):911–25. doi: 10.1189/jlb.2MR1015-468R




Conflict of Interest: Author MJ was employed, in part, by the company the Vaccine Group, Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Mavri, Kubale, Depledge, Zuo, Huang, Breuer, Vrecl, Jarvis, Jovičić, Petan, Ehlers, Rosenkilde and Spiess. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2022.862940_cover.jpg
, frontiers | Frontiers in Endocrinology

Epstein-Barr Virus-Encoded BILF1
Orthologues From Porcine
Lymphotropic Herpesviruses Display
Common Molecular Functionality





OEBPS/Images/fendo-13-862940-g001.jpg
3
§ /
tf






OEBPS/Images/fendo-13-862940-g006.jpg
o
| st sk itk

3
16209 g2 0 o oomau o o






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Epstein-Barr Virus-Encoded BILF1 Orthologues From Porcine Lymphotropic Herpesviruses Display Common Molecular Functionality

      

        		

          1 Introduction

        



        		

          2 Materials and Methods

        

          		

            2.1 Constructs and Cloning

          



          		

            2.2 Cell Culture and Transfection

          



          		

            2.3 Sample Material From PTLD Diseased Pigs

          



          		

            2.4 Cell-Based Enzyme-Linked Immunosorbent Assay

          



          		

            2.5 Confocal Microscopy

          



          		

            2.6 Luciferase-Based Transcriptional Assay

          



          		

            2.7 Antibody Feeding Internalization Assay

          

            		

              2.7.1 Time-Course Cell-Based ELISA Internalization Assay

            



            		

              2.7.2 Microscopy Based Internalization Assay

            



          



          



          		

            2.8 Flow Cytometry Analysis

          



          		

            2.9 Microscopy-Based Approach Observing MHC-I Downregulation

          



          		

            2.10 CellTiter Glo® Viability Assay

          



          		

            2.11 Sequencing of PLHV Infected Pigs

          



          		

            2.12 Competitive Alignment

          



          		

            2.13 Real-Time qPCR

          



          		

            2.14 Homology Modelling of MHC Class I Molecules

          



          		

            2.15 Data Analysis and Statistics

          



        



        



        		

          3 Results

        

          		

            3.1 PLHV- and EBV-BILF1 Orthologues Exhibit a Similar Subcellular Localization

          



          		

            3.2 Gαi-Dependent Constitutive Signaling is Conserved Across BILF1 Receptor Orthologues From PLHV1-3 and EBV

          



          		

            3.3 EBV and PLHV1-3 BILF1 Receptors Show Differential Membrane Distal Signaling in Activation of NFAT and NF-κB Transcription Factors

          



          		

            3.4 EBV and PLHV1-3 BILF1 Receptors Undergo Constitutive Internalization

          



          		

            3.5 Immunoevasive Properties of BILF1 Receptor Family

          



          		

            3.6 PLHV1-BILF1 Expression Levels Are Increased in PTLD Samples

          



        



        



        		

          4 Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-13-862940-g002.jpg





OEBPS/Images/fendo-13-862940-g004.jpg
A

HEK.203
; - - .
HeK20





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-13-862940-g005.jpg
?‘;f

&

& &ef

&





OEBPS/Images/fendo-13-862940-g003.jpg





