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Introduction

Epstein-Barr virus (EBV) infection in humans is associated with a wide range of diseases including malignancies of different origins, most prominently B cells. Several EBV latent genes are thought to act together in B cell immortalization, but a minimal set of EBV genes sufficient for transformation remains to be identified.





Methods

Here, we addressed this question by transducing human peripheral B cells from EBV-negative donors with retrovirus expressing the latent EBV genes encoding Latent Membrane Protein (LMP) 1 and 2A and Epstein-Barr Nuclear Antigen (EBNA) 2.





Results

LMP1 together with EBNA2, but not LMP1 alone or in combination with LMP2A was able to transform human primary B cells. LMP1/EBNA2-immortalized cell lines shared surface markers with EBV-transformed lymphoblastoid cell lines (LCLs). They showed sustained growth for more than 60 days, albeit at a lower growth rate than EBV-transformed LCLs. LMP1/EBNA2-immortalized cell lines generated tumors when transplanted subcutaneously into severely immunodeficient NOG mice. 





Conclusion

Our results identify a minimal set of EBV proteins sufficient for B cell transformation.
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Introduction

EBV or Human Herpesvirus 4 is a gamma herpesvirus, closely related to non-human, primate lymphocryptoviruses that infect chimpanzees and rhesus monkeys (1). EBV is an ancient virus that has co-evolved with humans (2), and has become one of the most widespread human pathogens, present in close to 95% of the adult human population today (3). It infects epithelial cells and B cells, and establishes lifelong, latent infections that are associated with a wide variety of diseases and cancers (2, 4). In healthy EBV-infected individuals, resurgence of the virus is actively suppressed by T cells and innate lymphocytes (4–6). However, under conditions of immune suppression pathologies can arise such as post-transplant lymphoproliferative diseases (PLDs) and EBV-associated B lymphomas (4, 7). Other pathologies, such as symptomatic primary infection (infectious mononucleosis), haemophagocytic lymphohistiocytosis, and possibly, multiple sclerosis (8) may be caused by an overactivated immune response that is unable to clear the virus (4, 7, 9).

EBV is estimated to contribute to 1-2% of the global tumor burden, with about 200,000 cases per year (10–12). EBV’s oncogenicity is related to its ability to persist in the host by establishing a cellular reservoir in long-lived memory B cells (1, 4, 5, 7, 13). After entering the body through saliva and oropharyngeal epithelium, EBV infects naïve tonsillar B cells and causes their activation, proliferation, and protection from cell death via a transcriptional gene expression program referred to as the ‘latency III’ or ‘growth latency’ transcription program. This comprises two non-coding EBV-encoded small RNAs (EBERs), at least 44 miRNAs, and eight EBV latent genes (coding for six EBV nuclear antigens (EBNAs) and two latent membrane proteins (LMP1 and LMP2) (1, 7, 13, 14).

According to the Germinal Center Model of EBV persistence (14, 15), following activation by ‘latency III’, infected B cell blasts enter the germinal center. Here, expression of the latent EBV proteins EBNA1, LMP1 and LMP2 (latency II) ensures their survival and viral access to the B memory cell pool. In long-lived memory B cells, EBV can persist without viral protein expression in resting B cells (latency 0) or with expression of only EBNA1, which is required for replication and maintenance of episomal viral genomes in homeostatically dividing memory B cells (latency I). The latent EBV gene expression programs are tailored to normal B cell developmental differentiation stages from immunoblastic to memory B cells, and are also preserved in EBV-associated B lymphomas, with some diffuse large B cell lymphomas expressing latency III, Hodgkin’s lymphoma expressing latency II, and Burkitt lymphoma expressing latency I genes (1, 7, 14).

In cell culture, EBV can readily transform resting human B cells into indefinitely growing lymphoblastoid cell lines (LCLs) (1, 7, 13, 14). Established LCLs express the latency III program and resemble infected B cells from infectious mononucleosis or PLD patients or EBV-associated B cell lymphomas that arose under immune suppression. The importance of individual EBV latent genes for B cell immortalization has been extensively studied, most recently genetically, using recombinant viruses (16). From these studies, as well as numerous earlier works, the transcriptional transactivator EBNA2 emerged as a key factor that is essential for all phases of the immortalization process (17–19). EBNA2 is sufficient to reprogram B cells from a resting, energetically quiescent to an activated, proliferating state, and both, the initial metabolic activation and the subsequent cell cycle progression require the presence of EBNA2 protein (16, 20). EBNA2 subverts Notch signaling (21) and transcriptionally activates a cascade of primary and secondary target genes, most prominently the cellular proto-oncogene MYC and its targets, and the viral promoters that control LMP1 and LMP2 expression (22).

Similar to Notch, EBNA2 does not bind DNA directly, but engages cellular transcription factors, and influences their function. Through a central ‘adapter’ region EBNA2 binds the Notch effector RBPJ (RBPJk/CBF1), a sequence-specific, conserved ubiquitous repressor that occupies super enhancers in B cells and represses target genes (19). EBNA2 relieves this repression, thereby activating RBPJ target genes, including MYC. In parallel, through its N-terminal domain, EBNA2 recruits Early B Cell Factor 1 (EBF1/OLF-1/COE1) (23), a pioneer transcription factor that specifies and maintains B cell lineage (24). EBF1 binding by EBNA2 is necessary for full oncogenic hyperactivation of MYC, to promote metabolic processes linked to cell cycle progression, thereby maintaining B cells in their EBV-driven, proliferating, immortalized state (20).

LMP1 is regarded as the major EBV oncogene (25). It subverts signaling by the TNF-receptor family member CD40, leading to constitutive activation of pro-proliferative and pro-survival signals, through several TRAF-dependent signaling pathways including NF-kB, PI3-kinase, the MAP kinases JNK, p38 and ERK and IRF7 (13, 25–30). We previously showed that in T cell-deficient mice, transgenic expression of LMP1 in B cells causes a lymphoproliferative disease that leads to the development of monoclonal B cell lymphomas (31). These LMP1-driven lymphomas acquire in vivo secondary oncogenic mutations that aberrantly activate either Ebf1 or the NF-kB subunit Rel (32).

We subsequently showed that the coexpression of a single viral gene, LMP1, and a single cellular host gene, EBF1, increased survival and proliferation of human tonsillar B cells in culture, and was sufficient to recapitulate EBV-mediated transformation of B cells in mice (32). In contrast to this, MYC-driven malignant transformation of mature mouse B cells requires inhibition of both intrinsic apoptosis and p53 activity by overexpression of at least two additional factors, such as BCL6/BCL2 or BMI1/BCLXL or BMI1/MCL1 (33, 34). Based on these findings, we reasoned that combining the pro-proliferative and pro-survival activities induced by LMP1 (35) with the full induction of oncogenic MYC levels by EBNA2 (through its cellular effectors RBPJ and EBF1) (20) might be sufficient to immortalize B cells. In the present paper, we set out to test the hypothesis that EBNA2 and LMP1 represent a minimal set of EBV latent genes for the growth transformation of human primary B cells.





Materials and methods




Study individuals and sample collection

Samples from EBV-negative donors were obtained under a study protocol approved by the Institutional Review Board of the University of Cologne and respective local Institutional Review Boards (study protocol 16-054). All participants provided written informed consent and were recruited as outpatients. Sites of recruitment was the Institute of Virology at the University Hospital Cologne.





Isolation and culture of B cells

CD19+ B cells were isolated from PBMCs by positive selection using CD19 Microbeads (Miltenyi, Cat. No. 130-050-301) and seeded at concentration of 0.5 million/ml. B cells were cultured either with recombinant human CD40L trimers (2 µg/ml; CD40L-Tri; purified in-house) (36) and IL-21 (100 ng/ml; Biozol, Cat. No. BLD-571208) or on a CD40L/IL21-expressing feeder cell line (33). Every 4-5 days the activation stimulus was replenished.





Retroviral transduction and infection with EBV

The coding sequence (CDS) of EBV strain B95-8 latent proteins EBNA2, LMP1 and LMP2A was inserted into an MSCV backbone based on pMIG (MSCV IRES GFP; Addgene plasmid #9044). The EBNA2 CDS was optimized for protein expression in mammalian cells on the transcriptional, mRNA and translational level and custom synthesized (GeneOptimizer Software, GeneArt Gene Synthesis Services, ThermoFisher) (37). Transfection of 293T cells, retrovirus production and B cell transduction was performed as described (33). For infection with EBV wildtype strain B95-8 (38, 39), human peripheral B cells were infected 2 days after activation with supernatant containing virus for 3 hours and seeded at 0.5 million cells/ml.





Flow cytometry and Western blots

Cells were stained with fluorophore-conjugated antibodies and resuspended in FACS buffer containing a Live/Dead staining-dye (DAPI, PI, or LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit, ThermoFisher SCIENTIFIC, Cat. No. L34976) and counting beads (CountBright absolute counting beads, Life Technologies, Cat. No. C36950), then analyzed on a LSRFortessa (BD Biosciences) using FlowJoTM v10.6.2 Software (BD Biosciences). For DNA content analysis, cells were labeled with LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (ThermoFisher SCIENTIFIC, Cat. No. L34976), fixed with 1X Cytofix/Cytoperm buffer (BD, Cat. No. 554722) and stained with DAPI. The DAPI channel was acquired on a linear scale. Protein extraction and Western Blots were performed with standard procedures.





Analysis of cell growth

At the indicated time points, cells were collected and resuspended in 100 µl FACS buffer and analyzed by flow cytometry in the presence of 1 µl CountBright Absolute counting beads for flow cytometry (Invitrogen, Cat. No. C36950) until 400 to 500 beads were acquired (as gated by size and fluorescence intensity). The concentration of cells was determined as described by the manufacturer. From this value, the total cell number for each culture was calculated based on the total volume of the cell culture and the recorded split ratio (since day 3). Cells were split at a ratio of up to 1:2, when necessary, as judged by cell density and medium pH, and only when they reached more than 1 million cells/ml (resulting in newly split cells at a concentration of 1-2 million/ml). Cells were pipetted up and down softly to break up larger cell clumps. Between day 25 and 37 (the time window when LMP1 single-positive cells ceased to grow), cultures were not, or only rarely, split. Cell viability was measured by trypan blue dye exclusion in an automated cell counter (TC20, BIO-RAD) with particles with a diameter below 5 μm excluded.





Tumor growth in xenotransplanted NOG mice

Mouse experiments were approved by the Landesamt für Gesundheit und Soziales Berlin (Reg 0010/19) and complied with the German Animal Welfare Act. B cell lines frozen 60 days after transduction were thawed and cultured for 2 weeks. 100 μl containing 5 million cells in 50% MatriGel (Corning, Cat. No. 356234) were injected subcutaneously into female, 2-month-old NOG mice (NOD.Cg-Prkdcscid Il2rgtm1Sug/JicTac; Taconic Biosciences). Three times per week the tumor volume was measured and calculated using the formula 0.5 a × b2, where a and b are the long and short diameters of the tumor, respectively. After reaching a tumor volume of ≥ 1.5 cm3 animals had to be sacrificed (humane endpoint).





Statistical analyses

Means, medians and statistical significance were calculated using GraphPad Prism 8 (version 8.4.3) by the tests and p value corrections indicated in the figure legends. We followed Prism’s recommendations when prompted. We used the New England Journal of Medicine p value style, which shows three digits. A p > 0.05 was considered not significant (ns).

Further details and materials can be found in Supplementary Material.






Results




Expression of EBV latent genes in primary human B cells

Human primary B cells are refractory to transduction with existing amphotropic retrovirus systems or with retrovirus pseudotyped with vesicular stomatitis virus G glycoprotein (VSV-G) (33, 40, 41). Therefore, we turned to a strategy which employs the envelope protein of Gibbon ape leukemia virus (GaLVenv) (42) to achieve efficient viral transduction of non-malignant primary human germinal center B cells ex vivo (33). GaLVenv-pseudotyped retrovirus (GaLVenv-RV) efficiently transduced both naïve and memory B cells isolated from peripheral blood mononuclear cells (PBMCs) (Supplementary Figures 1A–C).

Using this transduction system, we set out to investigate how expression of the EBV latent genes EBNA2, LMP1 and LMP2A contributes to the growth transformation of human primary B cells. However, EBNA2 was poorly expressed from retroviral constructs, both in mouse (32) and human B cells (Figure 1A). To overcome this problem, we de novo synthesized the coding sequence of EBNA2 after multiparameter expression optimization (37). Optimized EBNA2 (opEBNA2) showed dramatically improved mCherry reporter expression over wildtype EBNA2 in 293T retroviral packaging cells, leading to higher virus titers (as measured by transducing BJAB cells), and to higher EBNA2 protein expression levels in transduced BJAB cells (Figures 1A, B; Supplementary Figure 1D).




Figure 1 | GaLVenv-Retroviral transduction enables expression of the EBV latent protein LMP1, LMP2A and EBNA2 in human primary B cells. (A, B) Expression of EBNA2 after RNA and codon optimization (37). (A) (Left) mCherry reporter levels measured by flow cytometry after transfection of 293T packaging cells with a bicistronic retroviral IRES-mCherry plasmid. mCherry expression was elevated for optimized EBNA2 (opEBNA2) compared to wildtype EBNA2 (wtEBNA2), indicating increased mRNA expression. (Right) mCherry reporter-positive BJAB cells measured 3 days after transduction with 293T cell supernatants containing GaLVenv-pseudotyped retrovirus (GaLVenv-RV). The increase in reporter-positive cells reflects elevated retroviral titers for opEBNA2 compared to wtEBNA2. (B) Western blot showing enhanced EBNA2 protein levels four days after transduction of BJAB cells. wtEBNA2-expressing cells were pre-enriched by sorting and expanding of mCherry-positive cells. The percentage of mCherry-positive cells is indicated. (C) Experimental set up for panel (D, E), and Supplementary Figures 1D, F, CD19-positive B cells were isolated from PBMCs from three untested healthy donors and stimulated for two days with soluble CD40-ligand trimer and human IL-21, then transduced with GaLVenv-RV (day 0). Four days after transduction, cells were collected for analysis. (D, E) Expression of EBV latent proteins in human primary B cells. (D) GFP or mCherry reporter-positive cells measured by flow cytometry after transduction with GaLVenv-RV carrying open reading frames of LMP1, LMP2A, and opEBNA2 individually fused to IRES-mCherry or -GFP. Gating is indicated. (E) Western Blots showing expression of LMP1, LMP2A and opEBNA2 proteins four days after transduction in unsorted cell populations containing mixtures of transduced and non-transduced cells. Cells transduced with GFP or mCherry were used as negative controls (no insert); LCL cell lysate was used as positive and actin as loading control. Closest molecular weight markers flanking the detected band are indicated at the right (not drawn to scale). EBNA2 migrates at 70-90 kD in SDS-PAGE (18). calc., calculated.



We then generated retroviruses carrying coding sequences for opEBNA2, LMP1 and LMP2A, and transduced PBMC-derived B cells in the presence of CD40 ligand (CD40L) trimers and IL-21 (Figure 1C). (In our hands, transduction of quiescent B cells with GaLV-pseudotyped retrovirus was ineffective (Supplementary Figure 1E), although it has been reported previously for GaLV-pseudotyped lentivirus (42)). Expression of the three EBV latent proteins was confirmed by monitoring mCherry reporter expression by flow cytometry, and by Western blot and immunofluorescence (Figures 1D, E; Supplementary Figure 1F). As expected from the literature, LMP1 and LMP2A predominantly localized to the perinuclear region in the cytoplasm (43–45), whereas EBNA2 was observed in punctae in the nucleus (46, 47) (Supplementary Figure 1F). The localization patterns and expression levels appeared comparable to those detected in LCLs that were generated in parallel by infecting pre-activated, primary B cells with EBV.

Taken together, we successfully established a transduction and expression system for primary human B cells that is suitable to study the immortalizing and growth-transforming properties of the EBV latent proteins EBNA2, LMP1 and LMP2A.





Coexpression of LMP1 and EBNA2 confers long term growth on human primary B cells

In order to pinpoint a minimum set of EBV latent genes required for human B cell immortalization, we cultured human peripheral B cells from three EBV-negative donors on CD40L/IL21-expressing feeder cells (33), and transduced them, individually or in combination, with GaLVenv retroviruses carrying LMP1, opEBNA2 or LMP2A (Figure 2). Feeder cells were withdrawn on day 3 after transduction, and cell growth was monitored by flow cytometric analysis of reporter expression or of the number of total cells in the presence of counting beads (Figure 2A). When transduced individually, LMP1-expressing cells survived, expanded until day 10, and then persisted without further expansion for the rest of the 60-day observation period, while EBNA2- and LMP2A-expressing cells steadily decreased in numbers, dying out by day 25 (Figure 2B). These results suggest that none of the three EBV latent genes is capable by itself of growth-transforming primary human B cells.




Figure 2 | LMP1/EBNA2-coexpressing human peripheral B cells show long-term proliferative outgrowth in cell culture. (A) Experimental scheme. (B) Percentage (left panel) and total (right panel) of reporter-positive cells over time as measured by flow cytometry after single transductions with GaLVenv retroviruses carrying the indicated latent EBV genes (n=6; three EBV-negative donors with two independent replicates each). Data correspond to medians with range. LMP1-expressing cells were positively selected approaching 100% of reporter-positive cells over time. GFP+, LMP2A+ and EBNA2+ cells were dying out from day 25 (indicated by a cross in each case). (C–E) LMP1/EBNA2-coexpressing cells are capable of long-term proliferative outgrowth, while LMP1/LMP2A-coexpressing cells are not. Plotted data correspond to medians with range. (C, D) Percentage of reporter-positive cell-subpopulations over time as measured by flow cytometry after double transductions with LMP1, and either EBNA2 or LMP2A. Left: Flow cytometry analysis of B cells from one representative donor identifies four subpopulations: double-transduced (mCherry and GFP double-positive), single transduced (either mCherry- or GFP-positive) and non-transduced (reporter-negative). Right: Change of the four cell subpopulations over time. (C) LMP1/EBNA2 double-transduction. Only LMP1/EBNA2-coexpressing cells showed significant outgrowth (paired, two-tailed t-test (day 60), p < 0.001 (***); n=15 (three EBV-negative donors with five independent replicates each). (D) LMP1/LMP2A double-transduction (paired, two-tailed t-test (day 60), p = 0.87 (ns = not significant); n=6 (three EBV-negative donors with two independent replicates each). (E) Fold changes of total living cells over time (irrespective of reporter-expression) (ordinary one-way ANOVA with Tukey’s multiple comparisons test (day 60), p = 0.02 (*), p < 0.001 (***); n=6 (three EBV-negative donors with two independent replicates each).



In a separate series of experiments, we co-transduced LMP1 either with EBNA2 or with LMP2A, and monitored the growth of the resulting four cellular subpopulations by their differential reporter expression in co-culture, in the same culture well (Figures 2C, D). LMP1/EBNA2-coexpressing cells overtook the cultures within 25 days, and outcompeted the cells expressing LMP1-only while EBNA2-only expressing and non-transduced cells died out by day 15 (Figure 2C). In contrast to this, co-transduction of LMP1 and LMP2A did not show outgrowth of LMP1/LMP2A-double-positive cells (Figure 2D). Rather, LMP1-expressing and LMP1/LMP2A-co-expressing cells coexisted over the entire culture period, reaching equal proportions by day 60. Non-transduced and LMP2A-only expressing cells were barely detectable in co-culture (Figure 2D). These results suggest that EBNA2 expression confers a growth advantage to LMP1-expressing B cells while LMP2A expression does not.

We also measured the total number of single- and double-transduced cells in independent parallel cultures of virally transduced B cells. As evident from the change in cell numbers relative to the number of cells on day 3 after transduction, LMP1/EBNA2-expressing cells showed continuous and sustained growth over five orders of magnitude within the 60-day observation period (Figure 2E). In contrast to this, cells expressing LMP1 in combination with LMP2A expanded only about 10-fold within the first 15 days, and then remained stable, similar to cells expressing LMP1 only (Figure 2E). These results confirmed that EBNA2, but not LMP2A, endowed LMP1-expressing B cells with the ability to grow continuously in culture.

On day 60 after transduction, stable ‘synthetic’ LMP1/EBNA2-coexpressing (synL1E2) cell lines had emerged which expressed LMP1 and EBNA2 proteins at comparable levels to LCLs that had been established in parallel from the same donors (Supplementary Figure 2A). However, in contrast to LCLs, synL1E2 lines did not express EBER1 and EBER2 RNAs, excluding the possibility that the enhanced growth potential of synL1E2 lines was caused by an unintentional EBV infection (Supplementary Figure 2B).

In order to confirm that synL1E2 lines were dependent on the continuous expression of LMP1 and EBNA2, we designed LMP1 and EBNA2-specific gRNAs using our CrispRGold algorithm (48) and performed gene editing by electroporation of gRNA/Cas9 ribonucleoprotein (RNP) complexes to introduce DNA double-strand breaks (49). Repair of these DNA lesions by non-homologous end joining generates insertions or deletions (Indels) that can disrupt gene expression by causing frameshift mutations that introduce premature stop codons, leading to gene knock-outs. In order to determine the proportions of alleles with frameshift (knock-out) mutations, we performed amplicon deep sequencing on growing cell populations that had undergone LMP1 or EBNA2 mutagenesis (Supplementary Figure 3A). As shown in Supplementary Figure 3B, when compared to day 3 post gene editing, the percentage of knock-out alleles was greatly reduced at the later time points. By day 10 (LMP1) and day 12 (EBNA2) cells carrying knock-out mutations in LMP1 and EBNA2 had largely disappeared from the edited cell populations, indicating that synL1E2 cell lines are addicted to continuous expression of both EBV latent genes, LMP1 and EBNA2.

Taken together, our results suggest that LMP1 and EBNA2 represent a minimal set of EBV latent genes sufficient to immortalize human primary B cells.





LMP1/EBNA2-coexpressing synL1E2 cell lines show similarities and differences to EBV B95-8 transformed LCLs

In order to characterize LMP1/EBNA2-expressing synL1E2 B cell lines, we directly compared them to LCLs that we generated by infection of human primary B cells pre-activated on CD40L/IL-21-expressing feeder cells with the prototypic EBV wildtype strain B95-8 (38, 39) (convLCLs). Both, synL1E2 cell lines and convLCLs were positive for the B cell markers CD19 and CD20, and expressed high levels of CD21, CD95 (Fas), HLA-II, CD23 and CD54 (ICAM-1) (Figure 3A; Supplementary Figure 4A), in line with the ability of LMP1 and EBNA2 to induce B cell activation markers (50–54) and previous characterizations of LCLs as highly activated B cells (1, 55). It should be noted, however, that some surface markers were differentially expressed between transduced and infected cells. The reasons for this discrepancy remain unclear, and might be due to slightly different expression levels of the viral proteins, or lack of the complete EBV latent gene expression program in transduced cells, or different origins of transduced and infected cells.




Figure 3 | LMP1/EBNA2-coexpressing B cells are phenotypically similar to conventional lymphoblastoid cell lines (convLCLs), but have a more restricted proliferative capacity. (A) Activation and B cell linage marker profiles of human B cells 60 days after transduction with LMP1 and EBNA2 (synL1E2) or infection with EBV wildtype strain B95-8 (convLCLs). SynL1E2 cells display similar, but not identical B cell activation marker profiles as convLCLs (see also Supplementary Figure 4A). Antibodies with matching isoptypes were used as negative controls. (B) LMP1/EBNA2-coexpressing synL1E2 lines (red) expanded more slowly than convLCLs (black). B cells were cultured and treated as shown in Figure 2A, or infected on day 0. As negative control for this experiment, activated, non-transduced B cells were cultured on CD40L/IL-21-expressing feeder cells which were replenished every 3 to 4 days (grey curves; from day 50 on living cells were not detectable). Plotted data represent median with range for three negative donors with five independent replicates each. Unpaired, two-tailed t-test with Welch’s correction (day 60), p < 0.001 (***) (n=15 for all three donors combined). (C, D) SynL1E2 cultures contain less actively dividing and living cells compared to convLCLs (day 80 after double-transduction in discontinous culture: 60 days culture plus 20 days re-culture after freezing and thawing). Each dot represents one independent cell line, bars indicate median. (C) DNA content analysis by flow cytometry. Left panel: representative result for a synL1E2 and a convLCL line with gating strategy for G1, S and G2/M phase. Right panel: Quantification of dividing cells in S/G2/M phase combined. Unpaired, two-tailed t-test with Welch’s correction, p = 0.01. (D) Live cell count by trypan blue exclusion in synL1E2 cultures. Unpaired, two-tailed t-test with Welch’s correction, p < 0.001. (E) Outgrowth of convLCLs (black) over synL1E2 cell lines (red) in competitive co-culture. SynL1E2 cell lines and convLCLs (on day 60 after transduction or infection, respectively) were co-cultured, and their growth was monitored by flow cytometry. Upper panels: Flow cytometry of co-cultured B cell lines identifies double-transduced synL1E2 cells (mCherry and GFP double-positive) and convLCLs (reporter-negative) at the indicated time points. ConvLCLs overtook the cultures after three days. Lower Panel: Change of the subpopulations over time. Plotted data correspond to means with range for three EBV-negative donors with two independent replicates each. Paired, two-tailed t-test (day 66), p < 0.001 (***) (n=6 for all three donors combined).



Consistent with their highly activated state, synL1E2 lines and convLCLs proliferated steadily, although synL1E2 lines proliferated less vigorously than convLCLs. This was due on the one hand to a lower proportion of actively dividing cells, and on the other hand to a lower proportion of living cells in the culture (Figures 3B–D). When synL1E2s were placed in competitive co-culture with convLCLs on day 60 after retroviral transduction and EBV infection, respectively, synL1E2s were quickly outcompeted by convLCLs (Figure 3E). Likewise, newly EBV-infected primary B cells quickly overtook LMP1/EBNA2-coexpressing B cells upon co-culture 15 days after infection and transduction, respectively (Supplementary Figure 4B). These results indicate that the slower growth of synL1E2 cell lines is cell-intrinsic.

Conditionally activated EBNA2 suppresses IgM transcription and surface IgM expression in LCLs (56). We observed that LMP1/EBNA2 coexpressing B cells rapidly lost surface IgM expression after retroviral transduction, to a greater extent than LCLs, (Supplementary Figure 5A), but retained the ability to secrete antibody, with five out of six synL1E2 lines secreting IgM only, in contrast to some of the convLCLs which additionally secreted IgG and IgA (Supplementary Figure 5B). Sequence analysis of the productively rearranged immunoglobulin heavy chain loci revealed that both, synL1E2 lines and convLCLs were oligoclonal. The heavy chain V genes of synL1E2 lines were unmutated (with one exception), whereas the productively rearranged VH genes in convLCLs carried varying numbers of somatic mutations (Supplementary Figure 5C), in agreement with earlier studies (57).

Taken together, these results suggest that synL1E2 cell lines may be derived predominantly from naïve B cells, while our convLCLs represent a broader spectrum of B cell subsets including memory B cells. The phenotype of our synL1E2 lines and convLCLs was in line with previous characterization of LCLs as activated B cells or plasmablasts (55).





LMP1/EBNA2-coexpressing B cells show tumorigenic growth in vivo

To evaluate the growth potential of LMP1/EBNA2-coexpressing B cells in vivo, three independent synL1E2 cell lines were transplanted into severely immunodeficient NOD/SCID/γcnull (NOG) mice that lack mature T, B and NK cells, and have dysfunctional macrophages and dendritic cells, as well as a reduced complement activity (58). All synL1E2 cell lines developed tumor-like nodules at the injection sites. Five out of six mice carrying synL1E2 tumors had to be sacrificed due to skin ulcerations at the injection site before the tumors reached the predefined endpoint of 1.5 cm3 tumor volume (Figure 4A). The dissected synL1E2 tumors were similar in size to BJAB reference tumors which had reached the endpoint (Figure 4B). Immunofluorescence and PCR analysis revealed that the synL1E2 tumors harbored a majority of EBNA2-positive, human cells, as well as a smaller number of infiltrating, CD45-positive mouse cells (Supplementary Figures 6A–E). SynL1E2 tumors contained actively dividing cells as identified by staining with a human-specific anti-Ki-67 antibody (Supplementary Figure 7A). The infiltrating mouse cells corresponded mostly to CD11b/Ly6G-positive neutrophils, possibly attracted by the various pro-inflammatory cytokines and chemokines secreted by synL1E2 cell lines, including IL-8 which is known to cross-react with mouse IL-8 receptor (Supplementary Figures 7B, C) (59).




Figure 4 | LMP1/EBNA2-coexpressing synL1E2 cells grow in vivo in severely immunodeficient mice. (A) Selected synL1E2 B cell lines were transplanted subcutaneously into NOD/SCID/γcnull (NOG) mice. Malignant BJAB cells were used as reference. The volume of the tumor nodules at the transplant site was monitored over time. Arrows indicate the time point at which skin ulcerations appeared in five out of six synL1E2 recipient hosts; mice had to be sacrificed shortly after (humane endpoint). Experiment 1 and 2 were independent of each other. (B) Pictures of dissected tumors at the time points at which mice had to be sacrificed, corresponding to the experiments shown in panel (A). A1 to A3 tumors, synL1E2 tumors; B1 and B2 tumors, BJAB tumors. Sizebar, 5 mm.



Taken together, our results suggest that the LMP1/EBNA2-coexpressing cells are capable of tumorous growth in vivo.






Discussion

Cell lines generated by EBV-driven B cell immortalization in cell culture serve as a model for EBV-transformed B cells arising in infectious mononucleosis, PLD or under immunosuppression. The transformation process can be divided into three phases, a pre-latent phase (up to 8 days post infection (p. i.)), the outgrowth of lymphoblastoid cells (up to 4 weeks p. i.) and the growth of established LCLs (16). Despite extensive research over decades, it has remained difficult to define the exact functions and contributions of individual EBV latent genes to B cell immortalization (16). Oncogenic EBV latent proteins have been compared to Swiss army knives, each one exerting many different, as well as partially overlapping functions (7).

Here, we approached this problem by asking whether individual EBV genes are able to transform primary human B cells. We used a gain-of-function approach by retrovirally overexpressing selected EBV latent proteins, and assessing the growth behavior of the transduced B cells. We focused on LMP1 and EBNA2, because of their importance for B cell immortalization in culture (16) and because of the following three observations from our previous work: (i) Transgenic expression of LMP1 in mice causes spontaneous monoclonal B cell lymphomas (31); (ii) some of these B cell lymphomas had acquired mutations in Ebf1 as a secondary oncogenic event (32); and (iii) co-expression of LMP1 and cellular EBF1 is able to recapitulate EBV-mediated transformation in mice, and to promote survival and proliferation of human tonsillar B cells in culture (32). Since EBF1 is a cellular effector of EBNA2, that is necessary for full induction of oncogenic MYC levels by EBNA2 in the context of EBV-mediated B cell transformation (20), a logical step was to ask, whether LMP1 and EBNA2 together can transform human B cells. Based on our results, we make the following three main points:

First, optimization of the EBNA2 CDS at the transcriptional and translational level overcame an inability to express EBNA2 in primary mouse and human B cells at a level that would allow the study of EBNA2’s growth-modifying properties ( (32) and this study). Optimized EBNA2 could be expressed at a protein level comparable to that in LCLs, but was not sufficient to sustain the growth and proliferation of EBNA2-expressing primary B cells beyond day 6 (see Figure 2B). This differed from the behavior of primary B cells expressing LMP1, which proliferated for nearly two weeks, before plateauing for the rest of the 60-day observation period (Figures 2B, E).

Second, co-expression of only two EBV latent genes, EBNA2 and LMP1, proved to be sufficient for the growth transformation of activated human primary B cells in culture. LMP1/EBNA2 co-expressing cells behaved similarly to LMP1-only transduced cells for about two weeks, but then continued to proliferate and grew out as stable cell lines (Figure 2E). Our experiments bypass the initial, critical step of reprogramming resting B cells (the pre-latent phase), because we used activated, proliferating B cells for transduction. In EBV infection in cell culture, with resting B cells as target cells, EBV latent genes act in a strict, temporally controlled manner: EBNA2 is expressed first, while LMP1 becomes expressed around day 4 and reaches full LCL expression levels only three weeks after infection (25, 55). In such a context EBNA3C is essential for the outgrowth of lymphoblastoid cells as well as the growth of established LCLs by regulating host genes protective of cell death and by suppressing plasma cell differentiation (16, 60–63).

By contrast, in our experiments, LMP1 is always co-expressed with EBNA2 at high levels, which may substitute to some extent for functions of other EBV latent proteins, in particular the pro-survival functions mediated by EBNA3C. In this context, it is interesting to note that synL1E2 cell cultures proliferated less strongly and contained more dead cells than established LCLs which express the full complement of EBV latent genes (Figures 3B, D).

Third, synL1E2 B cell lines established from LMP1/EBNA2 co-expressing cells appeared truly growth-transformed, because they showed consistent tumorous growth in a xenotransplantation model (Figure 4B).

Limitations: We did not investigate the mechanism of LMP1 and EBNA2 cooperation. The possibility of cooperative induction of oncogenic MYC levels (as outlined in the Introduction) could be addressed by constructing EBNA2 deletion mutants defective for recruitment of the cellular effectors EBF1 and RBPJ (20, 64). We tried, but were unable to express EBNA3 proteins at sufficient levels in primary human B cells, a problem that might be addressed in the future by synthesizing expression-optimized coding regions (37). We did not attempt to express other EBV latent genes. Moreover, we did not try to express LMP2A together with EBNA2. Indeed, LMP2A can replace BCR signaling in B cell development by providing pro-survival signals (65). However, primary human B cells transduced with LMP2A or EBNA2 alone showed a growth deficit when compared to GFP reporter-positive control cells which were dying out by day 37 (Figure 2B). Furthermore, we could not directly compare in vivo tumorous growth of LCLs with synL1E2 cell lines in the xenotransplantation model, because of regulatory restrictions regarding in vivo mouse work with cell lines that shed intact EBV. Despite these limitations, our results show that LMP1 and EBNA2 constitute a minimal set of EBV proteins sufficient for B cell transformation.
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