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  Introduction

 B cell activation and differentiation is central to the adaptive immune response. Changes in exon usage can have major impacts on cellular signaling and differentiation but have not been systematically explored in differentiating B cells.

 
  Methods

 We analyzed exon usage and intron retention in RNA-Seq data from subsets of human B cells at various stages of differentiation, and in an in vitro laboratory model of B cell activation and differentiation (Epstein Barr virus infection).

 
  Results

 Blood naïve B cells were found to have an unusual splicing profile, with unannotated splicing events in over 30% of expressed genes. Splicing changed substantially upon naïve B cell entry into secondary lymphoid tissue and before activation, involving significant increases in exon commitment and reductions in intron retention. These changes preferentially involved short introns with weak splice sites and were likely mediated by an overall increase in splicing efficiency induced by the lymphoid environment. The majority of transcripts affected by splicing changes showed restoration of encoded conserved protein domains and/or reduced targeting to the nonsense-mediated decay pathway. Affected genes were enriched in functionally important immune cell activation pathways such as antigen-mediated signaling, cell cycle control and mRNA processing and splicing.

 
  Discussion

 Functional observations from donor B cell subsets in progressive states of differentiation and from timecourse experiments using the in vitro model suggest that these widespread changes in mRNA splicing play a role in preparing naïve B cells for the decisive step of antigen-mediated activation and differentiation.
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1. Introduction.

 B-cell recognition of antigens and the production of antibodies lie at the core of the adaptive immune response. B cells originate in the bone marrow via a finely tuned pathway that optimizes breadth and specificity of antigen-binding capacity while avoiding autoreactivity. Upon maturation, antigen-naïve B cells (NBCs) with functional B cell receptors (BCRs) emerge from the bone marrow into the bloodstream, and eventually migrate towards secondary lymphoid tissues such as tonsils, adenoids and lymph nodes. The secondary lymphoid tissues are immune system hubs where the initially nonproliferative NBCs may encounter their antigens and cognate T cells in a signaling environment that promotes activation. Upon antigen binding to the BCR combined with T cell stimulation, B cells initiate an elaborate cascade of signaling events. This leads to a rapid and orchestrated increase in the transcription and translation of genes required to induce clonal expansion and the formation of a germinal center (GC). In the GC, proliferating B cells undergo somatic hypermutation to produce BCRs with increased antigen affinity, and class-switch recombination to generate mature antibody subtypes. Successfully mutated and class-switched GC B cells undergo further transcriptomic and phenotypic changes and differentiate into antibody-secreting plasma cells (PCs).

 Alternative splicing of mRNA has been found to be linked to many cellular signaling and differentiation processes, with highly specific splicing profiles associated with different tissue types and cell subsets in the immune system and elsewhere (1). Differential abundance or activity of splicing factors can lead to skipping or inclusion of exons, retention of introns, or usage of alternate splice sites. Splicing differences, in particular intron retention variations, have been reported in subsets of neural (2), muscle (3), hematologic (4–6) and immune (7–11) cells.

 We used RNA-Seq datasets from multiple different human donors to thoroughly interrogate splicing in B cell subsets across a spectrum of differentiation, including NBCs in venous blood, NBCs in secondary lymphoid tissue, GC B cells and fully differentiated PCs. We identified splicing changes over the course of differentiation that have extraordinary penetrance in the B cell transcriptome, affecting over 30% of expressed genes. Early in the differentiation pathway, blood-derived NBCs have a unique splicing profile, marked by high intron retention and a large number of aberrant exon skipping events that are corrected through the course of differentiation. Surprisingly, most splicing changes occur upon NBC entry into the secondary lymphoid tissue, before antigen-mediated activation induces proliferation and GC formation. These early, pre-proliferative splicing changes are similarly observed in B cell activation via a different mechanism (in vitro Epstein Barr virus (EBV) infection of blood NBCs) using B cells from different donors, further supporting a broad increase in splicing fidelity as a prelude to B cell activation.

 
  
2. Materials and methods.

  2.1. RNA-Seq data acquisition and analysis.

 RNA-Seq datasets from human B cell subsets from multiple donors were obtained from the European Genome-Phenome Archive (EGA) with permission from the Blueprint Epigenome Consortium. Details of donor B cell subset isolation procedures are available from https://www.blueprint-epigenome.eu and Kulis et al.; briefly, peripheral blood NBCs (CD19+, CD27-, IgD+) were obtained from donor buffy coats sorted by FACS, tonsil NBCs (CD19+, CD27-, IgD+), GC B cells (CD20hiCD38med) and PCs (CD20medCD38hi) were isolated from donor tonsils using Ficoll-Isopaque, AutoMACS (CD19+ cells or B Cell Isolation Kit II) and FACS (12). Poly(A)+ RNA-Seq datasets from GM12878 cells and infection of primary and immortalized B cells were obtained from the European Nucleotide Archive (ENA). Details of primary B cell isolation are available from the original studies; briefly, CD19+ resting blood lymphocytes for the blood B cell infection timecourse dataset A were negatively selected from donor PBMCs using EasySep (StemCell Technologies) (13), CD19+ blood B cells for the blood B cell infection timecourse B were negatively selected by Precision Bioservices (#8440) (14), and naïve B cells for the lymphoid B cell infection timecourse were isolated from adenoid biopsy tissue using Ficoll Hypaque after T cell rosetting, then sorted by FACS (CD38-, IgD+) (15). Information about the generation of the LCL GM12878 are available from the Coriell Institute at https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?Ref=GM12878. Information about the EBV-negative Akata Burkitt Lymphoma cell line is available from Shimizu et al. (16). Poly(A)+ RBP-knockdown datasets from K562 cells were obtained from ENCODE. Details about shRNA knockdown strategy and validation are available from https://www.encodeproject.org/. Accession numbers for all datasets are in  Supplemental Table 1 . Data from donor 2 from blood B cell infection timecourse dataset B (14) were found to be corrupted and were not used. Data from one donor in the lymphoid NBC infection at 8 dpi were reported as not passing quality controls; this dataset was excluded from both the original analysis (15) and the present one.

 RNA-Seq datasets were analyzed as follows:

  	  1. Reads were aligned and mapped with STAR v2.5.2a (17) with the following settings, optimized for splicing analysis: –chimSegmentMin 2 –outFIlterMismatchNmax 3 –alignEndsType EndToEnd –outSAMstrandField intronMotif –alignSJDBOverhangMin 6 – alignIntronMax 300000. 

 	  2. For analysis of exon inclusion level and statistical assessment of splicing changes (skipped exon, retained intron, alternate 3’ splice site, alternate 5’ splice site and mutually exclusive exons) between conditions, the BAM alignment files produced by STAR were analyzed with rMATS 4.1.1 or v3.1.0 (18) and splAdder v3.0.3 (19). 

 	  3. For analysis of intron retention level in each sample, the BAM alignment files produced by STAR were analyzed with IRFinder v1.3.0 (20). 

 	  4. Gene expression levels were calculated as Transcripts per Million (TPM) using kallisto v0.46.0 (21). 

 	  5. Differential gene expression was calculated using sleuth (22). 

 	 6. Gene Set Enrichment Analysis (GSEA) was performed in GSEA 3.0 (23) using a signal-to-noise rank and the TARTE_PLASMA_CELL_VS_B_LYMPHOCYTE_UP gene set. 

 

 Alignment, mapping and splicing analysis used a reference genome containing the GRCh38 assembly of the human genome and the EBV genome (Akata strain, NCBI accession number KC207813.1 (24)) and a reference transcriptome annotation containing the Ensembl 90 human transcript annotation and EBV (Akata) transcript annotation (25).

 
  
2.2. Identification and analysis of unannotated splice junctions.

 Canonical splice junctions (with a GT-AG splicing pattern) identified by STAR were assigned to genes in the Ensembl 90 human transcriptome annotation using the findOverlaps function in GRanges (26). For each robustly expressed (TPM > 10) gene, the annotated splice junction with the highest number of uniquely mapping reads was identified. Then, unannotated splice junctions with uniquely mapping reads equaling at least 10% that of that gene’s highest-depth annotated splice junction were selected for further analysis ( Supplemental Table 2 ).

 Donor and acceptor chromosome coordinates of unannotated splice junctions from each replicate were compared to each other in a pairwise fashion to calculate the proportion of shared unannotated splice junctions (the number of common unannotated splice junctions divided by the total number of unannotated splice junctions in the two datasets being compared). A hypergeometric test was used to evaluate the statistical significance of the shared set of unannotated junctions. RNA-Seq read junction depth for selected splice junctions was visualized with SpliceV (27).

 
  
2.3. Evaluation of exon commitment and intron retention.

 To determine the exon commitment level for each sample, the exon inclusion level (“IncLevel”) of each exon in the rMATS output from genes with TPM > 10 was extracted. In the case of duplicate exons (i.e., the same exon being skipped by multiple alternate splice junctions), the minimum reported inclusion level was used. The exon commitment score for the sample was calculated as:

  

 To determine the global intron retention level, in each sample the “IRratio” was extracted for each intron in IRFinder output for genes with TPM > 10. The number of genes with at least one intron with IRratio > 0.25 was then divided by the total number of genes with TPM > 10.

 
  
2.4. RT-PCR detection of altered splicing.

 RNA was harvested from human peripheral blood CD19(+) CD27(-) naïve B cells from 3 different donors (STEMCELL #70032), from DG75 cells (EBV-negative), and from Akata cells (EBV-positive) using the RNeasy Mini Kit (QIAgen #74106) with on-column DNAse digestion. RNA was reverse transcribed to cDNA with the iScript cDNA Synthesis Kit (Bio-Rad #1708891BUN) and PCR was performed using the primers in  Supplemental Data Sheet 2 . PCR products were run an on an agarose gel containing ethidium bromide and imaged using a Bio-Rad ChemiDoc Imaging System.

 
  2.5. Cross-dataset splicing alteration comparisons.

 For pairwise comparisons of splicing profile changes across experiments (B cell differentiation, EBV infection and ENCODE RBP knockdowns), all chromosome coordinates of high-confidence significantly altered splice junctions (FDR < 0.0005) in rMATS output from each comparison were compared to each other in a pairwise fashion to calculate the proportion of splice junctions altered in both conditions. A hypergeometric test was used to evaluate the statistical significance of the shared set of altered junctions.

 
  
2.6. Splice site strength, intron and exon length, GC content.

 The sets of exons with significantly higher inclusion (rMATS FDR < 0.05, IncLevelDifference > 0) and introns with lower retention (rMATS FDR < 0.05, IncLevelDifference < 0) in PCs or EBV infected cells compared to uninfected blood NBCs from the corresponding dataset were examined. Splice site strength was calculated using MaxEntScan (28).

 
  
2.7. Identification of NMD-targeting exon-skipping events.

 Alternately spliced exons (rMATS FDR < 0.05) that had nucleotide lengths not divisible by 3 and were in annotated coding sequences were analyzed for NMD-targeting potential. Reading frames for each possible affected isoform of the affected gene were scanned for premature stop codons (PTCs). If a PTC was detected >50 nt upstream of a splice junction, the exon-skipping event was determined to be potentially NMD-targeting.

 
  
2.8. Examination of conserved protein domain (CD) changes.

 Alternately spliced exons (rMATS FDR < 0.05) that had nucleotide lengths divisible by 3 and were in annotated coding sequences were analyzed for CD changes. The encoded amino acid sequences of the exons were obtained in the appropriate reading frame using a standard codon table and the amino acid sequences were submitted to the NCBI CD-Search Tool (Conserved Domain database, Expect Value threshold 0.01 with composition-corrected scoring in automatic search mode).

 
 
 2.9. Functional enrichment analysis.

 To examine genes with unannotated splicing in B cell subsets, genes with identified unannotated splicing (see subsection 2.2, “Identification and analysis of unannotated splice junctions”) were compared across replicates. Genes that contained unannotated splice junctions in all replicates of a subset were used for functional enrichment analysis. To examine genes with differentiation-associated alternative splicing, lists of genes with CD restoration, NMD targeting or intron retention were identified as described as above.

 Lists of genes were analyzed with Enrichr (29). GO Biological Process 2021 results were downloaded and plots created with R/ggplot2. GO terms with Adjusted p-value < 0.05 were considered to be significantly enriched.

 
 
  3. Results.

  
3.1. Pervasive unannotated splicing in blood naïve B cells.

 To investigate RNA splicing in human B cell subsets, we obtained high read-count, paired-end RNA-Seq data from fluorescence activated cell-sorted (FACS) human donor cells via the Blueprint Epigenome project, including NBCs isolated from peripheral blood, NBCs isolated from tonsils, GC B cells, and PCs ((30)  Supplemental Table 1 ). Assessing splicing across these datasets, we noticed a remarkably large number of unusual junctions that were not annotated in the Ensembl reference transcriptome, particularly in datasets derived from blood NBCs. To investigate these novel splicing events in more detail, we used stringent criteria to select high confidence unannotated splice junctions. For each robustly expressed gene (transcripts per million (TPM) > 10), we first identified the annotated splice junction with the highest read count. Only unannotated splicing events with a read count of at least 10% of the depth of the gene’s highest annotated splice junction were further considered ( Supplemental Table 2 ). Using these criteria, we found that over 30% of genes in blood-derived NBCs from each of the three donors contained at least one unannotated splice junction, noticeably higher than the proportion in lymphoid (tonsil)-derived NBCs, GC B cells, PCs, or the extensively used EBV-immortalized B cell lymphoblastoid cell line (LCL) GM12878 ( Figure 1A  (31, 32)).

  

 Figure 1 | Pervasive unannotated splicing in blood naïve B cells. (A) Proportion of robustly expressed genes (TPM > 10) with high-confidence unannotated splicing in B cell subsets and LCL samples. P-values calculated using pairwise comparison of proportions test with Bonferroni correction. (B) Gene expression level in TPM (minimum = 10) by splice junction annotation status and sample. Lighter colors represent genes containing unannotated splice junctions, darker colors represent genes with annotated splicing only. P-values calculated by Wilcoxon rank sum test with continuity correction and Bonferroni correction. (C) GO Biological Process term enrichment in genes with unannotated splicing in all three blood NBC samples. Orange points = significantly enriched terms (adjusted p-value < 0.05). Grey points = terms not significantly enriched. Adjusted p-values calculated by Enrichr using Fisher’s exact test with Benjamini-Hochberg correction. The complete list of GO terms and adjusted p-values is available as  Supplemental Table 3 . (D) Proportion of shared unannotated splice junctions in pairwise comparisons of all samples. For comparisons between blood NBCs, p-values calculated by hypergeometric test are indicated. Complete p-values are available as  Supplemental Table 4 . (E) Number of unannotated splice junctions using annotated donors, acceptors, both, or neither in each sample of B cells and LCLs (left) and examples of different types of unannotated junctions (right) using RNA-Seq data from blood NBCs plotted with SpliceV. bNBC, blood naïve B cells; tNBC, lymphoid (tonsil) naïve B cells; GCB, germinal center B cells; PC, plasma cells; LCL, lymphoblastoid cell line GM12878. 

 

 Genes with unannotated splice junctions were on average expressed at slightly lower levels than genes with entirely annotated junctions, but nevertheless included very highly expressed genes ( Figure 1B ). Notably, however, the most highly expressed genes typically did not contain unannotated splice junctions ( Figure 1B ). This may indicate an essential requirement for specific isoforms of these genes and commensurately strong cis splicing features, and/or it may reflect more comprehensive annotation of alternate isoforms in highly expressed genes.

 To evaluate functional implications of aberrant splicing, we identified genes in each subset with unannotated splicing across all replicates and examined these gene sets using Enrichr (29). Blood NBC genes with unannotated splicing were strongly enriched in several tissue-specific Gene Ontology (GO) terms such as GO:0001782: B cell homeostasis, possibly indicating the presence of novel stage-specific isoforms of mRNA and protein. GO terms such as GO:0043470: regulation of carbohydrate catabolic process, GO:0043467: regulation of generation of precursor metabolites and energy, GO:0010389: regulation of G2/M transition of mitotic cell cycle and GO:0032210: regulation of telomere maintenance via telomerase were also enriched, potentially representing a limited need for canonical forms of gene products involved in energy production and the cell cycle in these resting, unactivated cells. For the remaining B cell subsets, no term or pathway showed statistically significant enrichment ( Figure 1C  and  Supplemental Table 3 ).

 To assess whether the extensive unannotated splicing in blood NBCs is a programmed regulatory feature of B cell differentiation, we examined the consistency of unannotated splicing events across multiple donors and B cell subsets. We performed pairwise comparisons of high-confidence unannotated splice junctions in all samples and calculated the proportion of unannotated junctions shared between the samples ( Figure 1D  and  Supplemental Table 4 ). Blood NBCs had broad similarity among the three donors and formed a distinct group, separate from the other samples. This high level of consistency indicated that the unique splicing pattern in blood NBCs is an innate, regulated feature of this B cell subtype.

 Assessing individual unannotated splicing events in blood NBCs, we noted that many novel splicing events represented exon skipping of one or more constitutive exon(s), with both the splice donor and acceptor sites being annotated ( Figure 1E , HBP1 example). Also prevalent were hemi-annotated events in which either the donor or the acceptor sites were unannotated ( Figure 1E , PTPRC example). Lastly, a small percentage of unannotated junctions were completely novel with both the donor and acceptor sites unannotated ( Figure 1E , CLCN6 example). The varied nature of unannotated splicing events is consistent with compromised activity of multiple splicing factors in blood NBCs, with the skipping observed in HBP1 ( Figure 1E ) potentially arising from diminished U2 complex activity at the acceptor site and/or reduced binding of splicing enhancers to the skipped exon, and splicing into and out of intronic sequences (PTPRC –  Figure 1E ) possibly arising from decreased intronic splicing silencer factor activity. Overall, the diversity of unannotated splicing and the robust numbers of unannotated splicing events in blood NBCs (greater than 4000) are consistent with the hypothesis that splicing fidelity is depressed in blood NBCs due to a diverse restriction of splicing factor function.

 
  3.2. Splicing changes are early events in B cell differentiation.

 Our finding of an unusually high level of novel splicing in blood NBCs compared to other B cell subsets, including even NBCs derived from tonsils, suggests that this splicing pattern is largely reversed early in differentiation, upon NBC entry into lymphoid tissue. To investigate whether these splicing changes would also occur using an alternative method of B cell activation we turned to the in vitro EBV infection model. This model mimics activation, proliferation and differentiation of B cells in a controlled tissue culture environment by inducing a signaling cascade that shares some similarities with, but is distinct from, that induced by B cell antigen exposure and T cell stimulation (15, 33). Our analysis of the fully EBV-immortalized LCL GM12878 indicated that unannotated splicing in this cell line was comparable to that of activated, differentiated B cells in vivo ( Figure 1 ). To investigate the stage at which the unique splicing pattern of blood NBCs is reversed, we obtained RNA-Seq datasets from timecourse experiments of EBV infection leading to LCL establishment (13–15, 34). Consistent with previously observed similarities between in vitro EBV-associated activation and in vivo antigen-mediated activation (15, 33), fully EBV-immortalized LCLs from two different laboratories showed strong enrichment in the expression of genes associated with PCs relative to their parental blood B cells ( Figure 2A ). Assessing the EBV infection timecourses, we found substantial decreases in unannotated splicing after infection ( Figure 2B ). Strikingly, the splicing changes occurred predominantly by 2 days post-infection (dpi), early in the timecourses ( Figure 2B , Blood A and Blood B) and well before the previously reported onset of infection-associated cell cycle entry and proliferation (35). Notably, NBCs harvested in another laboratory from lymphoid tissue (adenoids) had less unannotated splicing than blood B cells, consistent with our observations of tonsil NBCs ( Figure 1 ) and there were only modest further decreases upon EBV infection ( Figure 2B , Lymphoid). Infection of a differentiated EBV-negative Burkitt lymphoma (BL) cell line, Akata-EBV-N, had little impact on the already low level of unannotated splicing in these cells ( Figure 2B , BL). Together, these in vitro B cell infection experiments support the findings from our analyses of in vivo B cell subtypes, indicating that the unusual splicing profile observed in blood NBCs can be reversed by multiple independent mechanisms of B cell activation. Further, the reversal of the blood NBC splicing program is an early event, occurring before NBCs enter the cell cycle and likely upon their entry into secondary lymphoid tissue.

  

 Figure 2 | In vivo or in vitro activation of B cells restores the splicing program. (A) Enrichment scores from GSEA of gene expression level changes in PCs compared to blood NBCs (PC vs bNBC, red, maximum enrichment score = 0.880, p = 0), EBV-infected blood B cells from timecourse A at 28 dpi compared to uninfected cells (bA: purple, maximum enrichment score = 0.863, p = 0) and EBV-infected blood B cells from timecourse B at 28 dpi compared to uninfected cells (bB: green, maximum enrichment score = 0.829, p = 0). Gene set: TARTE_PLASMA_CELL_VS_B_LYMPHOCYTE_UP from MSigDB. Colored vertical lines indicate genes in the gene set. (B) Proportion of genes (TPM > 10) with unannotated splicing after EBV infection. A timeline of EBV infection events is at top. P-values calculated using a pairwise comparison of proportions test with Bonferroni correction are indicated for Blood A and Blood B, 2dpi compared to 0 dpi. (C) Exon commitment score for blood NBC (bNBC) and PC samples. Exon commitment score = proportion of exons either fully included (rMATS IncLevel > 0.99) or fully excluded (rMATS IncLevel < 0.01) in genes with TPM > 10. P-value calculated using 2-sample test for equality of proportions with continuity correction. (D) Exon commitment scores after EBV infection. P-values calculated using a pairwise comparison of proportions test with Bonferroni correction are indicated for Blood A and Blood B timecourses, 2dpi compared to 0 dpi. (E) Example of uncommitted exon in blood NBCs that is committed by increased inclusion upon differentiation to PC or EBV infection (2 dpi, Blood A), plotted with SpliceV. (F) Transcript diagrams and RT-PCR gels showing skipped exons in transcripts of USP38 (left) or SMAD3 (right) in naïve B cells from 3 donors but not in differentiated B cell lines DG75 (EBV-negative) or Akata (EBV-positive). Arrows in diagrams indicate primer positions. (G) Proportion of genes containing introns with high retention (IRFinder IRratio > 0.25) in blood NBC (bNBC) and PC samples. P-value calculated using 2-sample test for equality of proportions with continuity correction. (H) Proportion of genes containing introns with high retention levels at multiple timepoints after EBV infection. P-values calculated using a pairwise comparison of proportions test with Bonferroni correction are indicated for Blood A and Blood B, 2dpi compared to 0 dpi. (I) Example of intron retention in blood NBCs reduced upon differentiation to PC or EBV infection (2 dpi, Blood A), plotted with SpliceV. Blood A = blood infection timecourse A, 3 replicates, Blood B = blood infection timecourse B, 1 replicate, Lymphoid = adenoid infection timecourse, 3 replicates. BL = Akata-EBV-N Burkitt lymphoma cell infection timecourse, 1 replicate. 

 

 
  3.3. Low exon commitment and high intron retention in blood naïve B cells.

 In general, unannotated splicing in blood NBCs was robust but not fully penetrant, i.e. a portion of transcripts from each affected gene was aberrantly spliced with the remaining transcripts displaying conventional splicing ( Figure 1E  and  Figure S1 ). To globally investigate alternative splicing penetrance we used rMATS, a frequently used software that performs well in independent assessments (36, 37), to assess the inclusion level of exons across the transcriptome. For each sample we calculated an “exon commitment” score, which we define as the proportion of exons that were either completely spliced-in (i.e. included in >99% of transcripts from the gene) or completely spliced out (i.e., included in <1% of transcripts from the gene). In blood NBCs exon commitment scores were low, illustrating a lack of commitment to specific isoforms. Upon differentiation exon commitment increased, with a majority of exons in PCs being committed to either inclusion or exclusion ( Figures 2C ,  S2A ). In the EBV infection timecourses, uninfected blood B cells showed even lower exon commitment, which was substantially reversed by EBV infection. In contrast, no change in exon commitment was observed after infection of lymphoid NBCs or differentiated BL cells ( Figures 2D ,  S2B–D ). While exon commitment scoring takes into consideration both commitment to the spliced-in and the spliced-out isoforms, it is notable that for most exons, commitment entailed a strong bias toward splicing-in upon differentiation ( Figures 2E ,  S2A–D ). The increase in exon inclusion upon differentiation was also observed using a second splicing analysis algorithm, splAdder, whose results correlated well with the results obtained from rMATS ( Figure S3 ). Exon usage differences between blood naïve B cells and more differentiated B cells, both EBV-negative (DG75 cells) and EBV-positive (Akata cells) were also observed by RT-PCR ( Figures 2F ,  S4 ).

 NBCs have previously been reported to have high intron retention in both humans and mice (7). RNA-Seq datasets from the Blueprint Epigenome project are not poly(A)-selected and include nascent RNAs with incomplete splicing, making discerning true intron retention events in mature mRNA less precise. Nevertheless, we observed the previously reported decreases in intron retention in differentiated cells relative to blood NBCs in these datasets ( Figures 2G ,  S5A  (7)). The poly(A)-selected RNA-Seq data from the EBV infection timecourse experiments, which reflect only mature RNA transcripts, showed even more striking decreases in intron retention after infection of blood B cells ( Figures 2H, I ,  S5B–D ). The changes in lymphoid NBCs after EBV infection were substantially less than those in blood B cells, and BL cells did not show appreciable intron retention changes upon infection. Overall, the aberrant splicing program in blood NBCs is marked by low exon commitment and high intron retention, affecting a broad swath of genes. While canonical transcripts are produced for most expressed genes, the extensive splicing infidelity, in the form of mature transcripts with retained introns or skipped exons, likely dampens output of functional proteins until NBCs encounter the lymphoid environment and prepare for activation.

 
  3.4. Involvement of splicing regulatory factors in differentiating B cells.

 To investigate the basis for the observed splicing infidelity in blood NBCs, we compared differences in exon skipping events between blood NBCs and lymphoid NBCs, GC B cells and PCs to changes in exon skipping observed after knockdown of each of 182 RNA-binding proteins (RBPs), including known and potential splicing regulators (38). RNA-seq datasets for each pair of control or RBP-shRNA knockdowns in the lymphoblast cell line K562 were downloaded from ENCODE (39, 40) and statistically significant differences in exon skipping were analyzed using rMATS. Strikingly, substantially greater numbers of differential exon skipping events were observed when comparing blood NBCs to lymphoid NBCs, GC B cells, PCs or EBV-infected cells than after the knockdown of any splicing factor tested, including the core acceptor factors U2AF1 and U2AF2 ( Figure S6A ). We then performed pairwise comparisons of altered splicing events in each RBP knockdown experiment to altered splicing events in blood NBCs vs each B cell subset and in uninfected blood B cells vs each EBV infection timepoint. Knockdown of several RBPs led to statistically significant overlap in differential exon skipping events with blood NBCs as compared to lymphoid NBCs, PCs, or EBV-infected cells. These included U2AF1, U2AF2, and other U2 acceptor factors (e.g. SF3B4 and SF3B1), the splicing enhancer SRSF1, and splicing suppressors such as HNRNPC and HNRNPA2B1 ( Figure 3A  and  Supplemental Table 5 ). The greatest overlap was observed with knockdown of AQR, a component of the spliceosome that is involved in small nucleolar ribonucleoprotein (snoRNP) assembly. As a negative control, we compared overlap in changed exon skipping events after artificially reversing the direction of change for blood NBCs vs lymphoid NBCs, GC B cells, and PCs and observed minimal overlap with changes detected in RBP knockdown experiments ( Figure S6B ). Our findings that the knockdown of any tested splicing factor is insufficient to recapitulate the number or type of changes in exon skipping upon blood NBC differentiation is consistent with a coordinated set of RBP changes leading to a broad, general increase in splicing fidelity as an early step in B cell differentiation.

  

 Figure 3 | Increased splicing program efficiency alters the splicing profile. (A) Heatmaps indicating exon inclusion similarity (logP = -log(p-value) by hypergeometric test), mRNA abundance change (log2FC = log2(fold change) by sleuth), skipped exon (SE) change (IncLevelDifference = inclusion level difference by rMATS), and intron retention (IR) change (IRratio difference = intron retention difference by IRFinder) for RBPs with exon inclusion changes most similar to those of B cell differentiation/EBV infection. For RBP genes with multiple splice junctions the SE and IR events with the highest absolute inclusion/retention difference measurable in all compared replicates are displayed. PC = PCs compared to blood NBCs; tNBC = lymphoid (tonsil) NBCs compared to blood NBCs; 2, 7 and 28 dpi = EBV-infected cells at specified timepoints compared to uninfected cells in Blood timecourse (A, B) Average splice site strength calculated by MaxEntScan for exons showing increased inclusion in differentiating or EBV-infected B cells (FDR < 0.05 by rMATS). (C) Average length in nucleotides (nt) of exons showing increased inclusion in differentiating or EBV-infected B cells (FDR < 0.05 by rMATS), and their flanking introns and exons. P-values compared to annotated averages calculated by Wilcoxon signed rank exact test with Bonferroni correction. (D) Average length in nucleotides (nt) of introns showing decreased retention in differentiating or EBV-infected B cells (FDR < 0.05 by rMATS). (E) Average splice site strength calculated by MaxEntScan for introns showing decreased retention in differentiating or EBV-infected B cells (FDR < 0.05 by rMATS). (F) Average GC content of introns showing decreased retention in differentiating or EBV-infected B cells (FDR < 0.05 by rMATS). Blood infection timecourse A (purple) includes 6 timepoint comparisons with 3 replicates each, Blood infection timecourse B (green) includes 6 timepoint comparisons with 1 replicate each, B cell subset comparisons include 3 subsets (tonsil NBCs, GC B cells, and PCs) compared to blood NBCs. Each B cell subset includes 3 replicates. For panels (B-F), p-values compared to annotated averages were calculated by Wilcoxon signed rank exact test with Bonferroni correction. 

 

 Notably, some RBPs showing functional relationships with exon skipping differences in blood NBCs vs differentiating cells showed modest increases in mRNA abundance during differentiation ( Figure 3A ). Others showed changes in exon inclusion or decreases in intron retention that likely lead to more efficient production of functional splicing factors ( Figure 3A  and  Supplemental Table 5 ). A parallel analysis of overlap in intron retention events in RBP knockdowns and blood NBCs vs differentiating cells also implicated a group of possible RBP effectors of intron retention changes, with many of these showing increased abundance, less exon skipping or less intron retention ( Figure S6C  and  Supplemental Tables 5, 6 ). Altogether, the splicing changes upon RBP knockdowns combined with the abundance and splicing changes of RBPs themselves is consistent with a general increase in splicing efficiency occurring alongside the known increase in transcription (41) as B cells progress from resting, unactivated cells to activated, proliferating and/or antibody-secreting cells.

 
  3.5. Weaker splice sites and shorter introns are associated with missplicing in blood naïve B cells.

 Exon-skipping junctions specific to blood NBCs most often skipped a single exon, though some junctions spanned multiple exons ( Figure S6D ). The Maximum Entropy Model (28) splice site strengths for skipped exons had a distinctive pattern, with an unusually weak acceptor site for the skipped exon flanked by unusually strong upstream exon donor and downstream exon acceptor sites ( Figure 3B ). This is consistent with limited availability of active acceptor recognition factors in blood NBCs causing reduced spliceosome engagement with the weak skipped acceptor but minimal impacts at the strong upstream donor and downstream acceptor sites. Interestingly, blood NBC skipped exons also tended to reside between introns that were relatively short ( Figure 3C ), a characteristic that has been linked to suboptimal transcription rates (42), a property previously reported in naïve T cells (43) that may also be a feature of blood NBCs.

 Introns with decreased retention in differentiating B cells also had distinct characteristics. They were substantially shorter than average, with weaker donor and acceptor splice sites, and higher GC content ( Figures 3D–F ). These features are all known to be associated with intron retention both in basal conditions and during splicing impairment (44–46), and have previously been observed in retained introns in mouse NBCs (7). Overall, these observations suggest an inefficient splicing program in blood NBCs with decreased recognition of sub-optimal splice sites.

 
  3.6. B cell exon commitment restores conserved protein domains and evades nonsense-mediated mRNA decay.

 Alternative splicing events can have drastically different downstream effects in different contexts. Skipped coding exons with lengths divisible by 3 (in-frame skipped exons) remove sequence without disrupting the reading frame. The resulting protein isoforms may serve distinct functions in the cell, may be nonfunctional, or may even act as dominant negative isoforms if a regulatory domain is spliced out. Out-of-frame skipped exons disrupt open reading frames, potentially introducing a premature stop codon (PTC) and targeting the transcript for degradation via the nonsense-mediated decay (NMD) pathway (47).

 We investigated the impact of exon skipping events by first determining if the skipped exon was in-frame or out-of-frame. For out-of-frame exons, we scanned the new reading frame downstream of the alternatively spliced exon for PTCs. Transcripts with PTCs more than 50 nt upstream of splice junctions were identified as likely NMD targets, according to previously identified NMD-targeting characteristics (47). A large proportion of skipped exons in blood NBCs appeared to target their transcripts to NMD, while a very small proportion of skipped exons in more differentiated cells were NMD-targeting ( Figure 4A ). For in-frame skipped exons, we determined their encoded amino acid sequences and investigated whether they included conserved protein domains (CD) using the NCBI’s Batch CD-Search tool (48). The proportion of skipped exons in blood NBCs that encoded a conserved domain was much higher than that in differentiated cells. Interestingly, while splicing changes after EBV infection of lymphoid (adenoid) B cells are less pronounced than after infection of blood B cells ( Figure 2D ), in this case others have similarly observed a large number of infection-induced exon changes that either restore a transcript’s open reading frame or avoid an NMD-targeting PTC (49). The high number of NMD-targeting and domain-deleted transcripts in blood NBCs suggests that an early splicing program that produces nonfunctional, potentially deleterious transcripts is repaired during B cell differentiation, leading to restored inclusion of critical exons.

  

 Figure 4 | Exon inclusion restores domains and evades NMD in important pathways. (A) Exons with altered usage (rMATS FDR < 0.05) in lymphoid (tonsil) NBCs (tNBC), GC B cells (GCB) and PCs compared to blood NBCs (red) or EBV infection of blood B cells (purple = infection timecourse A, green = infection timecourse B). Exons that encode conserved protein domains are lightly shaded, exons that induce NMD targeting when skipped are heavily shaded. P-values for the proportion of damaging exon skipping events (NMD-targeting or domain-skipping) in blood NBCs compared to differentiating or EBV-infected cells were calculated using a pairwise comparison of proportions test with Bonferroni correction. (B) GO Biological Process term enrichment in genes with conserved protein domains restored by exon inclusion in differentiating or EBV-infected cells. The top 5 terms with lowest adjusted p-value for each experiment/timepoint are shown. (C) GO Biological Process term enrichment in genes with NMD targeting reduced by exon inclusion in differentiated or EBV-infected cells. The top 10 terms with lowest adjusted p-value for each experiment/timepoint are shown. For panels (B, C), redundant terms are not displayed, complete enrichment information is available in  Supplemental Table 7 . Vertical grey line indicates adjusted p-value = 0.05. Adjusted p-values calculated by Enrichr using Fisher’s exact test with Benjamini-Hochberg correction. For all panels B cell subset comparisons include 3 subsets (tonsil NBCs, GC B cells, and PCs) compared to blood NBCs. Each B cell subset includes 3 replicates. Blood infection timecourse A (purple) includes 6 timepoint comparisons with 3 replicates each, Blood infection timecourse B (green) includes 6 timepoint comparisons with 1 replicate each. 

 

 
  3.7. Functional pathways impacted by restored transcripts in activated B cells.

 To predict cellular functions impacted by restoration of splicing fidelity, we separately assessed GO term enrichment in genes with altered mRNA splicing in each B cell subset compared to blood NBCs, and in EBV-infected cells at each infection timepoint compared to parental uninfected B cells. Results from these different experiments were remarkably consistent. Genes with transcripts whose restored exons encoded conserved domains were enriched for GO terms related to B cell activation and differentiation, such as GO:0050851: antigen receptor-mediated signaling pathway and GO:0032481: positive regulation of type I interferon production; and terms related to cellular signaling, such as GO:0006468: protein phosphorylation. Consistent with previous reports that splicing factors themselves are frequently alternatively spliced (50, 51), GO:0008380: RNA splicing and related terms were also enriched ( Figure 4B  and  Supplemental Table 7 ). Analysis of genes with transcripts rescued from NMD by exon inclusion in differentiating B cells revealed a set of enriched GO terms that partially overlapped those of genes with restored protein domains. Many of these genes are involved in GO:0043470: regulation of carbohydrate catabolic process and GO:1901990: regulation of mitotic cell cycle phase transition, suggesting a role for alternative splicing in supporting the cell growth and proliferation induced by both antigen-mediated activation and EBV infection. Splicing-related GO terms, such as GO:0000398: mRNA splicing, via spliceosome, were also enriched in genes with reduced mRNA NMD targeting ( Figure 4C  and  Supplemental Table 7 ). Genes with reduced mRNA intron retention in differentiating B cells, especially at the lymphoid NBC and GC B cell stages, were also enriched in terms related to mRNA splicing and processing (e.g. GO:0000398: mRNA splicing, via spliceosome and GO:0006397: mRNA processing;  Figure S7  and  Supplemental Table 7 ), consistent with previous findings in mice (7). The enrichment of activation-related GO terms in genes with altered mRNA splicing points to a multifaceted role for splicing fidelity enhancement in B cell differentiation. Furthermore, enrichment in splicing-related GO terms suggests a positive feedback mechanism whereby production of splicing factors themselves is improved, leading to further increases in splicing factor availability and function.

 
  3.8. Pre-activation splicing changes prepare naïve B cells for antigen encounter.

 Exon usage in blood B cells changes rapidly after EBV infection, with a majority of splicing alterations established by 2 dpi and very few further changes at later timepoints ( Figures 2 ,  3 ,  S2 ). In contrast, mRNA abundance levels change dramatically both before and after 2 dpi (13–15), and major physiological changes occur later, in particular a phase of hyperproliferation that begins 3-4 dpi (35). Overall, fewer splicing changes occurred upon EBV infection of NBCs derived from lymphoid tissue than from blood.

 While the Blueprint Epigenome samples represent snapshots of B cell subsets from different donors rather than a timecourse experiment, they can be arranged to reflect the progression of NBCs from blood to secondary lymphoid tissue, followed by differentiation into GC B cells and finally into PCs. Differentiation-associated splicing changes also occurred remarkably early, with blood NBCs displaying a singular splicing profile that was lost upon entry into secondary lymphoid tissue (tonsil). Indeed, the lymphoid NBC splicing profile more closely resembled that of activated B cells than that of blood NBCs ( Figures 1A, D, E ,  S2A ). To investigate more closely the relationships of the B cell subsets we used rMATS to perform pairwise comparisons of blood NBCs, lymphoid NBCs and GC B cells to fully differentiated PCs. By far the largest number of exon usage differences was observed when comparing blood NBCs to PCs. Both lymphoid NBCs and GC B cells had relatively few exon usage differences compared to PCs ( Figure 5A ). The reduction in intron retention occurred more slowly, with a progressive stepwise reduction from blood NBCs to lymphoid NBCs and GC B cells relative to PCs ( Figure 5B ). Transcript abundance changes also occurred between blood and lymphoid NBCs, with the transition to a fully differentiated PC mRNA expression program that had begun but was by no means complete in lymphoid NBCs ( Figure 5C ). Because NBCs, unlike GC B cells and PCs, have not yet encountered their cognate antigen, this suggests that some transcript abundance changes and a majority of exon splicing changes occur upon NBC migration to secondary lymphoid tissue in preparation for - not in response to - antigen encounter and BCR signaling.

  

 Figure 5 | Lymphoid tissue-associated splicing repair prepares naïve B cells for antigen encounter. (A) Exon usage changes (rMATS FDR < 0.05, |IncLevelDifference| ≥ 0.1) in blood NBCs (bNBC), lymphoid (tonsil) NBCs (tNBC) and GC B cells (GCB) compared to PCs. P-values calculated by Pearson’s Chi-squared test with Yates’ continuity correction. (B) Intron retention changes (rMATS FDR < 0.05, |IncLevelDifference| ≥ 0.1) in blood NBCs (bNBC), tonsil NBCs (tNBC) and GC B cells (GCB) compared to PCs. P-values calculated by Pearson’s Chi-squared test with Yates’ continuity correction. (C) Enrichment scores from GSEA of RNA abundance changes in PCs (red, maximum enrichment score = 0.880, p = 0), GC B cells (GCB, blue, maximum enrichment score = 0.627, p = 0.001) or tonsil NBCs (tNBC, orange, maximum enrichment score = 0.588, p = 0.021) compared to blood NBCs. Gene set: TARTE_PLASMA_CELL_VS_B_LYMPHOCYTE_UP from MSigDB. Colored vertical lines indicate genes in the gene set. (D) GO Biological Process term enrichment in genes with conserved protein domains restored by exon inclusion i lymphoid (tonsil) NBCs or in PCs compared to blood NBCs. All significantly enriched terms (adjusted p-value < 0.05) are shown. Grey lines indicate adjusted p-value = 0.05. Red points: significant enrichment in both PCs and lymphoid NBCs. Grey points: significant enrichment in lymphoid NBCs or PCs only. Correlation (r) and p-value calculated using Pearson’s product-moment correlation. Full GO term information is shown in  Supplemental Table 8 . (E) GO Biological Process term enrichment in genes with NMD targeting reduced by exon inclusion in lymphoid (tonsil) NBCs or in PCs compared to blood NBCs. All significantly enriched terms (adjusted p-value < 0.05) are shown. Grey lines indicate adjusted p-value = 0.05. Red points: significant enrichment in both PCs and lymphoid NBCs. Grey points: significant enrichment in lymphoid NBCs or PCs only. Correlation (r) and p-value calculated using Pearson’s product-moment correlation. Full GO term information is shown in  Supplemental Table 8 . (F) BCR signaling pathway (KEGG). Genes in dark green show altered exon usage (rMATS FDR <0.05) in lymphoid (tonsil) NBCs compared to blood NBCs and in EBV-infected cells compared to parental blood NBCs (both experiments, all timepoints). Genes in light green show altered exon usage in lymphoid NBCs compared to blood NBCs and in at least one EBV infection experiment timepoint. Image created with Biorender.com. Full information is shown in  Supplemental Table 9 . 

 

 To further assess the similarity of lymphoid NBC and PC splicing profiles we examined GO term enrichment in genes with altered mRNA splicing relative to blood NBCs. GO term enrichment in these comparisons was strikingly similar, both when examining genes with protein domains restored and genes with mRNA NMD targeting reduced by B cell (pre-)activation ( Figures 5D, E ). One of the GO terms with the strongest enrichment in genes with restored protein domains was GO:0050851: antigen receptor-mediated signaling pathway ( Supplemental Table 8 ), further supporting a potential role for splicing fidelity enhancement in preparing cells for antigen encounter and BCR signaling. An in-depth examination of mRNA splicing changes in the BCR signaling pathway (52) revealed that an extraordinary number of genes in this pathway showed a change in exon usage as NBCs entered the secondary lymphoid tissue ( Figure 5F  and  Supplemental Table 9 ). Few further exon usage changes occurred upon differentiation into GC B cells or PCs ( Supplemental Table 9 ), suggesting that changes at the mRNA splicing level contribute to preparing the BCR signaling pathway for activation at the protein level.

 
 
  4. Discussion.

 We used RNA-seq datasets from four different human B cell subtypes, each with multiple donors, to examine stage-specific splicing profiles during B cell differentiation. Blood-derived NBCs had a remarkable number of unannotated splicing events with 2127 high-confidence novel splice junctions detected consistently across all donors and over 30% of expressed genes containing at least one novel splicing event ( Figure 1A ). While statistically significant splicing changes were observed at each stage of B cell differentiation, the preponderance of changes occurred, surprisingly, in the blood NBC to lymphoid NBC transition. Assessing the functional significance of alternative splicing in blood NBCs, we found that a high percentage of exon skipping events specific to blood NBCs are predicted to undergo nonsense mediated RNA decay or to exclude a known conserved domain ( Figure 4A ), suggesting that the transition to the lymphoid microenvironment increases splicing fidelity in preparation for activation. Using EBV infection as another method of B cell activation, in blood B cells we similarly found that exon skipping and intron retention were substantially reduced (i.e. splicing fidelity increased) prior to B cell proliferation, and in lymphoid NBCs the remaining lower-level splicing infidelity was further corrected, again prior to EBV-induced proliferation ( Figure 2 ).

 While the major splicing changes occurred in naïve B cells upon entry into secondary lymphoid tissue, further splicing changes occurred in GC B cells and PCs ( Figure 1D ,  5A, B ). These additional changes involved fewer events, were not biased toward increased exon inclusion, and reflected splicing programs that almost entirely used annotated splice junctions ( Figures 5A, B ,  1A ). This suggests controlled alterations of specific splicing events leading to defined biological impacts, as opposed to the wholesale change in splicing fidelity of naïve B cells. For example, in PCs relative to GC B cells we observed decreased usage of exon 5a in IKZF3 (aka Aiolos), a transcription factor involved in B cell differentiation. This exon has been reported to affect the usual nuclear localization of Aiolos, leading to increased cytoplasmic distribution (53) and so possibly fine-tuning its transcriptional control function in GC B cells and PCs. In conjunction with changes in transcript abundance and protein signaling, targeted splicing alterations such as that in IKZF3 likely function to closely calibrate gene expression and functionality in each B cell subset (54).

 The striking changes in exon usage between blood NBCs and lymphoid NBCs, with exon usage in lymphoid NBCs more closely resembling that in antigen-experienced, fully differentiated PCs, were an unexpected finding. These changes precede the major physiological changes of activation and are accompanied by the earliest changes in gene expression levels ( Figure 5C  (12, 55)) The previous observation that, unlike the other B cell subsets, the two sets of NBCs do not significantly differ in DNA methylation (12) suggests that the lymphoid NBC samples in the Blueprint Epigenome project are unlikely to be significantly contaminated by activated B cells and do in fact represent a distinct population of antigen-naïve cells. B cell “pre-activation” at the RNA level is supported by our observations that adenoid NBCs show fewer splicing changes upon EBV infection than blood B cells, despite the fact that the blood B cells used in both EBV infection timecourses were not explicitly enriched for naïve cells, although they likely consisted largely of NBCs (56). Further support comes from the observations of others that EBV infection-induced proliferation proceeds much more quickly in adenoid B cells than in blood B cells (57). These parallel observations of NBCs from tonsils and from adenoids suggest that exon usage changes are a common feature of NBCs entering secondary lymphoid tissues throughout the body, though splicing changes associated with lymph nodes, spleen or gut lymphoid tissues remain to be resolved.

 The progression from blood NBC to antigen-activated GC B cell and differentiated PC constitutes a major coordinated overhaul of the cell, from DNA methylation (12) and chromatin structure (58) through gene expression (59) and up to the physiological level. A global increase in splicing efficiency appears to begin surprisingly early and be well-integrated into this complex process, with a decrease in the transcriptomic “noise” of aberrantly-spliced, nonfunctional transcripts ushering in the known overall increase in transcription. This is likely supported by a suite of biological processes. Increased splicing factor availability, particularly factors that recognize weak splice acceptor sites (see  Figure 3B ) could potentially increase splicing fidelity (7). As shown in  Figure 3A , several splicing factors increase in mRNA abundance during B cell differentiation, and/or undergo mRNA splicing modifications that could lead to better translation efficiency and higher protein abundance. Alterations in the subcellular localization of splicing factors could also lead to changes in splicing efficiency (60). In addition to splicing factor proteins, snRNA and snoRNA abundance, availability and post-transcriptional modifications can impact splicing. U1 and U6 snRNAs in particular have been reported to increase in abundance during lymphocyte activation (61). The RNA polymerase II elongation rate, which has been shown to vary during T cell development, has also been linked to splicing changes (42, 43). Finally, there is the possibility that the NMD-targeting splicing events we observed in NBCs arose not from altered splicing mechanics but from accumulation of aberrantly-spliced isoforms that are more efficiently degraded in differentiated cells; indeed, an increase in NMD efficiency has been reported in mouse activated B cells (62).

 The pervasive similarity of splicing changes between in vitro EBV infection and in vivo B cell differentiation suggests a common mechanism, with the virus hijacking a cellular system rather than directly intervening in the splicing process. Importantly, splicing changes occur early in infection and are complete by 2 dpi, before most viral genes reach their full expression level (13–15). Among the viral genes with high early expression is Epstein Barr virus nuclear antigen 2 (EBNA2). EBNA2 interacts with cellular splicing factors and has the capacity to impact splicing (63). However, infection of blood B cells with recombinant EBV lacking EBNA2 induced a large-scale shift in cellular exon splicing very similar to that induced by wild-type EBV ( Figure S8 ), despite very different impacts on host mRNA levels (14) and a complete abrogation of infection-associated proliferation and immortalization (35). Similarly, the viral EBNA-LP gene is expressed early after infection and has in fact been demonstrated to control a subset of cellular splicing changes, but the majority of infection-associated splicing changes are not dependent on EBNA-LP expression (49). Interestingly, EBNA2 and EBNA-LP expression, together with physical binding of the viral protein gp350 to the cellular complement receptor CR2 (also known as CD21) are sufficient to drive proliferation in blood NBCs (64). While the splicing profile of these gp350/EBNA2/EBNA-LP-stimulated cells is not known, it raises the possibility that infection-induced splicing changes are triggered not by intracellular viral gene expression but by the virion’s physical engagement of CR2 and the resultant cellular signaling cascade.

 CR2 signaling is also known to enhance antigen-mediated B cell activation (65). While the secondary lymphoid tissues are rich in antigens and immune cells, these tissues are also enriched in complement proteins. Although BCR affinity for antigens is highly specific and the chances of an NBC encountering its antigen at any given time are relatively low, CR2 has generic affinity for the abundant complement protein fragment C3dg, suggesting that NBCs may encounter and bind complement proteins in lymphoid tissue before or in the absence of their cognate antigens. In addition to C3dg, CR2 can be stimulated by CD23 (66) and IFN-α (67), both present in the secondary lymphoid tissues (68). While it is not yet known whether complement signaling impacts splicing, this pathway represents an intriguing candidate for the initiation of the pre-proliferative splicing fidelity enhancement that is common to both B cell differentiation and EBV infection.
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