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Epstein-Barr virus perpetuates B
cell germinal center dynamics
and generation of autoimmune-
associated phenotypes in vitro

Elliott D. SoRelle1,2*†, Nicolás M. Reinoso-Vizcaino1*†,
Gillian Q. Horn3 and Micah A. Luftig1*

1Department of Molecular Genetics & Microbiology, Duke University, Durham, NC,
United States, 2Department of Biostatistics & Bioinformatics, Duke University, Durham, NC,
United States, 3Department of Immunology, Duke University, Durham, NC, United States
Human B cells encompass functionally diverse lineages and phenotypic states

that contribute to protective as well as pathogenic responses. Epstein-Barr

virus (EBV) provides a unique lens for studying heterogeneous B cell responses,

given its adaptation to manipulate intrinsic cell programming. EBV promotes

the activation, proliferation, and eventual outgrowth of host B cells as

immortalized lymphoblastoid cell lines (LCLs) in vitro, which provide a

foundational model of viral latency and lymphomagenesis. Although cellular

responses and outcomes of infection can vary significantly within populations,

investigations that capture genome-wide perspectives of this variation at

single-cell resolution are in nascent stages. We have recently used single-cell

approaches to identify EBV-mediated B cell heterogeneity in de novo infection

and within LCLs, underscoring the dynamic and complex qualities of latent

infection rather than a singular, static infection state. Here, we expand upon

these findings with functional characterizations of EBV-induced dynamic

phenotypes that mimic B cell immune responses. We found that distinct

subpopulations isolated from LCLs could completely reconstitute the full

phenotypic spectrum of their parental lines. In conjunction with conserved

patterns of cell state diversity identified within scRNA-seq data, these data

support a model in which EBV continuously drives recurrent B cell entry,

progression through, and egress from the Germinal Center (GC) reaction.

This “perpetual GC” also generates tangent cell fate trajectories including

terminal plasmablast differentiation, which constitutes a replicative cul-de-

sac for EBV from which lytic reactivation provides escape. Furthermore, we

found that both established EBV latency and de novo infection support the

development of cells with features of atypical memory B cells, which have been

broadly associated with autoimmune disorders. Treatment of LCLs with TLR7

agonist or IL-21 was sufficient to generate an increased frequency of IgD-/

CD27-/CD23-/CD38+/CD138+ plasmablasts. Separately, de novo EBV infection

led to the development of CXCR3+/CD11c+/FCRL4+ B cells within days,

providing evidence for possible T cell-independent origins of a recently

described EBV-associated neuroinvasive CXCR3+ B cell subset in patients

with multiple sclerosis. Collectively, this work reveals unexpected virus-
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driven complexity across infected cell populations and highlights potential

roles of EBV in mediating or priming foundational aspects of virus-associated

immune cell dysfunction in disease.
KEYWORDS
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Introduction

The widespread utilization of single-cell RNA sequencing

(scRNA-seq) has generated new high-dimensional perspectives

on the diversity of the human B cell repertoire. Recent scRNA-

seq studies have revealed that extensive heterogeneity and

dynamic complexity are core aspects of B cell development

and clonal selection (1–4), tissue-specific distributions (5),

dysregulation in lymphoma (6–9), pathogenicity in

autoimmune disorders (10–12), and responses to antigen (13,

14) and infection (15, 16). Separately, advances in classic single-

cell methods including flow cytometry and cell sorting (17)

provide flexible workflows to validate and isolate cell subsets

identified from scRNA-seq experiments and support subsequent

investigations. Used in conjunction, this battery of techniques

supports genome-wide profiling and niche-specific functional

studies of cell behaviors and responses to stimuli. Each of these

capabilities are essential to resolve the broad landscape of B cell

mediated immunity, including how it is reshaped across a

spectrum of diseases to the point of pathogenic dysregulation.

Arguably, the pathogen most intricately interwoven with B

cell epigenomic programming and immune responses in

humans is infection with Epstein-Barr Virus (EBV), a

gammaherpesvirus found in approximately 95% of adults

worldwide (18). The EBV virion consists of a 172 kB dsDNA

genome encapsulated by an icosahedral glycoprotein capsid with

associated tegument proteins. Viral particles are transmitted

between hosts through saliva, from which the virus can infect

oral epithelial cells, traverse the oral mucosa, and eventually

encounter host B cells resident within tonsillar lymphoid tissue

(18). Binding of the viral capsid glycoprotein gp350 to an

extracellular domain of cell surface-expressed CR2 (CD21)

facilitates viral entry through endocytosis (19–21). Internalized

virions then translocate to the nucleus, where the linear viral

genome is deposited and rapidly circularizes to form an

extrachromosomal episome (22, 23). Successful infection is

achieved through the sequential expression of six EBV nuclear

antigens (EBNAs) and two latent membrane proteins (LMPs) in

distinct programs that co-opt B cell immune response dynamics

(24). In the pre-latent phase, EBNA2 and EBNA-LP are
02
expressed and co-transactivate host genes involved in cell

activation and proliferation (25–29). EBNA2 further

transactivates viral C promoter expression of EBNA1 (30),

which tethers the viral episome to host chromatin (31), and

EBNA3A-C, which have diverse roles including suppression of

apoptosis and moderation of cell proliferation to avoid growth-

associated DNA damage induction (32–40). The resulting

stage – Latency IIb – is defined by rapid division of host B

cells that resembles germinal center (GC) dark zone (DZ)

proliferation conventionally induced by B Cell Receptor (BCR)

cognate antigen binding (41–44). EBNA2 further transactivates

the expression of viral LMP1 and LMP2A/B (45, 46), yielding the

Latency III program in which all EBNAs and LMPs are

expressed simultaneously. This stage of infection reflects the

phenotype of GC Light Zone (LZ) B cells through LMP1-

mediated stimulation of pro-survival NF-kB pathway signaling

(47–50) and LMP2A-mediated evasion of T cell surveillance and

mimicry of an activated BCR (51–55). Infected B cells that

successfully navigate the GC reaction eventually exit as effector

B cell types, with progression to memory B cells (MBCs)

providing the route to a lifelong reservoir for latent EBV

persistence (56–58). Alternatively, host cell GC exit and

differentiation to plasmablasts constitutes a host cell fate that

precludes persistent latency. To bias GC output toward MBC

formation, EBNA3A and EBNA3C mediate epigenetic

suppression of the host gene PRDM1, inhibiting plasma

differentiation (59). In the event that this suppression is

unsuccessful, EBV can escape terminally differentiated plasma

cells through activation of lytic replication (60). The protein

encoded by the BZLF1 gene orchestrates this phase, and its

expression is transactivated by the host transcription factor

XBP1 expressed in antibody-secreting cells (ASCs) (61–64).

Lytic reactivation from plasma cells thus leads to amplified

EBV virion formation and transmission to subsequent hosts.

EBV co-evolution with host B cells has yielded intimate viral

adaptations to achieve lifelong latency in a subset of MBCs

within virtually every infected person. Although benign in most

cases, EBV infection of this cellular niche entails widespread

viral association – and often etiological involvement – with

lymphoproliferative diseases (65, 66). Indeed, EBV was first
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isolated from biopsies of endemic Burkitt Lymphoma (eBL)

from pediatric patients (67), and the virus is known to be an

essential etiologic factor in eBL development (68–70). EBV is

also a major contributing factor to lymphomagenesis in the

context of immune suppression. Virtually all instances of

Hodgkin’s Disease and Primary CNS Lymphoma (PCNSL) in

HIV-infected individuals are EBV-driven (71, 72), as are 90-

100% of AIDS-related Primary Effusion Lymphomas (PEL) (73)

and the immunoblastic subtype Diffuse Large B Cell Lymphoma

(DLBCL) (74). Likewise, the virus is a crucial driver of post-

transplant lymphoproliferative disease (PTLD, a DLBCL subset)

in organ transplant recipients (75), as the requisite

immunosuppressive regimens can ablate T cell-mediated

restraint of EBV+ MBC clones (76). Collectively, EBV is

associated with 1.5% of all cancer cases diagnosed annually

(77) , inc lud ing non-B ce l l ma l ignanc i e s such as

Nasopharyngeal Carcinoma (NPC) (68, 78) and nearly 10% of

gastric cancers (79).

Associations of EBV with numerous diseases of immune

impairment and autoimmunity have also been identified. These

include systemic lupus erythematosus (SLE) (80–84),

rheumatoid arthritis (RA) (85–89), myasthenia gravis (MG)

(90), primary Sjogren’s Syndrome (pSS) (91, 92), and co-

pathogenicity in chronic HIV and Plasmodium falciparum

infections (78, 93). Hypothesized etiologic involvement of EBV

in the development of multiple sclerosis (MS) (94, 95) has also

been substantiated through recent epidemiologic and

mechanistic studies (96, 97). Despite the observed viral

associations, the functional roles that EBV plays in these

illnesses remain incompletely understood. However, it is

noteworthy that pathogenic expansion of a particular MBC

niche – so-called “atypical” MBCs (atMBCs) – has been

identified in many of the same diseases (12, 98–106). Because

single-cell methods are well-suited to identify and study specific

cellular niches, such approaches may help shed light on the

potential significance of EBV infection with atMBCs.

Our lab has long been interested in dissecting the distinct B

cell fates that develop following EBV infection (32, 43, 107–110).

Recently, we have utilized single-cell sequencing to reveal

previously unknown facets of the early stages of infection (15)

and an unexpected degree of heterogeneity in virus-

immortalized lymphoblastoid cell lines (LCLs) (111), which

provide useful in vitro models of EBV+ lymphomas. This

report builds upon our previous single-cell study of LCL

heterogeneity to dissect the dynamics of virus-driven B cell

responses. Through the integration of time-resolved FACS

experiments and informatic approaches, we construct a

general model of EBV-immortalized B cell dynamics. Our data

also highlight potential viral contributions to pathogenic aspects

of atMBCs that have described in EBV-associated autoimmune

diseases, which we further investigated using LCLs as an initial

model system.
Frontiers in Immunology 03
Materials and methods

Cell lines

Lymphoblastoid cell lines (LCLs) were generated through de

novo infection of human peripheral blood B cells at MOI = 5

with the B95-8 strain of EBV as previously described (32). All

cell lines used in this study were cultured in RPMI media

supplemented with 10% fetal bovine serum (FBS) at 37°C with

5% CO2.
Flow cytometry and sorting

Cells were prepared for flow cytometry experiments by

standard washing and staining methods. Briefly, ~2x10 (5)

cells were washed via centrifugation for 5 min at 300 x g and

resuspended in FACS buffer (1x PBS + 2% heat-inactivated Fetal

Bovine Serum, FBS) for each sample of interest. Washed cells

were centrifuged again and supernatant was aspirated, after

which fluorescent antibody cocktails were added for biomarker

staining. After 30 min of antibody incubation in the dark at

ambient temperature, stained cells were washed with excess

FACS buffer (up to 2 mL), centrifuged, aspirated, and

resuspended for flow cytometry and/or fraction sorting.

Cytometry data in the absence of sorting were acquired on a

BD FACS Canto II analyzer system, and sorting experiments

were performed on an Astrios Cell Sorter. Fluorescent antibodies

against CD19, IgD, CCR6, CD23 (FCER2), ICAM1, CD27,

CD38, CD138 (SDC1), CXCR3, CD11c(ITGAX), FCRL4, and

FCLR5 were used for the experiments described herein. These

include: aCD19-PE (BioLegend Cat. #302254) and aCD19-PE/
Cy7 (BioLegend Cat. #302216), aIgD-PE/Cy5 (BioLegend Cat.

#348250), aCCR6-PE (BioLegend Cat. #353410), aCD23-PE/
Cy7 (BioLegend Cat. #338516), aICAM1-PacBlue (BioLegend

Cat. #322716), aCD27-FITC (BioLegend Cat. #356404),

aCD38-APC/Cy7 (BioLegend Cat. #356616), aCD138-PerCP-
Cy5.5 (BioLegend Cat. #352310), aCXCR3-APC-Fire810
(BioLegend Cat. #353762), aCD11c-PE/Cy5 (BioLegend Cat.

#301610), aFCRL4-PE (BioLegend Cat. #340204), and aFCRL5-
APC (BioLegend Cat. #340306).
Single-cell RNA-seq data processing

LCL scRNA-seq data were processed as described previously

(111, 112). Briefly, sequencing base calls were used to generate

demultiplexed reads (fastq files) via cellranger mkfastq with

default QC parameters (CellRanger, 10x Genomics). Reads were

aligned against species-concatenated reference genome packages

(hg38 + NC_007605) prepared via cellranger mkref. Unique

Molecular Identifier (UMI) read count matrices were produced
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from the alignment step (cellranger count). These and

other single-cell LCL datasets are publicly available via the

NIH Gene Expression Omnibus (GEO, accession GSE158275

and GSE126321). We also incorporated analysis of scRNA-seq

data from discarded human tonsils generated in our

lab (GSE159674).
Single-cell data analysis and visualization

Count matrices from LCL single-cell experiments

were analyzed and visualized in R using Seurat v4 (113–115).

Expression counts were normalized, variable features

were identified, and the datasets were subsequently

integrated through identification of anchor features

(SelectIntegrationFeatures(), FindIntegrationAnchors(), and

IntegrateData() functions in Seurat). Integrated data were QC-

filtered to remove any cells with <200 unique feature RNAs,

>65,000 total RNA counts, and/or >10% mitochondrial reads.

Next, read data were scaled and analyzed via principal

component analysis (PCA). Cell cycle scores were also

calculated to assign mitotic phases, but cell cycle regression

was not performed during the scaling step. The top PCs (n = 30)

were dimensional ly reduced via uniform manifold

approximation (UMAP) (116) and unsupervised clustering

was performed at several resolutions to identify phenotypes

and analyze differential gene expression. To correct for read

dropout while preserving biological zeros, imputation via

adaptive low-rank approximation (ALRA) (117) was applied

to integrated LCL datasets using the Seurat Wrapper function

RunALRA(). Pseudotime trajectories were calculated using

Seurat Wrappers for Monocle3 (118–120) by creating and

analyzing cell datasets from processed Seurat objects

(as.cell_data_set(), cluster_cells(), learn_graph(), and order_cells

() functions). Learned pseudotime graphs were constructed

without partitioning and rooted within identified G0/G1 phase

resting memory B cell clusters.
B cell stimulation and growth assays

To investigate EBV+ B cell responses to IL-21 (Peprotech,

Cat. #200-21) and TLR7 agonism (R848, Resiquimod,

Millipore Sigma, Cat. #SML0196), LCLs were centrifuged,

washed once with PBS, resuspended in fresh media to

remove any secreted cytokines, and then plated at ~200,000

cells/mL in 6- or 24-well plate formats. Cell counts and viability

were assayed using a Countess III system (Invitrogen) with

Trypan Blue staining (1:1 ratio). Plated cells were then treated

with R848 (2 mg/mL), IL-21 (10 ng/mL), or both (R848 + IL-

21), and growth and viability were assayed daily relative to

control cells treated with DMSO (2 mL/mL). Cells from each
Frontiers in Immunology 04
treatment group were analyzed by flow cytometry prior to and

after stimulation at select timepoints to evaluate changes in

activation state (e.g., ICAM1, CD23 positivity) and plasma cell

formation (e.g. CD38, CD138 positivity). Estimates of total

plasma cells by treatment were calculated from the fraction of

CD38+/CD138++ cells measured by flow and cell densities from

hemocytometry (Countess III measurements). Three separate

LCLs (biological replicates) were assayed for each

treatment condition.
Results

scRNA-guided isolation of distinct B cell
phenotypes from EBV+ lymphoblastoid
cells

We previously used scRNA-seq to investigate cellular

heterogeneity within EBV-immortalized lymphoblastoid cell

lines (LCLs), which are in vitro models of B cell lymphomas of

the immune suppressed (121). These data revealed an

apparent continuum of EBV+ B cell phenotypes ranging

from the early stages of cell activation and pro-survival

signaling to terminal differentiation into effector memory

cells or plasmablasts (Figure 1A). Numerous genes encoding

surface-expressed proteins were differentially expressed

between these activated and differentiated states. We used

these findings to develop a simple FACS approach based on

ICAM-1 [highly expressed on LMP-1Hi activated B cells (122)]

and CD27 (canonically expressed on antigen-experienced

memory B cells) to further investigate LCL heterogeneity.

Consistent with single-cell transcriptomic data, LCLs

exhibited anticorrelated expression of ICAM-1 and CD27,

with ICAM-1Hi/CD27Lo (30-55% of cells on average)

providing a proxy for GC light zone (LZ)-like activated B

cells and ICAM-1Lo/CD27Hi (5-15% of cells on average)

corresponding to differentiated memory B cells (MBCs). The

most frequent cell state observed by FACS was an ICAM-1Lo/

CD27Lo phenotype (40-60% of cells on average), which was

interpreted as one or more transitional states (Figure 1B, S1A).

Based on these observations, we used a cell sorting strategy to

isolate these three major phenotypes for subsequent analysis

(Figure 1C, S1A). Interestingly, the frequencies of each

observed fraction were dependent upon cell density and

culture conditions. When LCLs were plated at different

concentrations in fresh media, both a decrease in ICAM-1Lo/

CD27Hi cells and a small (but not statistically significant)

increase in the ICAM-1Hi/CD27Lo cell frequency were

observed as cell density increased. Bulk populations retained

the equilibrium distribution of parental line phenotypes,

provided that the cultures were maintained between 3x10

(5) - 1x10 (6) cells/mL (Figure S1B).
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Isolated LCL subpopulations
spontaneously re-establish parental line
phenotypic heterogeneity in vitro

To better understand the growth dynamics and possible state

interconversions among the three identified subpopulations

(ICAM-1Hi/CD27Lo, ICAM-1Lo/CD27Hi, and ICAM-1Lo/

CD27Lo), we collected cell counts and time-resolved FACS

data for each fraction. Among the three fractions isolated from

independent LCLs (n = 3), ICAM-1Hi/CD27Lo cells exhibited the

fastest growth, followed by ICAM-1Lo/CD27Lo cells. The ICAM-

1Lo/CD27Hi fraction displayed minimal growth over the

measurement period. However, all three phenotypes retained

long-term viability in culture. These measurements

demonstrated the significant growth advantage of EBV+

activated B cells relative to EBV+ differentiated B cells
Frontiers in Immunology 05
(Figure 2A, S1C, D). Notably, each fraction spontaneously re-

established the full ICAM-1/CD27 phenotypic profile displayed

by unsorted parental LCLs within several days in culture after

sorting (day 0). Thus, dynamic transitions – possibly with

conserved rate constants – sustain a core distribution of

heterogeneous phenotypes within EBV-infected B cell

populations in vitro (Figure 2B, C, S1C, D).
Cyclical dynamics of GC entry,
engagement, and exit are conserved
across EBV+ LCLs

Based on the observed dynamic heterogeneity, we re-

analyzed scRNA-seq data from 3 LCLs representing infection

with two EBV strains (B95-8 and M81). We first identified
A

B

C

FIGURE 1

Isolation of EBV+ activated and differentiated B cell phenotypes identified from lymphoblastoid cell line scRNA-seq. (A) Top differentially
expressed genes between activated and differentiated B cells from representative LCL scRNA-seq data from prior work (111). (B) Flow cytometry
gating strategy to assess LCL heterogeneity through proxy surface marker expression. (C) Sorting of three ICAM/CD27 phenotypes from LCLs.
ICAM-1Hi/CD27Lo = activated B cells; ICAM-1Lo/CD27Lo = intermediate states; ICAM-1Lo/CD27Hi = differentiated B cells.
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gene expression within cell subsets corresponding to the

ICAM-1Hi/CD27Lo and ICAM-1Lo/CD27Hi FACS phenotypes

across sample-integrated datasets (Figures 3A, B). Based on

initial clustering, 18.7% of all sequenced cells corresponded to

activated LZ-like B cells (ICAM-1Hi/CD27Lo) in LCLs. 18.0%

of cells across LCLs matched the differentiated MBC
Frontiers in Immunology 06
phenotype (ICAM-1Lo/CD27Hi). These frequencies were

approximately similar to those observed in the FACS

experiments described previously, with higher frequencies of

ICAM-1Hi/CD27Lo cells observed via FACS relative to scRNA-

seq. Further, differentially-expressed genes (DEGs) between

activated and differentiated states were broadly consistent
A

B

C

FIGURE 2

EBV+ activated and differentiated cell fractions spontaneously recover parental LCL heterogeneity in culture. (A) Growth curves from ICAM-1Hi/
CD27Lo, ICAM-1Hi/CD27Lo, and ICAM-1Hi/CD27Lo LCL fractions after sorting. Data from each day are presented as the mean number of cells
normalized to initial population size at day 0 (error bars = standard deviation, n = 3 LCLs per fraction). (B) Representative time-resolved staining
for ICAM-1 and CD27 in sorted fractions capture recovery of parental line phenotypic heterogeneity. (C) Fraction-resolved quantification of cell
growth and phenotype distribution over six days in culture after sorting.
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across samples. We further identified clusters that

corresponded to transitional states between the activated and

differentiated subsets. In contrast to our prior study of LCLs,

we did not perform cell cycle marker gene regression during

the data scaling step of the scRNA analysis, which preserved a

distinct cluster of actively cycling cells. Cells in this cluster

expressed numerous cell cycle genes and proliferation markers

including MKI67 and CDK1 and were further resolved by
Frontiers in Immunology 07
mitotic phase (S, G2M; Figure S2A). These proliferating cells

were consistent with the GC Dark Zone (DZ) state (42, 123). In

addition to cycling cells, a cluster of a pre-GC activated B cell

precursor to early memory B cells (AP-eMBCs) was also

identified based on expression of CCR6, CD22, and other

genes described in prior work (3, 15, 124) (Figure 3C, S2B).

The four main phenotypes (MBC, AP-eMBC, DZ, and LZ)

accounted for 86.4% of cells across LCL datasets.
A B

D

E F

C

FIGURE 3

EBV perpetuates a cycle of B cell GC-like entry, engagement, and exit in vitro. (A) Dynamic phenotypes if interest from FACS experiments. (B)
Mapping of ICAM-1Hi/CD27Lo and ICAM-1Lo/CD27Hi phenotypes within integrated LCL scRNA data (n = 3 LCLs). (C) Identification of additional
cell states within LCLs. Representative marker gene UMAPs highlight states corresponding to actively cycling cells (red cluster) and pre-GC
activated precursor/early MBCs (purple cluster). (D) Annotated clustering and pseudotime trajectory analysis of dynamic LCL states. Pseudotime
scores were calculated from graphs initialized in resting MBCs (ICAM-1Lo/CD27Hi) and are presented as UMAP representations and cluster-
resolved pseudotime score distributions. Cluster ordered pseudotime identifies cyclical state progression in LCLs. (E) Pseudotime-ordered,
phenotype-resolved expression of detected EBV latency genes and EBER transcripts in LCLs. (F) Integration of time-resolved FACS findings,
scRNA-seq, and pseudotime dynamics support a model of conserved perpetual germinal center (GC) dynamics across EBV-immortalized
cells in vitro.
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Higher resolution clustering further refined cell states by

immunoglobulin heavy chain class and cell cycle phase, for

which we calculated pseudotime trajectories. Pseudotime

graphs rooted within G1-phase differentiated memory cell

clusters supported cyclical progression through the early stages

of B cell activation, GC reaction (e.g., DZ !LZ transitions),

and eventual cell cycle exit and return to a G1-phase MBC state

or (infrequently) pre-PB generation (Figure 3D). The apparent

dynamic qualities of host gene expression were reflected in state-

resolved EBV transcriptomes. On the basis of western blotting

and qPCR, LCLs are conventionally described as having the

latency III EBV program in which all EBNAs and LMPs are

simultaneously expressed (24). However, pseudotime-ordered

states portrayed a more nuanced picture of viral latency

dynamics. As indicated by the fraction of cells expressing a

given latency gene in each cluster, very few individual cells

within LCLs simultaneously express all latency III genes.

Actively dividing cells exhibited the broadest latency gene

expression including elevated expression of EBNA1 (from the

Q promoter), EBNA2 (from the C promoter), and EBNA-LP.

With the notable exception of the small lytic cell population, the

highest expression of LMP-1 was observed in the GC LZ-like

NF-kB state. Along with EBER1 and EBER2, EBNA3A and

EBNA3B expression from the C promoter exhibited transient

upregulation in early cell cycle stages followed by decreases in

G2M and G0/G1 states (Figure 3E). Collectively, the phenotype

dynamics observed by FACS and conserved host and viral

transcriptomic diversity led us to propose a model in which

EBV infection perpetuates a core loop of host B cell entry,

engagement, exit, and re-entry into a GC-like reaction in vitro

(Figure 3F). In this model, persistent latent infection

continuously drives the machinery of B cell adaptive immune

responses in the absence of cognate antigen and restraint by

other immune cell types.

To further investigate the extent of EBV-induced GC

characteristics in LCLs, we assayed the presence of cells with

enriched signatures for distinct GC states based on literature-

derived annotation (44, 125–135). By applying this analysis to

scRNA-seq data from human tonsil samples as a reference for

normal GCs, we confirmed that LCLs contained distinct

subpopulations with characteristic of different pre-GC, GC,

and post-GC cell states (Figure 4A). Likewise, we observed

cells in LCLs with enriched signatures for classically described

GC B cell genes and those used for molecular classification of

GCB versus ABC DLBCL subtypes (125, 126). Surprisingly, LCL

subsets with strong expression of pre-GC mantle zone (MZ)

marker genes (CCR6, CD22, CD69, FCRL4, FCRL5, BANK1,

MARCH1) had the highest correlation with the canonical GC B

cell marker set (BCL6, LMO2, MYBL1, MME, SERPINA9,

GCSAM, DGKD, IL4R, SPI1, SH2B2, ALOX5, BCL7A, LCK,

OGG1). Moreover, LCLs further exhibited strong correlation

of GCB and ABC DLBCL gene sets in contrast to tonsil tissue,

which displayed anticorrelation of these sets as expected
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(Figure S3A). Collectively, these data suggest that the GC-like

dynamics observed within LCLs are dysregulated with respect to

normal GCs. In a detailed dissection of GM12878, we analyzed

key gene expression within the EBV-driven perpetual GC. This

analysis supported a potential path of cell state transitions from a

mantle zone B cell phenotype through DZ entry, proliferation,

LZ entry, LZ exit, and post-GC B cell differentiation, which

indicated an apparent IRF4- and PRDM1-associated fate

bifurcation between ASC development and GC re-entry via

the MZ state (Figure 4B). In another example, we found that

hallmark DZ genes (FOXO1, CXCR4) and LZ genes (MYC,

CD83) were co-expressed in distinct subsets of GM18502 and

that zone-mismatched genes had anticorrelated expression

(Figure S3B). LMO2 was generally co-expressed with other GC

biomarkers (MYBL1, SERPINA9, ALOX5, LRMP) across tonsils

and LCLs, although weaker correlations were observed in LCLs

(Figure S3C). Interestingly, GC LZ genes (BATF, CD40, CD83,

CD86, CD274 (PD-L1), FAS) were more strongly co-expressed

with ICAM1 in LCLs than in tonsils (Figure S3D), suggesting a

bias toward LZ-like state enrichment in the context of EBV

infection. Pseudotime analysis of classic GC B cell biomarker

expression provided further support for EBV-driven GC-like

dynamics in LCLs (Figures S3E-L), although we observed the

striking absence of BCL6 expression across LCLs (Figure S3M).

As EBV has been shown to suppress BCL6 expression and

degrade BCL6 protein through EBNA3A, EBNA3C, and viral

microRNAs (59, 136), the retention of certain germinal center

features in LCLs implicates viral mechanisms that supplant

BCL6 transcriptional regulation to some degree.
Infrequent plasmablast formation,
cellular quiescence, and viral reactivation
define GC-tangent fates

Sequencing data supported multiple possible fates for CD27+

cells within LCLs (Figure S4A). Cells with an expression profile

of CCR6+/CD27+/PRDM1-/SDC1- were consistent with B cell re-

entry into a GC-like reaction from the AP state. Other subsets

expressing combinations of CD27, CD38, and PRDM1 but not

CCR6 or SDC1 were consistent with post-GC memory B cells

and pre-plasmablasts. Notably, only a subset of post-GC CD27+

B cells expressed SDC1/CD138 and other late markers of

dedication to the ASC fate. This ASC population and other

subsets (typically with extremely high or low viral reads)

appeared to exit conserved perpetual GC dynamics, which we

characterized as “tangent” fate trajectories (Figure 5A). The

terminally differentiated plasmablast tangent was further

defined by elevated expression of CD27, CD38, TNFRSF17/

BCMA and other genes previously identified from

transcriptomic profiling of murine B cell subsets (137)

(Figure 5B, top panel). These cells were distinguished by the

highest expression of transcription factors (PRDM1, XBP1,
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MZB1) known to promote B cell differentiation to plasma cells

(138, 139). Intriguingly, EBV+ plasma cells also expressed high

levels of interferon response genes including, IFI35, IFITM1,

OAS1, MX1, and IFNG-AS1, which enhances IFNG production

in NK cells (140), and genes mediating redox stress (TXNIP,

TXNDC11, TXNDC15), presumably in response to metabolic

burdens associated with antibody secretion (141) (Figure S4B).

Another tangent cluster of cells exhibited the fewest total and

unique mRNAs but was enriched in transcripts for oxidative

stress response genes (111) and ribosome subunit biogenesis

(Figure 5B, middle panel). The low overall read counts suggested

this cluster contained quiescent or growth-arrested cells, and
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functional enrichment of the top markers in these cells included

ribosomal large subunit biogenesis (GO:0042273, FDR = 9.55e-

11); regulation of G2/M phase transition (GO:1902749, FDR =

5.4e-5); hydrogen peroxide metabolism (GO:0042743, FDR =

0.0019); regulation of transcription from RNA Pol II promoter

in response to hypoxia (GO:0061418, FDR = 0.0073); and

negative regulation of nitrosative stress-induced intrinsic

apoptotic signaling (GO:1905259, FDR = 0.039)Figure. A third

distinct tangent fate had clear hallmarks of EBV lytic

reactivation including expression of viral immediate (BRLF1),

early (BALF1, BARF1), and late (BZLF2, BLLF1) lytic genes

(Figure 5B, bottom panel). Consistent with prior reports, lytic
A

B

FIGURE 4

LCL subsets exhibit co-expression of genes associated with distinct GC phenotypes. (A) Gene module scores for mantle zone (MZ), dark zone
(DZ), DZ cycling, light zone (LZ), plasmablast (PB), and antibody-secreting cell (ASC) states across tonsils and LCLs. Trajectories depict the path
starting at the MZ phenotype and progressing through DZ, DZ cycling, LZ, post GC PB, and Late ASC. Blue trajectories depict the core GC and
red trajectories represent exits from this dynamic. [MZ module = CCR6, CD22, CD69, FCRL4, FCRL5, BANK1, MARCH1; DZ module = AICDA,
FOXO1, CXCR4, AURKC, IL2RB; DZ cycling module = TCF3, EZH2, CCND3, E2F2, TP53, PLK4, BRCA1; LZ module = NFKB1, NFKB2, CD80, CD83,
CD86, BCL2A1, EBI3, CD40, CR2, MIR155HG, ACKR3, MYO1C, MYC; PB module = PRDM1, XBP1, MZB1, TNFRSF17, CD27, CD38; Late ASC =
SDC1] (B) Detailed example of a GC-like cell paths in GM12878. Violin plots depicting key gene expression are presented to highlight the core
GC dynamic (blue trajectory and box) as well as terminal differentiation to Late ASCs (red trajectory and box). The bifurcation point between
ASC and GC re-entry trajectories is associated with cluster-resolved expression of IRF4 and PRDM1, with lower expression of these genes
associated with perpetual GC re-entry and higher expression associated with Late ASCs.
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cells within LCLs also displayed elevated expression LMP1.

These reads may have derived from the truncated lytic LMP1

transcript (lyLMP1), which has been shown to be essential for

successful virion release in reactivation (142, 143). These cells

also expressed host genes (NFATC1, MIER2) known to mediate

EBV reactivation (144) as well as several long non-coding RNAs

(lncRNAs) and genes involved in chromatin remodeling and

epigenetic silencing (HOTAIRM1, REST, MALAT1, ZEB2-AS1,

KCNQ1OT1 , HOXB-AS3 , DNMT3B, HDAC1 , HDAC4)

(Figure S5).
Atypical MBCs and autoimmune-like
responsiveness to IL-21 and TLR7
agonism in EBV+ LCLs

We recently found that EBV infection induced non-

canonical gene expression changes within T-bet+ atypical

memory B cells (atMBCs) (15), which have been identified as

expanded pathogenic cell subsets in diseases including multiple

sclerosis (MS) (10), systemic lupus erythematosus (SLE) (12,

145), and rheumatoid arthritis (RA) (146). This atMBC response

to infection included upregulation of pro-inflammatory

signature and aberrant expression of neuronal lineage genes.

Based on these findings from de novo infection, we questioned

whether cells consistent with EBV+ atMBCs were present in

LCLs. One of the three scRNA-seq datasets from LCLs generated
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in our lab contained a clear population of atMBCs based on

expression of TBX21 (T-bet) and CXCR3 in addition to genes

encoding BCR regulating receptors, including FCRL4 and

FCRL5 (Figures 6A, S6A) (147, 148). Notably, these EBV+

atMBCs were highly correlated with genes defining the pre-GC

activated B cell precursor to MBC (AP-eMBC) state (CCR6,

POU2AF1, CD22). EBV+ atMBCs were further distinguished by

elevated expression of genes encoding receptors for key

cytokines (IL21R, IFNGR1) and innate stimuli (TLR7 and its

downstream signaling adapter gene MYD88) known to mediate

atMBC differentiation, including pathogenic responses in

numerous human autoimmune diseases (Figure 6B) (100, 104,

149). Re-analysis of publicly available data from two additional

LCLs (GM12878 and GM18502) likewise revealed conserved co-

expression of IL21R, IFNGR1, TLR7, CCR6, CD22, FCRL5,

TBX21, CXCR3, and CD11c/ITGAX, indicating the presence of

EBV+ atMBC/AP-eMBC populations in three of five analyzed

LCLs (Figure S6B).

TLR7 agonism and IL-21 treatment have been shown to

elicit expansion and differentiation of human T-bet+ atMBCs in

vitro and analogous murine age-associated B cells (ABCs) in vivo

(100, 149). Given these findings, we hypothesized that EBV+

atMBCs might exhibit similar responses upon stimulation

(Figure 6C). To test this, we treated LCLs with the TLR7

agonist R848 (resiquimod, 2 mg/mL), IL-21 (10 ng/mL), or

both and measured cell growth and surface marker expression

relative to a control treatment (0.2% DMSO). Despite having a
A B

FIGURE 5

Plasma cell differentiation, growth arrest and quiescence, and viral reactivation define tangent fate trajectories arising from core GC dynamics.
(A) Model of extra-GC tangent fate trajectories leading to additional phenotypes observed from LCL scRNA-seq data. Proposed triggers
associated with each trajectory are annotated in blue. (B) Differentially expressed markers defining tangent phenotypes in LCLs (PB/PC =
plasmablasts/plasma cells, quiescent/arrested cells, and lytic reactivation).
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high basal proliferation rate (~24h doubling time), LCLs

stimulated with IL-21 (with or without R848) exhibited

accelerated proliferation and higher cell densities than controls

within three days of treatment (n = 3, IL-21 vs DMSO p = 0.04;

R848+IL-21 vs. DMSO p = 0.016, two-tailed paired Welch’s t-

test) (Figure 6D). The most prominent response we observed in

stimulated LCLs was a marked reduction in CD23 (FCER2)

expression, with the greatest decrease observed in IL-21 and
Frontiers in Immunology 11
R848+IL-21-treated LCLs (IL-21 vs. DMSO p = 0.00021; IL-

21+R848 vs. DMSO p = 3.51x10-5, two-tailed Welch’s t-test of

CD23 distribution geometric means, n = 4) (Figure 6E, S7A). IL-

21 and R848 stimulation also led to modest increases in the

percentage of IgD-/CD27- (double-negative, DN) B cells relative

to the control treatment (Figure 6F). Based on prior studies on

stimulated atMBC differentiation and the pathogenicity of

atMBC-derived plasmablasts (PBs) (12, 101, 150), we assayed
A

B

D E
F

G

C

FIGURE 6

An EBV+ pre-GC activated state with hallmarks of T-bet+ memory B cells develops in a subset of LCLs. (A) AP-eMBC cluster cells within one in-
house LCL dataset exhibits an atypical memory B cell (atMBC) phenotype prone to plasma differentiation. (B) Upregulation of genes encoding
receptors for IL-21, IFNG, and TLR7 ligands within identified LCL atMBCs coincide with the AP-eMBC phenotype. (C) Model experimental design
to stimulate plasma cell differentiation from AP-eMBC/atMBCs within LCLs. (D) Growth analysis of LCLs treated with 2 mg/mL TLR7 agonist R848
(blue), 10 ng/mL IL-21 (orange), or both (green) versus control treatment (0.1% DMSO, red). Data are presented as mean +/- standard deviation
cell counts with intra-replicate normalization to Day 0 across 3 biological replicates per condition. Statistically significance of differences (Day 3
IL-21 vs. DMSO, p = 0.04 and Day 3 R848+IL-21 vs. DMSO, p = 0.016) were calculated using Welch’s t test (two-tailed, paired). (E)
Representative CD23 (FCER2) expression in LCLs at Day 4 by treatment group. (F) CD27 and IgD staining of LCLs at Day 4 by treatment group to
evaluate the frequency of EBV-infected double-negative (DN) B cells (IgD-/CD27-). (G) Gating strategy to identify DN B cell-derived plasma cells
(IgD-/CD27-/CD23-/CD38+/CD138++) and quantification by treatment relative to control treated LCLs at Day 4. Statistical significance was
evaluated by Welch’s two-tailed t-test.
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the frequency of DN-derived PBs (defined as IgD-/CD27-/

CD23-/CD38+/CD138(SDC1)+ cells) across LCL treatment

groups. Using a sequential gating strategy, we observed higher

frequencies of autoimmune-associated DN-derived PBs in LCLs

treated with R848, IL-21, or R848+IL-21 relative to control

LCLs, although these differences were not statistically

significant. R848-treated LCLs (n = 3, 2.74 ± 0.93 fold more

DN PBs vs. DMSO, two-tailed Welch’s t-test p = 0.08) had the

highest frequency of DN-derived PBs (Figure 6G). Intriguingly,

even unstimulated LCLs exhibited a significantly higher DN B

cell frequency than uninfected peripheral B cells (74.9 ± 2.3% vs

17.8 ± 1.3%, Welch’s t-test p = 0.008, n = 2), though these data

do not represent donor-matched measurements (Figure S7B).
Proliferative CXCR3+ B cells are induced
during de novo EBV infection

In addition to studying atMBC responses to stimuli in the

context of established EBV latency, we asked whether de novo

infection itself was sufficient to induce an atMBC-like

phenotype. Specifically, recent work has reported an

association between EBV infection and a neuroinvasive,

pathogenic subset of T-bet+/CXCR3+ B cells identified within

clinically isolated syndrome (CIS)/multiple sclerosis (MS)

patients (151–153). To address this possibility, we performed
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time-resolved FACS experiments to determine whether CXCR3-

expressing B cells were induced during the early stages of EBV

infection. Infection of enriched peripheral blood B cells with the

B95-8 EBV strain led to the development of a CD19+/CXCR3+/

CD11c+ cell population within five days in vitro (Figures 7A-D,

Figure S7C). After the first several days of infection, the

percentage of CD19+/CXCR3+/CD11c+ that also expressed

FCRL4 (an inhibitory receptor and EBV-induced host

biomarker (122)) progressively increased (Figures 7A-D, third

column). In single cells gated from two biological donors, the

average frequency of CD19+/CXCR3+/CD11c-/+/FCRL4+ gated

cells was 38.6 ± 15.7% at day 8 post-infection compared to 9.8 ±

3.2% of cells prior to infection (n = 2 LCLs, two-tailed Welch’s t-

test p = 0.224). Notably, CD19+/CXCR3+/CD11c+/-/FCRL4+

cells underwent EBV-induced hyperproliferation and exhibited

similar cell division profiles relative to the total CD19+

population based on cell tracking dye dilution over time

(Figure 7E, S7C).
Discussion

Single-cell technologies provide powerful means to examine

how EBV manipulates host cell programming to achieve viral

replication. In the present work, we have used these methods to

identify and study cellular diversity that arises via EBV infection.
A
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FIGURE 7

EBV de novo infection of peripheral B cells induces a CXCR3+/CD11c+/FCRL4+ population that exhibits classic hyperproliferation. (A) Gating for
CD19+/CXCR3+/CD11c+/FCRL4+ cells within uninfected B cells enriched from PBMCs. (B) Gating as in A) at Day 2 post-EBV infection. (C) Gating
for Day 5 post-EBV infection. (D) Gating for Day 8 post-EBV infection. (E) Cell proliferation and distribution of division number over time by
gated populations (all CD19+, CD19+/CXCR3+/CD11c+, and CD19+/CXCR3+/CD11c+/FCRL4+).
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Our findings yield new insight into dynamic virus-driven cell

heterogeneity within lymphoma models and provide a

framework to explore the functional significance of EBV

infection within T-bet+ atypical B cells that may promote

pathogenic features of this cellular niche in autoimmunity and

chronic infection.

Extensive work by Thorley-Lawson and colleagues has

supported the development of the Germinal Center (GC)

model of EBV infection, which accounts for an in vivo route

to EBV latency establishment within the peripheral MBC

reservoir (41, 42, 56, 154). Subsequent studies by our lab and

others (24, 32, 43, 122, 155–157) have provided refinements to

the GC model including the correspondence of distinct viral
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latency gene expression programs with the stages of B cell

response to antigen (Figure 8A). These include a pre-latent

phase (mimicking pre-GC B cells); Latency IIb, during which

all six EBNAs are expressed and cells rapidly proliferate (GC

DZ-like); Latency III, in which the LMPs are additionally

expressed and promote cell survival (GC LZ-like); and Latency

IIa, in which EBNA expression is downregulated concomitant

with GC exit. At a high level, the GC model underscores the

capacity of EBV to induce programmed B cell responses in the

absence of BCR-cognate antigen and direct TH cell engagement.

However, the potent immunogenicity of the latency gene

products and prevalence of EBV-specific T cells provides a

selective pressure for infected MBCs to adopt restricted latency
A

B

C

FIGURE 8

Models of EBV-driven germinal center dynamics and possible roles in priming of T-bet+ atypical MBC pathogenesis. (A) The Germinal Center
(GC) model of EBV infection in vivo. (B) A model of perpetual GC dynamics within EBV-immortalized B cells in vitro. (C) Models of atMBC
behaviors associated with pathogenic autoimmunity and potential EBV-induced priming of these responses.
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in vivo, in which only the episome-maintaining EBNA1 and

non-coding EBERs and miRNAs (Latency I) or EBERs and

miRNAs only (Latency 0) are expressed.

By contrast, T cell-mediated suppression of EBV+ MBCs

may be attenuated in patients with compromised or suppressed

immune systems. Unchecked proliferation of EBV+ MBCs in

these contexts can lead to the development of virus-associated

Diffuse Large B Cell Lymphomas (DLBCLs) including post-

transplant lymphoproliferative disease (PTLD) in organ

transplant recipients (75). In this regard, EBV-immortalized in

vitro systems provide useful models to study virus-driven

lymphomagenesis associated with these diseases. We found

that distinct subsets of B cells within LCLs undergo dynamic

interconversion to sustain equilibrium distributions of activated

and differentiated states. Critically, memory cells (ICAM-1Lo/

CD27Hi) did not constitute a dead end for replication but could

instead develop into the activated phenotype (ICAM-1Hi/

CD27Lo) with greater proliferative potential. We further

utilized pseudotime analysis of scRNA-seq to demonstrate that

these in vitro dynamics are part of a perpetual cycle of B cell GC

reaction engagement (Figure 8B). This perpetual GC was

conserved across normal B cells infected with different strains

of EBV (B95-8, M81). Another recent study (158) developed

additional scRNA-seq data from LCLs generated with Type 1

Mutu and Type 2 BL5 EBV strains. We did not conduct a formal

analysis of these datasets, however the conservation of GC-like

states in cells immortalized by these strains is clear [MBCs =

clusters 4, 5; AP-eMBC = cluster 2; Act. LZ = cluster 1; cycling

DZ = clusters 0, 3, and 7; plasmablasts = cluster 6; lytic and pre-

lytic cells = clusters 8, 9, and 10 – refer to Figure 11 in Bristol et

al. (158)].

Our data demonstrate that EBV mediates B cell activation

and subsequent differentiation via GC-like dynamics. Virus-

induced simulation of GC transcriptional programs and

biomarkers is especially noteworthy since EBV strongly

suppresses the expression and functions of the master

transcriptional regulator of the germinal center, BCL6 (59,

136, 159). The ability of EBV infection to phenocopy elements

of the GC reaction in the absence of BCL6 may be promoted at

least partially by virus-induced epigenetic alterations that

parallel centrocyte (LZ B cell) cis and trans regulatory control

at the BCL2A1 locus, which we have recently reported (160).

While in vitro EBV-induced LCL formation is well understood

in the context of the functions of viral oncoproteins, it is

intriguing to consider the contributions of B cell-intrinsic

biology to immortalization in culture. Such aspects include the

continuous engagement of GC B cell transcriptional programs

and, more generally, the retained cellular plasticity that underlies

adaptive immune responses and memory. While important

facets of GC B cells and their functions are evident within

LCLs, our data indicate that there are discrepancies not only

between LCLs and tonsillar GCs but also with respect to
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classically defined DLBCL subtypes. Specifically, cells within

LCLs – at least those derived from unsorted peripheral

B cells – can display co-expression of genes characteristic of

both GCB-DLBCLs and ABC-DLBCLs. In this context, future

work is needed to assess whether B cells at different

developmental or functional stages that are transformed by

EBV might retain cell of origin characteristics. Whether the

heterogeneity and state transitions of the in vitro perpetual GC

are defining features of EBV+ lymphomas in vivo is currently

unclear, however it has been found that GC dynamics are de-

synchronized in Follicular Lymphoma (FL) (7), which is rarely

EBV+. Thus, future studies that examine clinical samples will be

essential to determine whether B cells with unregulated GC

dynamics or even spatial organization are present across a

spectrum of EBV+ lymphoid malignancies.

The exquisite adaptation of EBV to modulate host cell

programs highlights the importance of using single-cell

approaches to resolve consequences of viral infection within

particular B cell subsets. This is especially relevant for T-bet+

atMBC pools, which are enriched with autoreactive clones (161,

162). Pathogenic atMBC expansion (and differentiation to

plasma cells) elicited by cytokines and innate stimuli

constitutes a common feature of chronic infection with HIV

(106) and Plasmodium falciparum (105) and an array of diseases

of autoimmunity or immune dysregulation including multiple

sclerosis (MS) (10), systemic lupus erythematosus (SLE) (12),

rheumatoid arthritis (RA) (146), and primary Sjögren’s

Syndrome (pSS) (163). Notably, associations with EBV have

been identified in many of the same diseases in which atMBCs

are dysfunctional. Thus, our scRNA-seq evidence for atMBCs

within LCLs and corresponding tangent fate trajectories

including plasmablast formation prompted us to use LCLs as a

model system to study possible roles of latent EBV infection in

aspects of B cell-mediated autoimmunity. We also examined the

potential role that de novo EBV infection may play in promoting

the development of CXCR3+ atMBCs identified in patients with

MS. This interest was rooted in several distinct lines of evidence.

First, we recently reported that de novo EBV infection within

atMBCs (TBX21/T-bet+, ITGAX/CD11c+, FCRL4+, FCRL5+)

induced elevated expression of inflammatory mediators and –

unexpectedly – neuronal lineage genes involved in nervous

system development and axon guidance (15). Second, there is

strong etiological support for the importance of EBV

seropositivity during late adolescence or early adulthood – but

not childhood – in the development of MS (94–96). Paired with

studies demonstrating the accumulation of T-bet+ atMBCs with

age (100), we see a convergence of epidemiological and

functional studies that implicates a pathogenic role for de novo

EBV infection of atMBCs. Finally, recent reports by van

Langelaar and colleagues have described an enriched subset of

CXCR3+ neuroinvasive B cells associated with elevated EBV

viral loads in MS patients (151, 152). Based on their findings, van
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Langelaar et al. developed a model in which MS patient B cell

engagement with a cognate T cell (CD40/CD40L and TCR/Ag-

MHC class II recognition) in conjunction with IL-21 and

especially IFNg stimulation induces T-bet expression and

subsequent CXCR3 upregulation (Figure 8C, left panel). In

this model, CXCR3 promotes T-bet+ B cell migration from

secondary lymphoid tissue to the brain via the periphery,

consistent with this chemokine receptor’s essential role in T

cell (164) and ASC (165) neuromigration. Additional innate

stimulation via TLR agonism then mediates the conversion of T-

bet+ B cells to antibody-secreting cells.

In the latent infection context, EBV+ atMBCs may

develop from EBV+ MBCs that are subsequently stimulated

to express T-bet by IFNg secreted by proximal T cells,

possibly in response to unrelated infections. These EBV+

atMBCs may then be primed for differentiation in response

to IL-21 and/or TLR7 agonism without cognate engagement

with T cells (Figure 8C, middle panel). This scenario is

conceivable for infected B cells that express both LMP1,

which mediates CD40 signaling, and LMP2A, which

downregulates MHC class II expression and mimics a

constitutively activated BCR. The observed significant

enrichment of an autoimmune-associated DN B cell

phenotype (CD19+/IgD-/CD27-) in LCLs versus uninfected

peripheral B cells provides in vitro evidence that infected

atMBCs may develop in the course of EBV latency

establishment. We also assayed the effects of TLR7 agonism

and IL-21 stimulation of LCLs on cell proliferation and the

induction of plasma cells, both of which are characteristics of

atMBCs in autoimmunity. Treatment of LCLs with IL-21

(with or without R848) led to marked reduction of CD23

expression. This response is particularly notable, given that

CD23- GC B cells from human tonsils have been identified as

precursors to plasma cells (166) and that expansion and

differentiation of CD23- DN B cells has been observed in

SLE (145, 167, 168). Treatment with IL-21 or R848 + IL-21

also yielded modest but significant increases in LCL growth,

consistent with responses of atMBC niches including DN B

cells to these stimuli (149). In this regard, it is noteworthy

that TBX21(T-bet)+ atMBCs in LCL scRNA-seq data

consistently exhibited elevated expression of IL21R and

TLR7, inhibitory BCR co-receptors, and pre-GC AP-eMBC

signatures. These facets are consistent with defined

characteristics of atMBCs common to chronic infections

and autoimmunity including BCR hyposensitivity (anergy)

and extrafollicular activation by innate stimuli (11, 169).

Whether antigen-independent B cell activation enacted

through EBV infection predisposes poor affinity maturation

– another hallmark of autoreactive atMBCs – remains to be

s tud i ed . In con t ra s t to the robus tne s s o f CD23

downregulation upon IL-21 treatment of LCLs, we observed

only subtle increases (not statistically significant) in the
Frontiers in Immunology 15
frequency of EBV+ IgD-/CD27-/CD23-/CD38+/CD138+ cells

relative to controls. We speculate that the effect of these

stimulations on cell growth may be muted in LCL models

due to their high basal rates of proliferation. Moreover,

plasma cell formation within LCL populations is generally

uncommon, since viral EBNA3A and EBNA3C proteins

suppress plasma cell differentiation within roughly two

weeks of latency establishment via epigenetic modifications

of the PRDM1 (Blimp-1) and CDKN2C (p18INK4C) loci (59).

These viral countermeasures to circumvent terminal

differentiation likely contribute to the minimal increase in

DN-derived PBs upon stimulation despite the significant

downregulation of CD23. Thus, we emphasize that LCLs

without additional experimental modifications may have

limited utility for studies of EBV+ MBC responses to stimuli

in the context of autoimmunity. The fact that plasmablasts

arise at all within LCLs raises questions as to what

mechanisms might enable EBV+ B cells to overcome

EBNA3-mediated epigenetic suppression of plasma cell

formation – and whether they occur within EBV+ atMBCs

in vivo.

In the de novo infection context, we found that EBV

increases CXCR3 (as well as CD11c and FCRL4) expression

on peripheral B cells. Moreover, EBV+ CD19+/CXCR3+/

CD11c+/FCRL4+ cells and parental CD19+ populations

proliferated to a similar extent in response to infection.

Consistent with these findings, EBV infection of existing T-

bet+ atMBCs may provide a stimulus that facilitates the reported

expansion and neuroinvasive phenotype of CXCR3+ atMBCs

(Figure 8C, right panel). As EBV virion entry is known to

upregulate TLR7 expression and pathway sensitivity (170), it is

possible that newly infected atMBCs may be primed for

differentiation to plasmablasts triggered by recognition of

exogenous nucleic acids from EBV itself or other infectious

agents. In this case, it is alluring to speculate that differentiation

of recently infected atMBCs upon innate stimulation may

rapidly promote the initiation of viral reactivation through

XBP1 and PRDM1 transactivation of the master EBV lytic

regulator BZLF1.

Echoing the distinctions between the GC model of infection

and conventional B cell specific immunity, EBV may prime

atMBCs for pathogenic responses in de novo infection and/or

atMBCs derived from latently infected MBCs without explicit

requirements for antigen-specific activation or direct T cell

engagement. While the data and models presented here

provide a starting point to dissect viral involvement in aspects

of atMBC-mediated autoimmunity, this is currently a field with

many more open questions than definitive answers. Future

functional and mechanistic studies are clearly required to

address these questions and test the proposed models. We

expect the presented single-cell analysis and experiments as

well as future high-resolution studies will be essential to
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dissect EBV-mediated dysregulation of B cell compartments in

lymphoproliferative malignancies, chronic infections, and

autoimmune diseases.
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SUPPLEMENTARY FIGURE 1

Additional LCL replicates for FACS populations and sorting. (A) Biological

replicates for ICAM-1/CD27 FACS staining. (B) Phenotype composition in

LCLs is dependent on cell density. (C) Biological replicates for time-
resolved assays of ICAM-1 and CD27 in sorted LCL fractions. Top row in

each replicate: ICAM-1Hi/CD27Lo. Middle row in each replicate: ICAM-1Lo/
CD27Lo. Bottom row in each replicate: ICAM-1Lo/CD27Hi. The box inset

depicts a technical artifact arising from FACS buffer contamination that
affected the observed CD27/ICAM1 distribution from days 3-5. (D)

Replicate experiments performed with increased gating stringency to

exclude the possibility of phenotype contamination leading to the
observed recovery of parental line distributions.

SUPPLEMENTARY FIGURE 2

Additional marker genes in DZ and AP-eMBC states. (A) Key marker genes
in cycling (DZ-like) cells across LCLs. Data are presented for three LCLs

generated in-house (left column) and commercially available LCLs

(GM12878, middle; GM18502, right) originally reported by Osorio et al
(112). (B) Key marker genes in AP-eMBC cells across LCLs. Data are

presented for three LCLs generated in-house (left column) and
commercially available LCLs (GM12878, middle column; GM18502, right

column) originally reported by Osorio et al (112).

SUPPLEMENTARY FIGURE 3

GC B cell and DLBCL gene expression in LCLs and tonsils. (A) GC B cell
biomarker scoring in tonsil and LCL scRNA-seq datasets (left column).

Gene module correlations between Classic GC, DZ, DZ cycling, and LZ
markers (middle column). Correlation between GCB-DLBCL and ABC-

DLBCL module scores. [Classic GC module = BCL6, LMO2, MYBL1, MME,
SERPINA9, GCSAM, DGKD, IL4R, SPI1, SH2B2, ALOX5, BCL7A, LCK, OGG1;

DZ module = AICDA, FOXO1, CXCR4, AURKC, IL2RB; DZ cycling

module = TCF3, EZH2, CCND3, E2F2, TP53, PLK4, BRCA1; LZ module =
NFKB1, NFKB2, CD80, CD83, CD86, BCL2A1, EBI3, CD40, CR2,

MIR155HG, ACKR3, MYO1C, MYC] (B) Co-expression of canonical GC
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DZ markers (FOXO1, CXCR4) and GC LZ markers (MYC, CD83) in cell
subsets within GM18502. (C) Co-expression of LMO2 and other classic

GC B cell markers (MYBL1, SERPINA9, ALOX5, LRMP) across tonsil and LCL
scRNA-seq datasets. (D) Co-expression of ICAM1 with LZ GC B cell

markers (BATF, CD40, CD83, CD86, CD274, FAS) across tonsil and LCL
scRNA-seq datasets. (E) Anti-correlated expression of the GC LZ marker

CD83 and GC DZ marker CXCR4 across 3 in-house LCL scRNA-seq
datasets. (F) Pseudotime-resolved anticorrelated expression of DZ

(AICDA, CXCR4) versus LZ (CD83, MIR155HG) genes. Cells are ordered

in pseudotime and colored by high-resolution clusters as shown in -E. (G)
Cluster-resolved average expression of genes upregulated in GC B cells

relative to activated blood B cells (curated from Alizadeh et al, 2000). (H)
Pseudotime- and cluster-resolved expression of MAP4K2 (Germinal

Center Kinase, identified from Alizadeh et al, 2000). (I) Expression of GC
DZ-associated transcriptional regulators (TCF3, EZH2) and their

transcriptional targets upregulating cell proliferation (CCND3, E2F2) in

pseudotime. (J) MYC and NFKB family transcription factor expression in
pseudotime peaks in GC LZ-like cells. (K) Genes with known roles in

constraining the GC reaction exhibit elevated expression in DZ and DZ
cycling cells. (L) Expression of GC B cell biomarker genes BCL7A, MYBL1,

and LMO2 across in-house LCLs. (M) Expression of the GC B cell
biomarker MME and the transcriptional regulators MEF2B and BCL6 is

limited or absent from EBV-induced GC-like properties in LCLs.

SUPPLEMENTARY FIGURE 4

Distinct CD27+ subsets and key marker genes in plasma cells across LCLs.
(A) UMAP and upset plots of CD27 co-expression with markers of pre-GC

early activation (CCR6), post-GC memory B cells/pre-plasmablasts
(CD38, PRDM1), and late ASCs (SDC1) across LCLs. Upset plots depict

cells with co-expression at levels greater than or equal to the 25th

percentile for each gene’s respective distribution across the given
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dataset. (B) Top markers within late plasma cells (ASCs). Data are
presented for three LCLs generated in-house (left column) and

commercially available LCLs (GM12878, middle column; GM18502, right
column) originally reported by Osorio et al (112).

SUPPLEMENTARY FIGURE 5

Keymarker genes in lytic cells across LCLs. Data from differentially expressed
genes of interest are presented for three LCLs generated in-house.

SUPPLEMENTARY FIGURE 6

Expression signature of atMBCs within LCLs. (A) Pearson R correlations for

single-cell co-expression of the atMBC markers TBX21, FCRL5, and
CXCR3 in LCLs. (B) Data from differentially expressed genes of interest

are presented for three LCLs generated in-house and commercially
available LCLs (GM12878, GM18502) originally reported by Osorio et al

(112). Three of five LCL datasets contain cells consistent with atMBCs

exhibiting elevated expression of key receptors that mediate atMBC
responses to stimuli in addition to AP-eMBC characteristics (identified

by green circles). Cells with AP-eMBC characteristics but lacking definitive
atMBC gene expression in the remaining two LCLs are also highlighted

(blue circles).

SUPPLEMENTARY FIGURE 7

Additional replicates for FACS studies of EBV-associated autoimmune
phenotypes in LCLs and de novo infection. (A) FACS replicates for CD23

(FCER2) downregulation upon stimulation with R848 and/or IL-21. (B)
FACS staining of IgD and CD27 in uninfected peripheral B cells to identify

putative double negative (DN) B cell frequencies. Samples were prepared
via B cell enrichment (negative isolation) from PBCMs. Data are presented

for two donors. (C) Biological replicate for cell proliferation and CXCR3,

CD11c, FCRL4 staining in de novo infection experiments.
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