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AUTOIMMUNITY

Epstein-Barr virus reprograms autoreactive B cells as
antigen-presenting cells in systemic
lupus erythematosus
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Systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized by antinuclear antibodies
(ANAs). Epstein-Barr virus (EBV) infection has been epidemiologically associated with SLE, yet its role in pathogen-
esis remains incompletely defined. Here, we developed an EBV-specific single-cell RNA-sequencing platform and
used it to demonstrate that EBV infection reprograms autoreactive antinuclear antigen B cells to drive autoim-
munity in SLE. We demonstrated that, in SLE, EBV" B cells are predominantly CD27*CD21 low memory B cells that
are present at increased frequencies and express ZEB2, TBX21 (T-bet), and antigen-presenting cell transcriptional
pathways. Integrative analysis of chromatin immunoprecipitation sequencing (ChlP-seq), assay for transposase-
accessible chromatin sequencing (ATAC-seq), and RNA polymerase Il occupancy data revealed EBV nuclear anti-
gen 2 (EBNA2) binding at the transcriptional start sites and regulatory regions of CD27, ZEB2, and TBX21, as well as
the antigen-presenting cell genes demonstrated to be up-regulated in SLE EBV* B cells. We expressed recombi-
nant antibodies from SLE EBV™' B cells and demonstrated that they bind prototypical SLE nuclear autoantigens,
whereas those from healthy individuals do not. We further found that SLE EBV* B cells can serve as antigen-
presenting cells to drive activation of T peripheral helper cells with concomitant activation of related EBV™ anti-
nuclear double-negative 2 B cells and plasmablasts. Our results provide a mechanistic basis for EBV being a driver
of SLE through infecting and reprogramming nuclear antigen-reactive B cells to become activated antigen-

presenting cells with the potential to promote systemic disease—driving autoimmune responses.

INTRODUCTION

Epstein-Barr virus (EBV) is among the most common human viruses
and is transmitted primarily through saliva (1). Infection typically
occurs during childhood, adolescence, or young adulthood, and EBV
is the leading cause of infectious mononucleosis (“mono”). By adult-
hood, more than 94% of humans have been infected (I1). EBV infec-
tion has been linked to systemic lupus erythematosus (SLE) through
serologic, cellular, and molecular data (2, 3). Moreover, EBV infec-
tion has been epidemiologically linked to SLE on the basis of the high
prevalence of anti-EBV nuclear antigen 1 (EBNAL1) antibodies in pe-
diatric and adult patients with SLE (4, 5) and observations that EBV
lytic reactivation is associated with transition from preclinical to
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clinical SLE (6) and with SLE disease activity (7). Nevertheless, how
EBV might cause or promote SLE remains incompletely defined.

EBV is a double-stranded DNA (dsDNA) virus belonging to the
herpesvirus family (Herpesviridae), specifically the gammaherpes-
virus subfamily (1, 8). EBV infects epithelial cells and B cells and
establishes lifelong infection with limited viral gene expression.
EBV-infected B cells are predominantly memory B cells, and dis-
tinct latency programs (latency I, II, and III) are mediated by ex-
pression of distinct sets of EBV genes that promote immune evasion
and viral persistence (I, 8).

Investigation of the mechanisms by which EBV might promote
SLE has been hampered by biological and technological challenges,
including the complex EBV life cycle that includes multiple latency
phases and lytic reactivation (1, 8); the low expression of the limited
set of EBV latency genes (1); and the low frequency of EBV* B cells
in blood, with a previously estimated mean of 3.5 EBV* B cells per
million B cells in SLE (9, 10). Furthermore, patients with SLE exhibit
prominent abnormalities in their B cell compartment, including an-
tinuclear antigen EBV™ double-negative 2 B cells [DN2, a subset of
age-associated B cells (ABCs); (11-15)] and plasmablasts, which can
represent greater than 1% of blood B cells (16, 17). The exact pheno-
type, function, and B cell receptor (BCR) specificity of rare EBV" B
cell clones are unknown, as is their potential to shape the broad auto-
reactive antinuclear antigen B cell response observed in SLE.

A variety of mechanisms have been proposed by which EBV could
promote autoimmunity and SLE, including EBV-mediated molecular
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mimicry (18, 19); functional mimicry through Epstein-Barr virus
interleukin 10 (VIL10), latent membrane protein 1 (LMP1), or la-
tent membrane protein 2a (LMP2a) (3, 20); autoimmune promoting
strains of EBV (21); EBV nuclear antigen 2 (EBNA2)-mediated dys-
regulation of autoimmune susceptibility genes (22); EBV-promoted
B cell escape from tolerance (23-25); EBV-driven development of
memory B cells (23); dysregulated intrinsic B cell control of EBV gene
expression resulting in lytic reactivation (26, 27); immune evasion by
EBV-infected B cells (I, 8); and insufficient T and natural killer cell
control of EBV-induced autoimmune responses (28). Recently, it was
shown that EBV contributes to the pathogenesis of multiple sclero-
sis by expanding oligoclonal T-bet"CXCR3* B cells that home to the
central nervous system and can attract T cells (29). Here, we devel-
oped tools for EBV-specific single-cell RNA sequencing (scRNA-seq)
and applied these methods to sequence the B cell repertoires of pa-
tients with SLE and healthy controls (HCs).

RESULTS

EBV-seq enables detection of EBV* B cells

A major challenge in the field has been the inability to directly character-
ize EBV* B cells to define their role in autoimmunity. In autoimmunity,
EBV? B cells are rare, EBV gene expression is frequently below the
threshold for detection by scRNA-seq, and nonpolyadenylated EBV

RNAs including Epstein-Barr virus—encoded small RNAs (EBERs) are
not captured using the 10X Genomics scRNA-seq platform. To over-
come these challenges and to enable multimodal scRNA-seq of EBV* B
cells, we combined 23 primers specific for 21 EBV genes into our 10X
Genomics droplet-based scRNA-seq workflow (EBV-seq; Fig. 1, A and B,
and table S1). The EBV primers are incorporated through reverse tran-
scription and used for amplification polymerase chain reactions (PCRs)
and contain a sequencing-compatible PCR “handle” to enable amplifica-
tion of the EBV-specific libraries alongside human BCR and whole tran-
scriptome libraries. When tested on the EBV™ B cell line Raji, EBV-seq
provided an approximately fourfold increase in the unique molecular
identifier (UMI) gene counts that uniquely mapped to the EBV genome
compared with standard scRNA-seq methodology (fig. S1, A and B). We
next tested EBV-seq on an SLE blood B cell sample, and EBV-seq de-
tected EBV™ B cells on the basis of EBV gene UMI counts, whereas stan-
dard scRNA-seq failed to detect sufficient EBV gene UMI counts to
identify EBV" B cells (Fig. 1C and fig. S1C).

EBV™ B cells are increased in frequency in the blood of
patients with SLE and are predominantly CD27*CD21'""
memory B cells

Using combined EBV-seq, CITE-seq (cellular indexing of transcrip-
tomes and epitopes by sequencing), BCR-seq, and scRNA-seq, we
sequenced the EBV genes, BCR repertoires, and transcriptomes of
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Fig. 1. EBV-seq enables identification of EBV-infected B cells. (A) An EBV-seq primer design was incorporated into a 10x Genomics bead-based scRNA-seq workflow
that included CITE-seq performed using oligonucleotide-barcoded Abs specific for the prototypical markers for B cell subsets. BCR sequencing was performed by analysis
of the expressed variable diversity and joining (VDJ) immunoglobulin genes, followed by analysis of immunoglobulin heavy (H) and light (L) chain gene expression.
(B) Shown is the EBV genome annotated with the EBV genes (blue font) and small noncoding RNAs (green font) for which primers were included in EBV-seq. (C) Com-
parison of standard 10x Genomics scRNA-seq with EBV-seq 10x Genomics scRNA-seq for detection of EBV* B cells in a PBMC sample from a patient with SLE; EBV UMI

counts are represented by intensity of brown dots. ADT, antibody-derived tag.

Younis et al., Sci. Transl. Med. 17, eady0210 (2025) 12 November 2025

20f19

9202 ‘6T Afenuer uo ouay epersN 10 A1seAIUN T 610°90us 105" MAmM//Sdny WoJ) pepeoumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

blood B cells from patients with SLE (n = 11) and matched HCs
(n =10) (Fig. 2A and table S2). EBV™ B cells were identified on the
basis of expression of EBV gene UMI counts, and the number of
EBV* B cells was normalized to the total number of sequenced B
cells in each sample. In patients with SLE, we identified a mean
EBV™* B cell frequency of ~25 per 10,000 sequenced B cells, ranging
from 2.3 to 82 EBV™ B cells per 10,000 sequenced B cells in SLE. In
contrast, we only detected a mean EBV* B cell frequency of 1 per
10,000 sequenced B cells in HCs, ranging from 0 to 3 EBV* B cells
per 10,000 sequenced B cells in HCs. Patients with SLE harbored
~25-fold higher proportions of EBV* blood B cells compared with
HCs (P < 0.001, by Wilcoxon rank sum test; Fig. 2B). Parallel analy-
sis by EBER-flow cytometry demonstrated a correlation between
EBV™ cell frequencies measured by EBV-seq and EBER-flow cy-
tometry (fig. S1, D and E).

We next integrated the EBV mapped reads with human gene ex-
pression and clustered the cells on the basis of differentially expressed
genes (DEGs) and proteins (CITE-seq) using an unsupervised ap-
proach. The clusters were annotated on the basis of the expression of
genes and proteins encoding prototypical markers of each B cell subset
(16): naive B cells [CD27_IgDJr (immunoglobulin D-positive); DN1 B
cells [CD27 IgD™CD11c¢ T-bet  FCRL5™ (FcRLS5, Fc receptor like 5)];
DN2 B cells [CD27 IgD”"CD11c*Zeb2*T-bet"FCRL5" (Zeb2, zinc
finger E-box binding homeobox 2)], which represent a subset of age-
associated B cells (ABCs) (13-15, 30); memory B cells (CD27+IgD_);
CD277CD21"°" memory B cells (which are CD27+T-bet®"Zeb2'*¥
FCRL5"" and thus are distinct from CD27"CD21”Zeb2 " T-bet*
FCRL5" atypical B cells) (11-15); and plasmablasts (CD20~CD38™*
CD277") (Fig. 2G, fig. S2, and table S3). Analysis of EBV gene UMI
counts revealed that the EBV* B cells in blood samples from patients
with SLE were predominantly within the CD27*CD21% memory B
cell subset and were also modestly elevated in the unswitched memory
B cell and Ki67~ plasmablast populations (Fig. 2, D to F), consistent
with prior studies reporting latent EBV in memory B cells both in pa-
tients with SLE and healthy individuals (8-10). Small numbers of EBV™"
B cells were observed in the follicular B, switched memory B, and DN1
(14, 15) B cell subsets in SLE (Fig. 2F).

SLE EBV™ B cells are predominantly in latency phase, with a
small number of cells expressing lytic reactivation genes

To define the latency state of EBV™ B cells in SLE, we mapped EBV gene
expression onto established expression patterns that define EBV latency
versus lytic reactivation (1, 8). The SLE EBV* CD27+CD21" memory
B cells and other EBV™ B cells were predominantly in latency 0 to 1 phases
on the basis of expression of EBERs (29) or EBNAL in the absence of
EBV genes characteristic of latency 2 to 3 or lytic reactivation (P < 0.01,
by Wilcoxon rank sum test; Fig. 2G and fig. S3). In SLE but not in HC
B cells, we detected a small number of B cells expressing EBV lytic reac-
tivation gene products in CD277CD21"" memory, DN2, unswitched
memory B, plasmablast, and naive B cells (Fig. 2G and fig. S3).

Activation and antigen-presenting cell pathways are
up-regulated in EBV* CD27*CD21"°" memory B cells in
blood samples from individuals with SLE

To gain insights into the impact of EBV on host B cell gene expression,
given that EBV* B cells were predominantly CD27+CD2 1°%, we mea-
sured the DEGs in SLE EBV* versus SLE EBV™ B cells within the
CD277CD21°" memory B cell subset (Fig. 3, A and B, and fig. $4).
Pathway analysis demonstrated that SLE EBVT CD27+CD21"°"
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memory B cells exhibited up-regulation of transcriptional programs
associated with viral processes, antigen-presenting cell (APC) func-
tion, B cell activation, and interferon-stimulated genes as compared
with EBV™ CD277CD21"°" B cells (Fig. 3C and table S4). We also
compared the transcriptomes of EBVT CD27*CD21"°" memory B
cells in SLE samples versus HC samples and demonstrated that the
EBV' CD277CD21"" memory B cells in SLE also exhibited up-
regulation of T cell activation, APC function, B cell activation, and
interferon pathways as compared with HC (Fig. 3, D to F, and fig. $4).

Among the most up-regulated genes in SLE EBV* CD27tCD21""
memory B cells was CD70 (Fig. 3, B and E), a marker of mature B cells
recently primed by antigen and capable of producing high-affinity an-
tibodies upon T cell-dependent stimulation (31). In addition, genes
involved in antigen processing and presentation, including IFI30,
TAP2, and PSMB6, were up-regulated in SLE EBV*" CD27*CD21""
memory B cells (Fig. 3B, fig. S4, and table S4). Interferon gamma-
inducible protein 30 (IFI30) facilitates the reduction of disulfide bonds
in internalized antigens, enhancing their processing for major histo-
compatibility complex (MHC) class II presentation (32); TAP2 [trans-
porter 2, ATP (adenosine 5'-triphosphate) binding cassette subfamily
B member] is essential for transporting peptides into the endoplasmic
reticulum for MHC class I loading (33); and PSMB6 (proteasome sub-
unit beta type 6) is a key component of the proteasome involved in
generating antigenic peptides (34). The coordinated up-regulation of
these genes suggests that EBV™ B cells have an enhanced capacity to
process and present autoantigens. Key signaling molecules essential
for BCR signaling, including BTK, BLNK, JAK3, and PIK3RI, were
also overexpressed, indicating heightened activation of downstream
pathways critical for B cell function.

Furthermore, the ectonucleotidase-encoding genes NT5E (en-
coding CD73) and ENTPDI (encoding CD39), along with TGFBI,
were up-regulated in EBV* B cells (fig. S4 and table S4). Both CD73
and CD39 catalyze the conversion of extracellular ATP into immu-
nosuppressive adenosine, thereby modulating immune responses
(35). Recent studies reported that elevated transforming growth
factor-p (TGF-P) can impair anti-EBV T cell responses, ultimately
facilitating EBV reactivation. The concurrent up-regulation of
TGFBI and NT5E in SLE EBV™ B cells supports a model in which
these molecules establish an immunosuppressive microenviron-
ment that restricts T cell surveillance, thereby promoting the im-
mune escape and persistence of EBV" B cells.

Activation and APC pathways are up-regulated in EBV* SLE
B cells across B cell subsets

To further characterize the dysregulated EBV* B cells in SLE, we
characterized DEGs across B cell subsets and the pathways repre-
sented by these genes. We identified up-regulated antigen processing
and presentation, regulation of T cell activation, B cell activation,
EBV infection, and response to virus transcriptional pathways in
SLE EBV™ B cells across B cell subsets (Fig. 4A). On the basis of iden-
tification of up-regulated antigen processing and presentation, B cell
activation, and response to virus pathways in SLE EBV* B cells, we
next generated transcriptional modules representing APC function,
B cell activation, interferon responses, and cellular proliferation. As
compared with SLE EBV™ or HC EBV™ B cells, bulk SLE EBV" B
cells exhibited increased APC function, B cell activation, and inter-
feron response pathways (Fig. 4B). Analysis of EBV* B cells across B
cell subsets demonstrated that SLE EBV" unswitched memory B
cells, switched memory B cells, CD27"CD21"" B cells, DN1 B cells,
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Fig. 2. EBV-seq analysis of blood from patients with SLE identified EBV" B cells predominantly in latency with some B cells expressing lytic reactivation genes.
(A) Combined EBV-seq, CITE-seq, VDJ-seq, and scRNA-seq were used to sequence B cells isolated from SLE (n = 11) and HC (n = 10) PBMC samples. (B) Number of EBV* B
cells detected in SLE and HC blood, normalized to 10,000 B cells. Each dot represents one individual, and bars represent means + SEM. ***P < 0.001, by Wilcoxon rank sum
test. (C) Unsupervised clustering based on DEGs in the sequenced SLE and HC B cells, with annotation of B cell subsets. (D) EBV gene UMI counts in the sequenced SLE and
HC B cells. (E) SLE blood B cell marker expression. The bar graph represents the total EBV UMI counts detected in each B cell subset. (F) Distribution of EBV* B cells across
B cell subsets in HC and SLE PBMCs. Data are presented as the normalized number of EBV* B cells per 10,000 B cells of the corresponding B cell subset. Bars represent
means + SEM. Statistical significance was determined by Kruskal-Wallis test with P values adjusted for multiple testing using the Benjamini-Hochberg method (*P < 0.05;
#4P < 0.01; ##%P < 0.001). Blue asterisks indicate differences in EBV* B cell frequencies between HCs and patients with SLE within each subset, and black asterisks indicate
pairwise comparisons of CD27*CD21 oW B cells against other EBV" subsets in SLE. (G) Frequencies of EBV gene UMI counts in B cell subsets from HCs and patients with SLE;
EBV genes from which UMI gene counts were not detected are not displayed. The heatmap represents the number of EBV* B cells per 10,000 B cells per B cell subset. IFN,
interferon; mB, memory B cells; GC, germinal center; NR4A, nuclear receptor subfamily 4A.
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Fig. 3. SLE EBV* CD27*CD21'"" memory B cells exhibit activation as APCs. (A) Differential gene expression analysis of SLE blood EBV* versus EBV~ CD27*CD21'°" %
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DN2 B cells, and Ki67~ plasmablasts all exhibited increased APC ac-  flow toward the CD27*CD21~ memory B cluster, consistent with 3

tivity, B cell activation, or interferon module expression as compared
with SLE EBV™ or HC EBV™ B cells (P < 0.05, by Mann-Whitney U
test with multiple testing correction using the Benjamini-Hochberg
method), whereas the proliferation transcriptional module was low
across the groups (except for Ki67* plasmablasts) (Fig. 4, C to E, and
fig. S5). Our data collectively demonstrate that, across B cell subsets,
SLE EBV™ B cells are activated as APCs.

EBV* CD277CD21"" memory B cells exhibit differentiation
toward plasmablasts

To elucidate the lineage relationships among EBV* B cells across B
cell subsets, we performed unbiased trajectory analysis based on
RNA velocity analysis (36, 37). The resulting SLE EBV™ B cell trajec-
tory map predicted the future states of individual SLE EBV* B cells
on the basis of their spliced and unspliced mRNA content (Fig. 4F).
In SLE, the EBV™ naive (ii) and naive (i) B cells exhibit directional
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the possibility that, in SLE, EBV infects and reprograms CD21* na-
ive B cells to differentiate into EBV* CD27*CD21~ memory B cells
(Fig. 4F). Moreover, the EBV* CD27*CD21"" memory B cluster
exhibited a pronounced directional flow toward the proliferating
plasmablast subset, indicating that EBV* CD27"CD21'°" memory B
cells are primed to differentiate into Ki67" plasmablasts. These ob-
servations identify key transitional states and suggest that EBV™*
CD27*CD21"" memory B cells might differentiate into EBV* plas-
mablasts in SLE.

EBNA2 binds regions implicated in transcriptional and
epigenetic regulation of CD27, ZEB2, and TBX21 (T-bet), as
well as genes involved in antigen presentation

To gain further insights into the transcriptional dysregulation in
EBV™ B cells in SLE, we characterized expression of B cell subset
markers and transcription factors (TFs) in EBV' and EBV™ B cells
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and observed up-regulation of CD27, ZEB2, TBX21, and APC
genes in EBV? B cells across B cell subsets (Fig. 5A). Given that
EBNA2 is implicated in regulating SLE susceptibility genes (22)
and is specifically expressed in latency 3 (1), we classified SLE
EBV™ B cells on the basis of expression of latency phase-associ-
ated RNAs and genes. Because of limitations in the sensitivity of

Younis et al., Sci. Transl. Med. 17, eady0210 (2025) 12 November 2025

EBV-seq for detecting EBV RNAs and genes, we used groups of
latency phase—associated EBV RNAs and genes to classify EBV* B
cells. We classified EBV™ B cells expressing only EBERs as being
in latency 0 to 1; EBNA2, LMP1, LMP2, or EBNA3 as being in
latency 2 to 3; and lytic genes as being in lytic phase (Fig. 5B). SLE
EBV™ B cells in latency 2 to 3 were characterized by expression of
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CD27, ZEB2, TBX21, FCRL5, ITGAX (CD11c), and APC-related
genes (Fig. 5B).

To further define the potential role of EBNA2 in EBV' B cells in
SLE, we integrated our EBV-seq data with previously generated EBNA2
chromatin immunoprecipitation sequencing (ChIP-seq) data (38, 39)
and identified ChIP-seq peaks corresponding to EBNA2 binding sites
[false discovery rate (FDR) <0.01]. We found that EBNA2 binding was
enriched at transcription start site (TSS) regions of the up-regulated
genes and APC genes detected in EBV™ CD27"CD21"°" memory B
cells (P < 0.05, by Fisher’s exact test; Fig. 5C and figs. S6, A and B), sug-
gesting that EBNA2 promotes the activation and expression of APC
pathways in EBV* B cells in SLE.

We next performed integrative genomic analysis combining
EBNA?2 and coactivator ChIP-seq, assay for transposase-accessible
chromatin sequencing (ATAC-seq), and RNA polymerase II oc-
cupancy data from multiple EBV" B cell lines (22, 40-43). The
identified EBNA2 binding sites localized to upstream enhancer
elements at the CD27 and CD70 loci and to intragenic or inter-
genic regions near ZEB2 and TBX21 (Fig. 5D and fig. S6C),
suggesting that EBNA2 engages both canonical and noncanonical
cis-regulatory elements. These EBNA2 binding sites exhibited
substantial overlap with previously defined EBV host transcrip-
tional coactivators including recombination signal binding pro-
tein for immunoglobulin kappa J region (RBPJ), basic leucine
zipper ATF-like transcription factor (BATF), EBV transcription
factor 1 (EBF1), serial peripheral interface-1 proto-oncogene (SPI1),
and Jun B proto-oncogene (JUNB) (fig. S6).

Analysis of ATAC-seq data identified regions bound by EBNA2
that exhibited increased chromatin accessibility and were enriched
in enhancer-associated regions, consistent with EBNA2 function-
ing as a chromatin-opening transcriptional activator. ChIP-seq
profiling of RNA polymerase II revealed transcriptional engage-
ment at these EBNA2-regulated loci. We detected RNA polymerase
IT occupancy at the TSSs of CD27, CD70, ZEB2, and TBX21, with
peak intensity aligning with EBNA2-bound and ATAC-accessible
regions (Fig. 5D and fig. S6C). Together, these data suggest that
EBNA2 cooperatively engages host transcriptional coactivators
and epigenetic mechanisms to drive reprogramming of gene ex-
pression, thereby promoting the survival, activation, and APC ac-
tivity of EBV* cells in SLE.

SLE EBV* B cells are predominantly singletons and encode
antinuclear antigen BCRs

The specificity of the antibodies encoded by EBV* B cells is un-
known. To investigate the reactivity of EBV* B cells in patients with
SLE and HCs, we performed BCR repertoire sequencing (Fig. 6A
and fig. S7). SLE EBV* B cells were predominantly singletons, as
compared with EBV™ B cells (Fig. 6B). SLE EBV™ B cells included
CD27*1gD IgM™ as well as isotype-switched CD27*1gD IgA™ and
CD27*1gD IgG" memory B cells (Fig. 6C and fig. S8), indicating
that the majority of EBV" B cells in SLE are class switched. We ex-
pressed recombinant monoclonal antibodies (mAbs) encoded by
SLE EBV™ B cells and demonstrated that they bound HEp-2 cells by
immunostaining (Fig. 6D). To determine whether similar findings
are present in early SLE, we used EBV-seq to sequence EBV™ B cells
from patients with early SLE before receipt of disease-modifying
therapy. In recent-onset SLE, EBV" B cells were also predominantly
CD277CD21"" memory B cells that encode antinuclear BCRs
(figs. S9 and S10).

Younis et al., Sci. Transl. Med. 17, eady0210 (2025) 12 November 2025

SLE EBV™ B cells are members of clonal families that include
expanded, affinity-matured EBV™ B cells that encode
antinuclear antigen BCRs

B cell repertoire analysis identified EBV™" B cells that were members
of clonal families that included expanded EBV™ B cells (EBV™" clonal
families; Fig. 6E), with clonal families defined on the basis of shared
heavy and light chain V and J gene usage, identical heavy chain com-
plementarity determining region (CDR) 3 lengths, and shared junction
sequence similarities as defined by a maximum distance threshold of
0.25 [same V(D)] rearrangement]. These expanded EBV™ B cells (in
EBV™ clonal families) were predominantly activated CD277CD21°%
memory B cells, DN2 B cells, and plasmablasts (Fig. 6E and figs. S11
and S12). These cells also exhibited higher frequencies of somatic hy-
permutation and decreased activation and APC scores as compared
with their EBV* B cell family members (Fig. 6E and fig. S12).

We expressed recombinant mAbs from EBV* clonal families, in-
cluding from their EBV" and EBV ™ B cell clonal family members, and
identified families encoding mAbs that stained the nuclei of HEp-2
cells and bound a spectrum of nuclear antigens, including Smith (Sm)
(Fig. 6E). Using biolayer interferometry to measure binding affinity,
we demonstrated that the anti-Sm mAbs from the more heavily so-
matically hypermutated EBV™ B cells bound Sm with higher affinity,
as compared with mAbs from their EBV* B cell clonal family member
counterparts (P < 0.05, by Students ¢ test; Fig. 6F). Together, these
data demonstrate that SLE EBV™ B cell clonal families can encode
autoreactive BCRs and antinuclear antibodies (ANAs) and that the
increased somatic hypermutation observed in the EBV™ clonal family
member BCRs conferred higher autoantigen binding affinities.

EBV ™ -related clonal family B cells encode antinuclear
antigen BCRs

Analysis of SLE B cell repertoires revealed expanded EBV™ B cells that
shared V and ] gene usage with their related EBV* B cell but encoded
different V(D)]J rearrangements on the basis of the criteria to define
clonal families and thus were derived from different progenitor B cells
(we term these “EBV*-related families”; Fig. 6G and fig. S13). These
expanded EBV -related B cells (in EBV™-related families) included
CD27+CD21"" memory and DN2 B cells and exhibited decreased APC
scores as compared with their related EBV" B cells (figs. S12 and S13).
Furthermore, mAbs encoded by EBV ™ -related family members of anti-
nuclear antigen-encoding EBV™ B cells also bound the nuclei of HEp-2
cells (Fig. 6G and fig. S13). We identified EBV*-related families encod-
ing mAbs that bound Sm, and the EBV™ B cells from these related fami-
lies were more heavily somatically hypermutated and encoded mAbs
that bound Sm with higher affinity as compared with their EBV* family
member counterparts (P < 0.01; Fig. 6H and figs. S12 and S13). These
data suggest that EBV* B cells also promote activation and affinity mat-
uration of nonclonally related EBV™ B cells that bind the same nuclear
autoantigen target. These findings led us to hypothesize that EBV™ anti-
nuclear antigen—encoding B cells are “driver” B cells that serve as profes-
sional APCs to activate T helper cells, which in turn provide help to
activate related EBV™ B cells encoding antinuclear antigen BCRs.

SLE EBV" B cells encode antinuclear antigen BCRs that
exhibit prototypical ANA staining patterns and

antigen binding

We expressed mAbs derived from BCRs expressed by 69 SLE EBV* B
cells, 15 multiple sclerosis EBV* B cells, and 10 HC EBV* B cells and
characterized them for reactivity to HEp-2 cells using immunostaining
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and to prototypical SLE antigens using enzyme-linked immunosor-
bent assay (ELISA). Of 69 SLE EBV? B cell mAbs, 44 (64%) bound
HEp-2 cells (Fig. 7, A and B). In contrast, none of the 10 HC or 15
multiple sclerosis EBV' B cell mAbs bound HEp-2 cells or SLE-
relevant antigens. HEp-2-reactive SLE EBV™ B cell mAbs were derived
from multiple B cell subsets, including EBV™ naive (i), CD27*CD21"""

memory B cells, DN1 B cells, DN2 B cells, Ki67~ plasmablasts, and
Ki67* plasmablasts (Fig. 7C). They exhibited distinct staining patterns,
including nuclear speckled, nuclear homogenous, nucleolar, mixed
(nuclear and cytoplasmic), nuclear rim, or DNA and mitotic (Fig. 7A),
consistent with the well-defined staining patterns of ANA in SLE. Us-
ing ELISA, we identified EBV? B cells that encoded mAbs that bound

Fig. 7. SLE EBV' B cell mAb HEp-2 cellim- A
munostaining patterns and their reac- HEp-2 immunostaining of mAbs derived from SLE EBV* B cells Nuclear
tivity to prototypical SLE autoantigens. Nuclear speckled Nucleolar homogenous
(A) Representative examples of immunostain-
ing patterns of SLE EBV* B cell-derived mAbs mARS2 mALSr41 mih 3
on HEp-2 cells. Nuclear homogenous includes
both homogenous and fine speckled stain-
ing patterns. (B) Representative examples of
immunostaining of HC and multiple sclerosis
(MS) EBV*' B cell-derived mAbs on HEp-2 Mixed (nuclear and cytoplasmic)  DNA and mitotic
cells. (C) ELISA anaIJ)r/S|s of the.reactlwty of AR
SLE, HC, and MS EBV™ B cell-derived mAbs to
prototypical SLE autoantigens, including the
ANA screen ELISA [nuclear antigen (Ag) cock-
tail] and individual nuclear antigens, and for
EBV EBNAT. As an assessment for potential . . .
polyreactive antibodies, LPS ELISAs were per- Nuclear rim Cytoplasmic Background staining
formed. The nuclear antigen cocktail, com- mADb-169
prising Sm, RNP/Sm, Scl-70, SS-A (Ro) (52 and
60 kDa), SS-B (La), Jo-1, UT-SmRNP, CENP-B,
dsDNA, histones, and C1q, was obtained
from a commercial source different from that Golgi-like Stainigg Lysosomal-like staining
used for the individual antigens in the heat-
map. n, number of mAbs tested per group;mB, B HEp-2 immunostaining of mAbs derived from HC and MS EBV* B cells
memory B cell.
C SLE EBV* B cell mAbs
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prototypical SLE nuclear autoantigens including Sm, dsDNA, Ro52,
Ro60, histone H3, and proliferating cell nuclear antigen (PCNA), as
well as EBV EBNALI (Fig. 7C). These findings demonstrate that, in SLE,
EBV infects autoreactive antinuclear antigen B cells, that SLE EBV™"
antinuclear antigen B cells span multiple B cell subsets, and that some
SLE EBV™ B cell mAbs can cross-bind EBNA1 and nuclear antigens
including Sm.

SLE EBV™ B cell antigen presentation induces activation of T
peripheral helper along with antinuclear antigen DN2 B cells
Our EBV-seq results revealed an increase in APC activity within
EBV™ B cells in SLE. To evaluate the potential for EBV* B cells to
serve as APCs, we used EBV-transformed lymphoblastoid B cell
lines (LCLs) as a model system because of the low frequencies and
lack of robust surface markers for EBV* B cells in blood samples
from patients with SLE. LCL B cells represent a latent stage of EBV
infection and were previously demonstrated to function as APCs
(44, 45). To investigate the potential role of EBV™ B cells as APCs in
SLE, we generated EBV" LCLs using samples from patients with
SLE who had serum anti-DNA autoantibodies on the basis of clini-
cal laboratory test results. LCLs were loaded with chromatin com-
plexes using an avidin-conjugated anti-DNA mAb combined with
biotinylated anti-IgM/G antibodies (Fig. 8A), based on previously
described methods to load B cells with extracellular chromatin pres-
ent in culture medium (released from dying cells) (46).

Chromatin-loaded SLE LCLs were cultured with isolated T
and B cells from the same MHC-matched patients with anti-DNA
autoantibody-positive SLE; after 10 days, cultured cells were col-
lected for scRNA-seq and supernatants for HEp-2 immunostain-
ing (Fig. 8A). scRNA-seq analysis demonstrated expansions of
CD4*PD1MCXCR5™ (PD1, programmed cell death protein 1) T
peripheral helper (Tpy) cells (47) (P < 0.0001; Fig. 8B and figs. S14
and S15) and expansions of EBV™ DN2 B cells (non-LCLs)
(****P < 0.0001; Fig. 8C and figs. S14 and S15). Recombinant
mAbs were generated from clonally expanded B cells (shared
heavy and light chain V and ] gene usage, identical heavy chain
CDR3 lengths, and shared junction sequence similarities as de-
fined by a maximum distance threshold of 0.25) and tested for
immunostaining of HEp-2 cells. We identified multiple clonally
expanded EBV™ DN2 and EBV™ plasmablast B cells that encoded
mAbs that bound HEp-2 cells, demonstrating that these B cells
are autoreactive and can produce ANAs (Fig. 8D).

We further tested culture supernatants for antibodies that stain
HEp-2 cells. Culture supernatants from chromatin-loaded SLE LCLs
cultured with T and B cells from the same patients with anti-DNA
autoantibody-positive SLE contained increased ANAs that bound
HEp-2 cells as compared with cultures with MHC-mismatched T
and B cells from different patients or with chromatin-loaded HC
LCLs (****P < 0.0001, by Student’s ¢ test; Fig. 8E). Together, these
results demonstrate that SLE EBV* LCLs can serve as APCs to medi-
ate activation of Tpy cells along with EBV ™ autoreactive antinuclear
antigen DN2 B cells and plasmablasts.

DISCUSSION

More than 94% of the human population is infected with EBV,
whereas only a small proportion of these individuals develop SLE.
Here, using EBV-seq, we demonstrated that EBV directly infects
autoreactive antinuclear antigen B cells in the peripheral blood of
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patients with SLE and reprograms them as activated APCs. In con-
trast, HC EBV™ B cells did not encode antinuclear antigen BCRs and
exhibited fewer features associated with antigen presentation. Inte-
grative analyses of ChIP-seq, ATAC-seq, and RNA polymerase II
occupancy data revealed that EBNA2 may mediate both transcrip-
tional and epigenetic regulation of CD27, CD70, ZEB2, TBX21, and
genes associated with antigen presentation through direct binding
to their regulatory elements and recruitment of host TFs, including
coactivators such as RBPJ. SLE EBV* B cells in latency 3, the latency
phase in which EBNA2 is expressed, exhibited increased expression
of these genes. We showed in vitro that EBV* B cell-mediated pre-
sentation of prototypical SLE antigens as chromatin was sufficient to
induce the activation of autoreactive T and antinuclear antigen B
cell responses, including EBV™ antinuclear antigen B cells. In con-
trast, HC EBV* B cells did not encode antinuclear antigen BCRs,
were less able to function as APCs, and did not induce ANA re-
sponses. Together, our data demonstrate that EBV infection repro-
grams antinuclear antigen B cells as activated APCs and that EBV™*
autoreactive B cells have the potential to serve as “driver” B cells that
orchestrate activation of systemic autoimmune responses that medi-
ate the pathogenesis of SLE.

Our findings provide a mechanistic basis for why only a small
fraction of EBV-infected individuals develop SLE whereby EBV in-
fects autoreactive antinuclear antigen B cells, which are known to be
present in the naive B cell compartments of patients with autoim-
mune diseases but not healthy individuals (48). We showed that pa-
tients with SLE have more than 20-fold higher numbers of EBV* B
cells as compared with HCs, suggesting a potential central role for
these cells in the pathogenesis of SLE. Several mechanisms may con-
tribute to this expansion, including deficient anti-EBV CD8 T cell
responses (8, 49, 50), EBV-mediated immune evasion (I, 8), infec-
tion with an EBV strain that promotes B cell survival or growth (21),
therapeutic immunosuppression allowing expansion of EBV" B
cells, host-pathogen interactions that accelerate disease progression,
or other mechanisms.

In SLE, EBV™" B cells were predominantly detected within the
CD277CD21°" memory B cell subset and express ZEB2 and TBX21.
EBYV infects naive B cells through CD21 (51, 52), and our trajectory
analysis suggests that EBV* naive, DN2, and follicular B cells all dif-
ferentiate toward EBV" CD27+ CD21'°" memory B cells, which can
be subsequently stimulated to differentiate into plasmablasts. SLE
EBV*' CD27*CD21"™ memory B cells exhibited increased expres-
sion of the gene encoding CD70, the ligand for CD27, which might
contribute to EBV* B cell activation and survival in SLE. CD70 is a
marker of mature B cells recently primed by antigen and capable of
producing high-affinity antibodies upon T cell-dependent stimula-
tion (31).

Integrative analysis of ChIP-seq, ATAC-seq, and RNA poly-
merase I occupancy data revealed EBNA2 binding at the transcrip-
tional start sites and regulatory regions of CD27, CD70, ZEB2,
and TBX21I. These findings provide a molecular basis by which EBV
may directly promote the development of CD27"CD21"°VZEB2*
T-bet* activated memory B cells with APC function. Consistent with
this potential mechanism, EBV-infected LCLs showed up-regulation
of CD27, CD70, and other APC-related genes. Together, these re-
sults support a model in which EBV infection, through EBNA2-
mediated epigenetic and transcriptional remodeling, can reprogram
autoreactive antinuclear antigen B cells into pathogenic “driver”
APCs in SLE.
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Fig. 8. SLE EBV* LCLs serve as APCs that promote expansion of Tpy and EBV~ ANA-encoding DN2 B cells and plasmablasts. (A) Schematic overview of LCL cocul-
tures with T and B cells. LCLs were generated from patients with SLE who have anti-DNA autoantibodies. SLE LCLs were loaded with chromatin using a combination of
anti-lgG/M-avidin and anti-DNA-biotin antibodies (free chromatin is present in culture supernatants because of low amounts of dying cells). Chromatin-loaded LCLs were
washed and then cocultured with T and B from the same patient (SLE MHC-matched B and T cells), or from a different patient with anti-DNA autoantibodies (SLE MHC-
mismatched B and T cells). HC LCLs, as well as T and B cells, were used as controls. (B) Frequency of T cell subsets, including PD1 MCXCR5-CD4* Tpn cells, at day 10 among
nonexpanding and expanding CD4* T cell clones as measured by scRNA-seq. **#*P < 0.0001, by chi-square test. (C) Frequencies of the B cell subsets among the ex-
panded EBV™ SLE B cells as measured by scRNA-seq. ****P < 0.0001, by chi-square test. (D) Immunostaining of HEp-2 cells with expressed mAbs from expanded DN2 B
cell and plasmablast clones in coculture from (C). (E) Immunostaining of HEp-2 cells using culture supernatants collected at day 10. The top bar graph presents the mean
fluorescence of HEp-2 staining, with the values representing the average pixel intensity within a selected region of interest measured by ImagelJ. Data are shown as
means + SEM. **#%P < 0.0001, by Student’s t test. d, day; T, T helper.
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Prior studies reported key roles for autoreactive Tpy (47, 53) and
antinuclear antigen DN2 B cells and plasmablasts in SLE (16, 17), yet
how autoreactive Tpy and autoreactive DN2 B cells become activated
has been an open question (47, 53). The fact that antinuclear antigen
EBV™ B cells belong to the same clonal family as other antinuclear
antigen EBV™ B cells suggests that EBV infection occurred during an
ongoing autoimmune response. In agreement with this scenario, the
main EBV™ B cell fraction in samples from patients with SLE consists
of CD27*CD21"" memory B cells, which were previously identified
as activated memory B cells that arise after a germinal center response
(11-13). However, autoimmune responses in SLE may rather involve
extrafollicular B cell responses (17, 53, 54). This apparent discrepancy
may be explained by our observation that some EBV™ B cells in SLE
express BCRs that recognized EBV EBNAL1 and cross-reacted with
Sm or other nuclear antigens. Hence, EBV may directly infect anti-
EBNAL1 B cells with autoimmune cross-reactivity in SLE (as well as
infect other autoreactive antinuclear antigen B cells), which may then
serve as APCs and enhance and orchestrate the pathogenic autoim-
mune response in SLE through antigen-specific activation of Tpy
cells. Activated Tpy cells may further activate related EBV™ B cell
clones and other autoreactive B cells that recognize similar self-
antigens and provide them proliferative and differentiation signals
that allow them to develop into DN2 B cells and plasmablasts. As a
consequence, EBV ™ -related B cell clones display increased frequen-
cies of somatic hypermutation and ANA affinity compared with those
of EBV* B cells, and the secretion of these ANAs contributes to SLE
pathology. This could promote the previously described EBNA1-Sm
molecular mimicry in SLE (I8, 19).

In healthy individuals, ~20% of mature naive B cells emerging
from the bone marrow encode antibodies with HEp-2 reactivity,
and peripheral tolerance checkpoints typically limit the survival and
activation of these autoreactive clones (55). EBV has been shown to
impair peripheral tolerance (24, 41, 56). Our data suggest that, in
SLE, EBV infection promotes the survival and activation of autore-
active EBV" antinuclear antigen B cells by overcoming these check-
points. Moreover, our observation of expanded clonally related
EBV™ antinuclear antigen B cells suggests that intrinsic defects in
peripheral tolerance, independent of EBV, also play a role in the de-
velopment of autoreactive clones in SLE.

Using groups of EBV genes associated with distinct latency phas-
es, we were able to classify SLE EBV™ B cells into latency 0 to 1, la-
tency 2 to 3, and lytic phases and demonstrated that SLE EBV* B
cells in latency 3 exhibited up-regulation of ZEB2, TBX21, and anti-
gen presentation genes. EBNA2 expression is specifically associated
with latency 3 (1), and, although we also observed elevated antigen
presentation gene expression in SLE EBV™ B cells in 0 to 1, suggest-
ing that EBV* B cells in latency 0 to 1 may promote antinuclear au-
toimmunity in SLE, development of EBV™ B cells in latency 3 may
further promote antinuclear autoimmunity in SLE. The extent to
which EBV" B cells in different subsets and latency states mediate
activation of broad antinuclear antigen Tpy cell and antinuclear an-
tigen EBV™ B cell responses in SLE remains an important area for
further investigation.

Lytic reactivation has been associated with disease onset and flares
in SLE (3); however, it remains unclear whether EBV reactivation
drives autoimmune flares or is instead triggered by them. In this
study, we showed that EBV" B cells in SLE are predominantly
CD27*CD21"°" memory B cells in latency yet exhibit transcriptional
features of activated APCs. In addition, we detected small populations
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of EBV* naive B cells, memory B cells, DN1 B cells, DN2 B cells, and
plasmablasts expressing lytic reactivation genes in samples from pa-
tients with SLE but not in HCs. These findings suggest dynamic re-
activation of EBV in SLE, which may involve both the abortive Iytic
cycle and overt lytic reactivation (27). Differentiation of memory B
cells into plasmablasts is known to induce expression of the plasma
cell TFs X-box binding protein 1 (XBP-1) and B lymphocyte-
induced maturation protein 1 (BLIMP-1), which can directly activate
the EBV immediate-early gene BamHI Z Epstein-Barr virus replica-
tion activator (BZLF1) and thereby trigger lytic reactivation (57).
Therefore, it is possible that some of the lytic-phase EBV gene expres-
sion we observed, particularly in plasmablasts, reflects a bystander
consequence of inflammatory B cell differentiation rather than a driv-
er of disease activity.

By which mechanisms is EBV infection contributing to B cell-
mediated autoimmunity? Our results revealed enrichment of EBNA2
binding near the transcriptional start sites of ZEB2, TBX21, genes
associated with APC function, and other genes up-regulated in EBV™*
B cells from patients with SLE. These findings suggest that EBNA2-
host interactions mediate transcriptional reprogramming of autore-
active antinuclear antigen B cells, promoting their differentiation
into pathogenic “driver” APCs. In addition to EBNA2, EBV has also
been demonstrated to promote B cell activation through multiple
latency-associated mechanisms, including EBER-mediated Toll-like
receptor 3 (TLR3) activation (58); EBV BamHI-A rightward tran-
script (BART) microRNA activation of nuclear factor kB and extra-
cellular signal-regulated kinase 1/2 (Erk1/2) (59); EBNA1-promoted
B cell survival (3, 60); and other mechanisms (1, 23, 24, 41). In la-
tency 2, latency 3, and during lytic reactivation, EBV may further
promote activation of autoreactive antinuclear antigen B cells through
additional mechanisms. These include expression of LMPI, a consti-
tutively active CD40 mimic, and LMP2A, a functional homolog of
the BCR (I, 22, 23). Together, these viral proteins can drive up-
regulation of costimulatory molecules on B cells, thereby enhancing
the ability of autoreactive antinuclear antigen EBV* B cells to interact
with and activate autoreactive T cells.

Although peripheral B cell depletion with the anti-CD20 mAb
rituximab did not demonstrate efficacy in randomized controlled
trials in SLE or lupus nephritis (61), recent pilot trials suggest that
CD19-chimeric antigen receptor (CAR) T cell-mediated and po-
tentially anti-BCMA T cell engager bispecific antibody-mediated
ultra-deep B cell depletion of both peripheral and tissue B cells can
provide dramatic clinical benefit and long-term remission (62, 63).
An intriguing hypothesis is that the durability of the efficacy of
CD19-CAR T cell and anti-BCMA T cell engager bispecific anti-
body therapy in SLE arises from the depletion of EBV* antinuclear
antigen driver B cells. Further investigation is needed to determine
whether solely depleting EBV™ B cells will provide efficacy in estab-
lished SLE or whether depletion of EBV™ antinuclear antigen DN2
B cells, plasmablasts, or other B cells is also necessary to effectively
treat ongoing autoimmunity.

EBV infection and reactivation are also associated with other
autoimmune diseases, including multiple sclerosis, Sjégren’s syn-
drome, and rheumatoid arthritis; EBV reactivation has also been
linked to Long Covid (21). It is possible that EBV infection and
reprogramming of autoreactive B cells as driver APCs could play a
central role in these autoimmune conditions and potentially others.

Our study has some limitations. Because of technical limitations
of EBV-seq in detecting low-abundance viral transcripts, we were
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limited in our ability to classify EBV* B cells by latency or lytic
phase. Another limitation was the use of frozen instead of fresh
peripheral blood mononuclear cells (PBMCs), because freezing can
affect transcriptomic results and might also affect EBV gene ex-
pression or other aspects of EBV infection. Last, patients with SLE
exhibit impaired CD8 T cell responses to EBV (8, 49, 50), and im-
munosuppressive therapy is associated with increased EBV reacti-
vation (64). In this study, immunosuppressive therapy may have
reduced immune control of EBV, thereby contributing to both in-
creased EBV™ B cell frequencies and the increased expression of EBV
reactivation genes.

In summary, we provide evidence that, in SLE, EBV infects and
reprograms autoreactive antinuclear antigen B cells, which then
have the potential to serve as driver APCs capable of activating anti-
nuclear T and EBV™ B cell responses that promote disease. Our
findings provide a potential mechanistic basis for the role of EBV in
the initiation and persistence of autoimmunity in SLE. This frame-
work may also be relevant to other EBV-associated autoimmune
conditions.

MATERIALS AND METHODS

Study design

SLE and healthy comparator peripheral blood samples were collect-
ed at Stanford University. SLE was diagnosed based on the Systemic
Lupus International Collaborating Clinics (SLICC) classification cri-
teria. All patients with SLE and HC individuals were EBV*, as as-
sessed by elevated anti-EBNA1 antibody titers. Demographic and
clinical data were collected for each patient, and none of the patients
had received anti-CD20 or other B cell depletion therapy prior to the
time of sample collection (table S2). The sample size used is in line
with our prior scRNA-seq BCR repertoire studies. Human partici-
pant sample collection was approved by the Stanford University In-
stitutional Review Board (protocol 3470), and written informed
consent was obtained from all patients and HC participants.

PBMCisolation and B cell enrichment

PBMCs were isolated using density gradient centrifugation using
Ficoll-Paque PLUS (GE Healthcare). The isolated PBMCs were cryo-
preserved in Recovery Cell Culture Freezing Medium (Gibco) at a con-
centration of 10 million cells/ml. To remove dead cells, thawed PBMCs
were processed using the EasySep Dead Cell Removal (Annexin V)
Kit (STEMCELL Technologies) according to the manufacturer’s in-
structions. Viable cells were subjected to magnetic bead-based B cell
isolation using the EasySep Human B Cell Isolation Kit (STEMCELL
Technologies) according to the manufacturer’s instructions. Through
this procedure, non-B cells were depleted using tetrameric antibody
complexes and magnetic particles, resulting in a >95% pure B cell
population for scRNA-seq.

EBV-specific primers for EBV-seq

To enable high-throughput scRNA-seq of a panel of EBV genes, we
developed an extension to the 10x Genomics 5 RNA-seq platform,
in which 23 primers specific for 21 EBV genes were added in dur-
ing reverse transcription and amplification PCRs (Fig. 1, A and B,
and table S1). These primers included a 22-base pair (bp) handle
5'-AGCAAGTGAGAAGCATCGTGTC-3" and were synthesized as
DNA oligonucleotides (Integrated DNA Technologies). During PCR
library amplification, we added a reverse EBV-primer to enrich
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for EBV ¢cDNAs and used the 10x Genomics protocol for library
preparations. The barcoded libraries were sequenced using Illu-
mina NovaSeq 6000 (Novogene) to sequence ~700 million reads
per sample, and data aligned to the human reference genome
GRCh38 using STARsolo (v2.7.9a). Subsequently, reads that did not
map to the human genome were aligned to the EBV genome
(NC_007605) using STARsolo (v2.7.9a) with the following parameters:
--outFilterScoreMinOverLread 0.5 --outFilterMatchNminOverLread
0.5. The UMIs of uniquely mapped reads to EBV genome were counted
(EBV gene UMI counts) using HTSeq (v2.0.3). The uniquely mapped
EBV gene reads were visualized using Integrative Genomics Viewer
(v2.14.1). The matrix of the EBV UMI gene counts was integrated with
human gene counts using Seurat package (v.4.9.9). The GTF (gene
transfer format) file for EBV annotation (NC_007605) was modified
to enhance the annotation of RPMSI transcript by adding the anno-
tation to three additional exons: exon 2, 139447-139552; exon 3,
140558-140691; and exon 4, 146233-146333.

Evaluation of the range of EBV gene UMI counts demonstrated
that B cells with >2 EBV gene UMI counts (for any of the EBV
genes for which primers were included in EBV-seq, see Fig. 1B and
table S1) exhibited increased EBV infection module scores [Kyoto
Encyclopedia of Genes and Genomes (KEGG) hsa05169, EBV in-
fection], SLE EBV™ B cell predictor scores, B cell activation scores
[Gene Ontology (GO):0042113], APC scores (GO:0019882), and
frequencies of somatic hypermutation in the immunoglobulin heavy
chain as compared with EBV gene UMI count 0 and 1 B cells
(fig. S16). B cells with >2 EBV gene UMI counts exhibited similar
EBV infection module, SLE EBV™ B cell predictor, B cell activation,
and APC scores as compared to EBV gene UMI count 3, 4, or >5 B
cells (fig. S16). Based on these findings, we selected a threshold of
>2 EBV gene UMI counts for identifying EBV™ B cells for the anal-
yses presented herein (Figs. 1 to 4 and figs. S2 to S13). In addition,
B cells with only 1 EBV gene UMI count were also classified as
EBV™ if they belonged to a clonal family that included another B
cell with >2 EBV gene UMI counts.

EBER-flow cytometry

To analyze EBV™ B cell by EBER-flow cytometry, EBV small RNAs
(EBER1/2) were detected using hybridization chain reaction (HCR)
RNA-fluorescence in situ hybridization with the HCR Gold Kit
(Molecular Instruments). PBMCs were surface stained with anti-
human CD19 mAb (clone HIB19, BioLegend, catalog no. 302218;
APC/Cy7, 1:50 dilution in fluorescence-activated cell sorting buffer)
for 30 min at 4°C in the dark. Following staining, cells were washed
three times with phosphate-buffered saline (PBS) supplemented
with 2% fetal bovine serum (FBS) and subsequently fixed and per-
meabilized using the True-Nuclear Transcription Factor Buffer Set
(BioLegend, catalog no. 424401) according to the manufacturer’s
instructions. Cells were then hybridized overnight at 37°C with
probe sets targeting EBER1/2. After washes, HCR signal amplifica-
tion was performed with fluorophore-labeled amplifiers. Cells were
analyzed on a Cytek Aurora spectral flow cytometer. Data were pro-
cessed in FlowJo v10, and EBER1/2* B cells were quantified as a
percentage of total CD19* B cells.

scRNA-seq with EBV-seq, CITE-seq, and BCR/TCR-seq

For multimodal scRNA-seq, we combined EBV-seq, CITE-seq, BCR-
seq, and scRNA-seq using the 10x Genomics 5 RNA-seq platform
to sequence the EBV genes, BCR/T cell receptor (TCR) repertoires,
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and transcriptomes of blood B cells from patients with SLE and
HCs. For each sample, we started with 10 million frozen PBMCs,
performed dead cell removal using the Dead Cell Removal Kit
(STEMCELL Technologies) as described above, and isolated un-
touched B cells using negative selection (STEMCELL Technologies)
as described above. In accordance with 10x Genomics protocols,
B cells were resuspended at a concentration of 1000 cells/pl, and
~20,000 cells were loaded onto each lane of the 10x Genomics
chromium chip.

Computational analysis of scRNA-seq datasets

Sequenced gene expression libraries and V(D)J libraries were
demultiplexed, converted into FASTQ files, and mapped to the GRCh38
reference genome using Cell Ranger (v6.0.0) and its default
parameters. The gene expression reads were aligned to the human
reference sequence GRCh38, and the BCR and TCR V(D)J se-
quences were annotated using the vdj-GRCh38-alts-ensembl refer-
ence database provided by 10x Genomics. CITE-seq sequenced
FASTQ files were processed using the CITE-seq-Count package
(v1.4.2). Gene expression counts were analyzed using the Seurat
package (v.4.9.9), including filtering to remove cells with >10%
mitochondrial reads, <250 unique genes, or <1000 UMIs. Dou-
blets were identified using scds R package (v1.20.0) (65) and ex-
cluded. Samples derived from the same donor were merged and
normalized using SCTransform to regress out the percent mito-
chondrial reads and cell cycle reads (S.Score and G2M.Score). SC-
Transform identified the top 3000 variable genes in each dataset.
Samples were merged into individual Seurat objects and harmo-
nized for batch effects using the Harmony package (v1.2.0) (66).
Principal components analysis (PCA) was performed using the
3000 variable genes in each dataset, and based on the elbow plot,
40 PCs were selected and input into uniform manifold approxima-
tion and projection (UMAP) algorithm for visualization. Cluster-
ing was performed using the FindNeighbors (using 40 PCs) and
the FindClusters (resolution = 0.5) functions.

Cluster labels were manually adjusted based on DEGs identified
with the FindAllMarkers function, which only used genes found in
at least 25% of cells in either of the two input comparison groups
and only returned results for genes with at least a 0.5 log-transformed
fold change between groups. The cluster annotations were made
according to the differential expression of canonical B cell lineage
markers, and B cell subtypes confirmed by quantification of sur-
face markers using reads representing the CITE-seq antibodies and
VDJ-seq-based isotype detection.

Differential gene expression analysis and GO analyses

DEGs between EBV™ as compared to EBV™ B cells were identified
using the Poisson generalized linear model for comparing two inde-
pendent groups (67). Genes were considered for analysis if they met
the following criteria: an average log, fold change (log,FC) greater
than 0.2, an FDR less than 0.1, and expression in >25% of cells or in
at least 10 cells within the EBV* group. After filtering, the identified
DEGs were input into GO analysis using the clusterProfiler (v4.10.1)
package (68). Ribosomal and mitochondrial genes were excluded
from the DEGs used in GO analyses. The background gene set for
GO analysis included all genes expressed in all B cell subsets. TFs
and their regulatory interactions were analyzed using the TRRUST
database (v2).
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Gene scores

We obtained the list of genes for each module from GO database
for Antigen Processing and Presentation (GO:0019882) and B cell
Activation (GO:0042113). The gene lists were filtered to remove
genes not expressed in our datasets (a subset of the genes in the
gene sets listed in table S4). The AddModuleScore function infers
the activity of the individual gene sets by calculating the average
expression of each gene set on a single-cell level, after subtracting
the aggregated expression of control feature sets, and was used
to identify gene modules. Analyzed features were binned based on
averaged expression, and control features randomly selected from
each bin using default parameters. Distribution of the scores was
compared between the groups (HC, SLE, EBV*, and EBV™) for
each cluster, and two-sided Wilcoxon rank sum test was used to
determine significance.

Trajectory analysis

EBV™ B cell trajectory analysis was performed using RNA velocity
analysis to infer transcriptional dynamics and lineage trajectories
across B cell subsets. Spliced and unspliced transcript count matrices
were generated from aligned files using velocyto (v0.17.17) with
default parameters (36). These matrices were imported into scVelo
(v0.1.25) in Python for downstream analysis (37). The data were nor-
malized and log-transformed, and highly variable genes were select-
ed to ensure robust velocity calculations. RNA velocity was estimated
using the scVelo dynamical model, which infers transcriptional dy-
namics based on splicing kinetics and predicts future cell states and
thereby B cell subsets.

BCR and TCR sequence analysis

BCR and TCR region sequences were analyzed using the Cell Ranger
pipeline in combination with the Immcantation toolkit (69). Raw
sequencing data were processed with Cell Ranger (v6.0.0) to gener-
ate annotated human BCR and TCR sequences, and the contig
annotations imported into the Immcantation (v4.4.0) pipeline. The
BCR sequences underwent filtering, and sequences were excluded if
they were nonproductive, lacked a heavy chain, or contained multi-
ple heavy chain sequences per single cell. BCR sequences that passed
filtering were subjected to clonal partitioning using the scoper R
package (v1.3.0) (70). The sequences were grouped into clonal
families based on shared V-] gene rearrangements, identical CDR3
lengths, and shared junction sequence homology, as defined by a
maximum distance threshold of 0.25. Germline sequences were de-
termined based on the assigned V-] genes along with the consensus
sequence for each B cell suing the dowser R package (v2.2.0). The
germline sequence was used as the reference for calculating the
frequencies of somatic hypermutation in both the heavy and light
chains. TCRaf} sequences were excluded if they were nonproductive
or had multiple beta or alpha chains per single cell. The T cells were
grouped into clonal lineages based on their TCR sequences having
shared V-] genes and identical CDR3 amino acid sequences.

Phylogenetic tree construction

Phylogenetic relationships among the BCR heavy chain sequences
were inferred using the Neighbor-Joining (NJ) method from the
phangorn package in R (v2.11.1) (71). The distance matrix required
for the NJ algorithm was calculated using the maximum likeli-
hood method using phangorn R package. The resulting NJ trees
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were visualized and annotated using the ggtree package (v3.10.1) (72),
and the ggplot2 package (v 3.5.1) was used to incorporate the EBV
infection status and BCR information into the tree visualizations.

Selection and expression of recombinant mAbs

Variable heavy and light chain sequences were selected based on (i)
being encoded by an EBV™ B cell, (ii) being a member of EBV" B
cell clonal family, or (iii) being a member of an EBV* B cell-related
family (Fig. 4, E and G). For recombinant expression, heavy- and
light-chain variable sequences were codon optimized, synthesized
(GenScript), and cloned into in-house vectors encoding the human
IgG1 heavy chain constant region or k or A light chain constant re-
gions, respectively. Both plasmids were transiently transfected into
Expi293F cells using FectoPRO (Polyplus, catalog no. 101000014).
Supernatants were collected after 7 days, and mAbs were purified
with AmMag Protein A magnetic beads (GenScript). Antibody con-
centrations were measured with a NanoDrop spectrophotometer.
Quality control of expressed mAbs was achieved by gel electropho-
resis and Coomassie staining.

HEp-2 cell immunostaining

HEp-2 cells, an epithelial cell line derived from HeLa cells, were cul-
tured in Dulbeccos modified Eagle’s medium supplemented with 10%
FBS and 1% penicillin-streptomycin. When cells reached 70 to 80%
confluence, they were harvested using trypsin-EDTA and seeded
onto poly-L-lysine-coated eight-well slides. After 24 hours, cells were
fixed in 4% paraformaldehyde in PBS for 10 min at room temperature
and permeabilized with 0.25% Triton X for 15 min at room tempera-
ture. Cells were then washed three times with PBS and blocked with
1% bovine serum albumin (BSA) in PBS for 30 min at room tempera-
ture. mAbs were diluted in PBS containing 0.1% BSA to a concentra-
tion of 1 to 10 pg/ml, mAbs were added to HEp-2 cells, and cells were
incubated for 2 hours at room temperature, followed by three wash-
es with PBS and incubation with Alexa Fluor 594-conjugated anti-
human IgG (1 pg/ml in PBS + 1% BSA) for 30 min. Slides were
washed again and mounted using 4',6-diamidino-2-phenylindole
(DAPI)-containing mounting medium and imaged using a KEY-
ENCE Microscope.

Enzyme-linked immunosorbent assay

ELISAs were conducted by coating Costar 96-well assay plates
(Corning, catalog no. 9018) with 1 pg/ml of each of the antigens:
Sm (Surmodics, catalog no. 13301), Ro/SS-A (52 kDa; Surmodics,
catalog no. A12701), Ro62 (Surmodics, catalog no. 17401), dsDNA
(Sigma-Aldrich, catalog no. 11691112001), La/SS-B (Surmodics,
catalog no. A12801), PCNA (Surmodics, catalog no. A15401), his-
tone H3 (Cayman, catalog no. 10263), EBNA1 (Abcam, catalog
no. ab138345), or lipopolysaccharide (LPS; Invitrogen, catalog no.
00-4976-93) in carbonate-bicarbonate buffer at 4°C overnight. The
plates were washed six times with PBST (PBS + 0.05% Tween 20)
and blocked with blocking buffer (Blocker Casein in PBS, Thermo
Fisher Scientific, catalog no. 37528) for 1 hour at 37°C. mAbs were
diluted in PBS + 0.2% casein and added at a concentration of 10 pg/
ml, followed by incubation for 2 hours at room temperature. The
plates were washed six times with PBST. Horseradish peroxidase
(HRP)-conjugated goat anti human IgG (H+L) secondary anti-
body (Invitrogen, catalog no. 31410; 1:5000 dilution) was added to
each well and incubated at room temperature for 1 hour. After six
additional washes with PBST, 3,3’,5,5'-tetramethylbenzidine (TMB)
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substrate (Thermo Fisher Scientific, catalog no. N301) was added
followed by incubation in the dark at room temperature for 15 min.
The reactions were stopped with Stop solution (Invitrogen, catalog
no. CNB0011), and the optical density (OD) of the solution at 450 nm
was read on a BioTek Synergy H1 Multiplate Reader. An ANA
negative mAb was run on each ELISA plate as an internal negative
control to account for plate-to-plate background variability. The fi-
nal ODys) values were normalized by subtracting the negative con-
trol mAb ODysq values from each of the tested mAbs OD 5, values.
Background subtracted ODys values were visualized as heatmaps
using R scripts.

ANA ELISA

The nuclear antigen cocktail ELISA was performed according to the
manufacturer’s instructions using the ANA Screen ELISA Kit (Eagle
Biosciences, catalog no. 4010), which included a cocktail of SLE anti-
gens including Sm, ribonucleoprotein (RNP)/Sm, Scl-70, SS-A (Ro)
(52 and 60 kDa), SS-B (La), Jol, U1-SmRNP, centromere protein B
(CENP-B), dsDNA, and histones. Individual mAbs were added at a
concentration of 10 pug/ml for 1 hour at room temperature, washed
with PBST three times, and incubated with HRP-conjugated anti-
human IgG secondary antibody (Invitrogen, catalog no. 31410; 1:5000
dilution) for 30 min at room temperature. Plates were washed three
times with PBST, and TMB substrate was added in the dark for 15 min
at room temperature. The enzyme reaction was stopped by adding
Stop solution as described above, and ODys values were read on a
BioTek Synergy H1 Multiplate Reader. An ANA negative mAb was
run on each ELISA plate as an internal negative control to account for
plate-to-plate background variability. The final ODys values were
normalized by subtracting the negative control mAb ODys values
from each of the tested mAbs ODys, values. Background subtracted
ODgs) values were visualized as heatmaps using R scripts.

Biolayer interferometry

Association and dissociation constants of mAbs to antigens were
measured using biolayer interferometry on an Octet QK system
(Fortebio/Sartorius) using the manufacturer’s protocols. mAbs were
bound to anti-hIgG Fc capture (AHC) biosensors, and antigens
were used as analytes. After an initial titration experiment, mAb
concentrations of 5 and 2.5 nM were selected. Antigen analytes were
used at concentrations ranging from 32 to 500 nM for kinetic ex-
periments. Data were analyzed using BLI software (Fortebio/Sarto-
rius, v7.1), and GraphPad Prism 8.0 was used to generate the figures.
Buffer controls were subtracted, and curves were fitted using all con-
centrations of the same ligand. Association/dissociation curves were
generated using GraphPad Prism 8.0.

EBNA2 ChIP-seq, ATAC-seq, and RNA polymerase Il
occupancy data analysis

We analyzed publicly available EBNA2 ChIP-seq datasets from the
National Center for Biotechnology Information Sequence Read Ar-
chive with accession numbers PRINA141377 (for IB4 LCL), PRJ-
NA624139 (for GM12878 LCL), PRINA206727 (for Mutu-III), and
PRJNA1031208 (for coactivators ChIP-seq). RNA polymerase II
ChIP-seq data for GM 12878 LCL were obtained from the ENCODE
project. To assess whether EBNA2 binding influences chromatin
structure, we analyzed ATAC-seq data from EBNA2-expressing
(B95.8) and EBNA2-deficient (P3HR1) Ramos cells (PRJNA624139)
(42). Enriched peaks corresponding to EBNA2 ChIP-seq binding
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sites were identified using MACS?2 (73) with the following parame-
ters: -g hs -q 0.01. Replicate datasets from each study were pooled
prior to peak calling to enhance signal detection and minimize vari-
ability. The identified peaks were further filtered based on an FDR
threshold of <0.01. We used the ChIPseeker R package (74) for an-
notation and to assign putative target genes to EBNA2 binding sites.
The annotated peaks were mapped to the nearest TSS within a 3000-bp
upstream or downstream window. To investigate the functional
relevance of EBNA2 binding in activation program in EBV* SLE B
cells, we intersected the DEGs from EBV™ versus EBV™ SLE B cells
with the annotated EBNA2 ChIP-seq peaks.

Generation of EBV" LCLs

EBV™ LCLs were generated using standard protocols (75). Magneti-
cally isolated B cells from SLE and HC PBMCs were infected with
EBV strain B95-8 (VR-1492, American Type Culture Collection)
and cultured in RPMI 1640 medium supplemented with 10% FBS
and 1% penicillin-streptomycin. After 2 weeks of culture, clusters of
EBV-infected cells were harvested and expanded for 2 to 4 weeks to
generate sufficient numbers of LCLs for cryopreservation and use in
the described experiments. The SLE LCL lines used in the experi-
ments presented were composed of mixed IgM and IgG LCLs that
did not encode anti-DNA antibodies.

Loading LCL with chromatin antigen

LCLs from patients with SLE (derived from patients with SLE who
had serum anti-DNA antinuclear autoantibodies; the LCL lines
themselves did not encode anti-DNA autoantibodies) or LCLs from
HCs were loaded with chromatin using an adapted version of previ-
ously described methods (46). Briefly, frozen LCLs (derived from
individual patients with SLE or HCs, with each patient LCL line
containing a mix of lgM ™ and IgG* LCLs) were thawed and cultured
for 3 days in RPMI 1640 culture medium. An anti-dsDNA mAb
was expressed in house and conjugated with avidin using the
Streptavidin Conjugation Kit-Lightning-Link (Abcam) following
the manufacturer’s instructions. One million LCLs were chromatin
loaded using biotin-labeled anti-IgM/IgG antisera (1 pg/ml; Jackson
ImmunoResearch) preconjugated with the avidin-labeled anti-dsDNA
mAD (expressed and conjugated in-house) and CpG ODN 2006
(3 pg/ml; Invivogen). Thereafter, the loaded LCLs were washed
three times with PBS prior to coculture with B and T cells. For con-
trol groups, LCLs were incubated with CpG without anti-IgM/
IgG dsDNA antibodies.

EBV™ LCL cocultures with autologous and allogeneicT

and B cells

The loaded LCLs were cocultured with isolated B and T cells from the
same patient with SLE who had anti-DNA autoantibodies (MHC-
matched), T and B cells from a different patient with SLE who had
anti-DNA autoantibodies (MHC-mismatched), or T and B cells from
a healthy individual (MHC-mismatched). Briefly, frozen PBMCs
were thawed at room temperature, and dead cells were removed us-
ing the EasySep Dead Cell Removal (Annexin V) Kit (STEMCELL
Technologies) according to the manufacturer’s protocol. B and T cells
were then isolated from the PBMCs using magnetic negative selec-
tion. B cells were isolated using the EasySep Human B Cell Isolation
Kit (STEMCELL Technologies), and T cells were isolated using the
EasySep Human T Cell Isolation Kit (STEMCELL Technologies),
based on the manufacturer’s instructions.
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Isolated B and T cells were cocultured with LCL in 96-well plates
(1 % 10° cells per well) at a ratio of 10 LCLs:40 B cells:50 T cells.
All cocultured cells were maintained in RPMI 1640 medium supple-
mented with 10% FBS, 1% penicillin-streptomycin, interleukin-2
(IL-2) (1000 IU/ml; PeproTech), IL-21 (100 ng/ml; PeproTech), B
cell activating factor (BAFF) (1 pg/ml; Miltenyi Biotec), and purified
mouse anti-human CD28 (5 pg/ml; BD Biosciences). The cells were
cultured in a humidified incubator at 37°C with 5% CO, for 10 days.
The culture medium was refreshed every 2 to 3 days. At day 10, cells
were collected for scRNA-seq, and supernatants were collected for
HEp-2 staining to detect ANA. Data presented are representative of
two independent experiments.

scRNA-seq analysis of EBV" LCL cocultures

Collected cells at the indicated time points and treatment conditions
were processed for scRNA-seq, EBV-seq, CITE-seq, and BCR and TCR
VDJ-seq as described above. Cells from each sample and experimental
time point were labeled using oligo-conjugated hashtag antibodies
(HTOs) prior to pooling. Each pool contains a loading control without
anti-IgM/IgG dsDNA (HTO 1), a loading with anti-IgM/IgG dsDNA
(HTO 4 and 6), and a loading and coculture with unmatched MHC B
and T cells derived from a different patient (HTO 7). Hashtag-labeled
cells were pooled and processed together for CITE-seq. Demultiplex-
ing of the pooled samples was performed using the HTODemux func-
tion in Seurat. Unsupervised clustering identified distinct clusters of
LCLs based on increased EBV UMI counts, and B cells and T cells were
based on B and T cell marker gene expression (fig. S14). For down-
stream analysis, non-LCL B cell subsets were reclustered based on
newly identified variable genes and PCA to achieve high-resolution
subclustering, distinguishing memory B cells, DN2 B cells, and plas-
mablasts (fig. S15). A similar approach was applied to CD4™ T cells for
reclustering into subsets of CD4* T cells, including Tpy, central mem-
ory (CM), and effector memory (EM) CD4' T cells.

Statistical analysis

We used the chi-square test to assess the distribution of categorical
variables such as frequencies of EBV™ cells across groups. Pearson’s
correlation coefficient analysis was used to assess the strength and
direction of linear relationships between continuous variables. For
comparisons involving more than two groups, the Kruskal-Wallis
test was used as a nonparametric alternative to a one-way analysis of
variance (ANOVA). For comparisons between two independent
groups, we used the Mann-Whitney U test as a nonparametric test
and the Student’s ¢ test when normality assumptions were met, as
measured by the Shapiro-Wilk test. Differential gene expression
analysis between groups was performed using the Wilcoxon rank
sum test. All statistical tests were conducted using R software with a
significance threshold set at P < 0.05. Multiple testing corrections
were applied using the Benjamini-Hochberg method to control the
FDR and determine the significance threshold.
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