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Implication of Epstein-Barr Virus Infection in
Disease-Specific Autoreactive B Cell Activation in
Ectopic Lymphoid Structures of Sjögren’s Syndrome
Cristina Croia,1 Elisa Astorri,1 William Murray-Brown,1 Amanda Willis,2 Karl A. Brokstad,3
Nurhan Sutcliffe,2 Kim Piper,2 Roland Jonsson,3 Anwar R. Tappuni,2
Costantino Pitzalis,1 and Michele Bombardieri1
SS/SCID and human rheumatoid arthritis/SCID mouse
chimeras.
Results. EBV dysregulation within inflammatory
infiltrates was observed exclusively in ELSⴙ SS salivary
gland tissue, as revealed by latent EBV infection and
lytic EBV infection in B cells and plasma cells, respectively. Conversely, epithelial latent membrane protein
2A expression was observed in both patients with SS
and patients with NSCS. Importantly, perifollicular
plasma cells displaying Ro 52 immunoreactivity were
frequently infected by EBV. Furthermore, ELScontaining SS salivary gland tissue that was transplanted into SCID mice supported the production of
anti–Ro 52/anti–La 48 and anti-EBV antibodies but not
ACPAs. Analysis of CD4ⴙ and CD8ⴙ T cell localization
and granzyme B expression demonstrated that the
persistence of EBV in ELS-containing SS salivary
glands was associated with follicular exclusion of CD8ⴙ
T cells and impaired CD8-mediated cytotoxicity.
Conclusion. Active EBV infection is selectively
associated with ELS in the salivary glands of patients
with SS and appears to contribute to local growth and
differentiation of disease-specific autoreactive B cells.

Objective. To examine whether the B cell tropic
␥-herpesvirus Epstein-Barr virus (EBV) is aberrantly
expressed in its latent and lytic forms within ectopic
lymphoid structures (ELS) in the salivary glands of
patients with Sjögren’s syndrome (SS), and to investigate the relationship between EBV dysregulation, B cell
activation, in situ differentiation of autoreactive plasma
cells, disease-specific autoantibody production, and
cytotoxicity.
Methods. Latent and lytic EBV infection in the
salivary glands of 28 patients with SS and 38 patients
with nonspecific chronic sialadenitis (NSCS), characterized for the presence or absence of ELS, was investigated by reverse transcription–polymerase chain reaction, in situ hybridization, and immunohistochemical/
immunofluorescence staining. Glandular versus
synovial production of antiⴚRo 52, anti–citrullinated
protein antibodies (ACPAs), and anti–EBV peptide antibodies was analyzed in situ or in vivo in human
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Sjögren’s syndrome (SS) is characterized by lymphocytic infiltration of salivary and lacrimal glands leading to xerostomia (dry mouth) and keratoconjunctivitis
sicca (dry eyes) (1). One of the hallmarks of SS is the
formation of ectopic lymphoid structures (ELS) in the
salivary glands. ELS are defined as B cell/T cell follicles
with networks of stromal follicular dendritic cells
(FDCs), supporting an ectopic germinal center (GC)
reaction (2–4). ELS, which develop in ⬃30–40% of
patients with SS, represent functional niches whereby B
cells undergo in situ activation and differentiation into
autoreactive anti-Ro/La–producing plasma cells (5) and
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are strongly linked to the development of B cell lymphomas (6,7).
Although the pathogenesis of SS is still unclear, it
has long been postulated that viruses, including EpsteinBarr virus (EBV), human T lymphotropic virus type I,
and cocksackievirus (8–10), play an essential role in
promoting the autoimmune dysregulation typical of the
disease, possibly as a result of genetic susceptibility
involving the type I interferon pathway (11,12). EBV, a
human DNA ␥-herpesvirus that establishes an asymptomatic latent infection and can cause infectious mononucleosis (13), has long been postulated to promote
autoimmunity in several chronic autoimmune diseases
(10,14), primarily due to its ability to infect B cells and
alter their normal differentiation program, leading to
the survival of autoreactive B cell clones (15).
There is significant controversy concerning the
question of whether EBV is implicated in the pathogenesis of SS, due to conflicting results regarding the
expression of EBV proteins/nucleic acids in the salivary
glands of patients with SS compared with patients with
sicca or healthy control subjects. Some studies demonstrated increased EBV expression in patients with SS
(16–19), and others failed to show differential expression between SS and control salivary glands, despite
common evidence of the persistence of EBV in the
salivary glands (20–22).
Notably, none of the previous studies attempted
to investigate EBV expression in the salivary glands of
patients with SS in the context of ectopic GC-like
structures. This is highly relevant not only because the
“GC model” is widely used to explain how EBV gains
access to the memory B cell compartment (23,24), but
also because ectopic B cell follicles in chronic autoimmune diseases represent preferential niches of EBV
latency and reactivation (25–27). Furthermore, despite
the strong evidence linking EBV and B cell autoimmunity, it remains unclear whether EBV triggers a breach
of tolerance toward disease-specific antigens within
ELS.
The purpose of this study was to investigate
whether the expression of latent and lytic EBV occurs
preferentially in the salivary glands of patients with SS,
in the context of GC-like structures and in situ differentiation of autoreactive plasma cells with specificity toward SS-associated autoantigens.
PATIENTS AND METHODS
Collection of salivary gland specimens. Labial salivary
gland samples were obtained from patients attending the
Rheumatology/Oral Medicine Sjögren’s Clinic at Barts Health

NHS Trust; the specimens were obtained for diagnostic purposes, as approved by the ethics committee at National Research Ethics Service Committee London–Westminster
(LREC 05/Q0702/1). Biopsy specimens were obtained from 28
patients with SS (21 with primary SS and 7 with secondary SS;
27 women and 1 man). The mean age of the patients with SS
was 51.4 years (range 26–74 years), and the mean disease
duration was 8.7 years (range 1–14 years). All patients with SS
fulfilled the American–European Consensus Group Criteria
for SS (28). Twenty-one patients (75%) were positive for
anti-Ro and/or anti-La. Thirty-eight patients (35 women and 3
men, mean age 58.8 years [range 24–75 years]) with sicca
signs/symptoms not fulfilling the criteria for SS and displaying
features of nonspecific chronic sialadenitis (NSCS) were used
as controls. ELS⫹ synovial tissue specimens obtained from
patients with rheumatoid arthritis (RA) were used as disease
controls (27).
Immunohistochemical/immunofluorescence analysis.
Details and dilutions of the primary and secondary antibodies
used are shown in Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.38726/abstract.
Identification of ELS in salivary glands. The histologic
grading of the salivary gland tissue (29) and the level of
immune cell infiltration were assessed by hematoxylin and
eosin staining followed by immunohistochemical staining on
sequentially cut paraffin-embedded sections. In order to identify ELS, samples were stained for CD20 (B cells), CD3 (T
cells), CD138 (plasma cells), and CD21 (FDCs) as previously
described (3,30), and each marker was scored from 0 to 4 based
on the number of positive cells/field (27). Samples were
classified as ELS⫹ and further differentiated as ELS⫹/FDC⫹
versus ELS⫹/FDC⫺ based on CD21 immunostaining to identify ectopic GCs, as previously described (6).
Immunohistochemical analysis of EBV latent-phase
and lytic-phase antigens. Analysis of latent and lytic EBV
proteins was first performed by immunohistochemistry, as
previously described (27). Briefly, after dewaxing, sections
were placed in citrate buffer and subjected to 3 cycles of 3
minutes in a microwave oven for antigen retrieval. Endogenous
peroxidase activity was blocked by incubating the tissue for 20
minutes in 0.3% H2O2 in methanol. To block nonspecific
binding, sections were incubated with 10% normal serum
matched to the host species of the secondary antibodies.
Samples were then stained with antibodies against EBV latentphase protein (latent membrane protein 2A [LMP-2A]) and
EBV lytic-phase protein (BFRF1).
Primary antibodies were incubated overnight at 4°C
(BFRF1) or for 90 minutes at room temperature (LMP-2A).
The sections were incubated with biotinylated secondary antibodies followed by avidin–biotin–peroxidase complex (Vector). The final reaction was visualized with diaminobenzidine
(Sigma) followed by counterstaining with Mayer’s hematoxylin.
Negative controls included the use of IgG isotype controls or
preimmune serum or omission of the primary antibody.
Single and double immunofluorescence staining. Tissue sections (3 m thick) underwent antigen retrieval and
protein blocking as described above. To identify cells with
latent or lytic EBV infection, the following double stainings
were performed on sequentially cut sections: CD20/CD138,
CD20/LMP-2A, CD138/BFRF1, as previously described (27),
and cytokeratin/LMP-2A. To identify cytotoxic cells and their
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relationship with EBV infection, the following combinations of
primary antibodies were used: CD8/CD20, CD8/granzyme B,
CD4/granzyme B, CD8/BFRF1, and BFRF1/granzyme B, as
previously described (27). For negative controls, primary antibodies were omitted or isotype controls were used. Images of
immunohistochemical and immunofluorescence staining were
captured and visualized using an Olympus BX61 Motorized
Microscope equipped with CellProfiler imaging software; identical exposure times were used for each individual marker in
the SS and NSCS samples.
EBV-encoded RNA (EBER) in situ hybridization. In
situ hybridization was performed as previously described (27)
in salivary gland tissue obtained from patients with SS (n ⫽ 9)
and patients with NSCS (n ⫽ 4) using Epstein-Barr Virus
(EBER) PNA Probe/Fluorescein and a PNA ISH Detection
Kit (Dako). An irrelevant probe and a probe for GAPDH
(Dako) were used as internal negative and positive controls,
respectively. For the identification of EBER⫹ cells, sections
were incubated overnight with the different probes followed by
immunohistochemical staining for CD20 or CD138, as previously described (25).
Quantitative cell counts. Cell counts were performed
on 5 microscopic fields (40⫻) per section by 2 independent
observers who were blinded with regard to the diagnosis. The
prevalence of EBER⫹ B cells and plasma cells was assessed by
counting the number of CD138⫹/EBER⫹ or CD20⫹/EBER⫹
cells versus total EBER⫹ cells. The percentage of LMP-2A⫹
B cells and BFRF1⫹ plasma cells was assessed by counting the
number of CD20⫹/LMP-2A⫹ cells or CD138⫹/BFRF1⫹ cells
versus the total number of CD20⫹ or CD138⫹ cells in the
selected fields. The percentage of granzyme B–positive cells
expressing CD8 or CD4 was assessed by counting the number
of CD8⫹/granzyme B⫹ or CD4⫹/granzyme B–positive cells
versus total granzyme B–positive cells.
Quantitative real-time reverse transcription–
polymerase chain reaction (RT-PCR). Total RNA was extracted from salivary gland tissue using an RNeasy Mini Kit
(Qiagen) with on-column DNA digestion (Qiagen). RNA
integrity and quantification were evaluated using an Agilent
bioanalyzer. For EBER transcripts, 1 g of RNA was reversetranscribed with random hexamers using a ThermoScript RTPCR System (Invitrogen). PreAMP Master Mix (Applied
Biosystems) was used to enrich for cellular and viral gene
transcripts, as previously described (27,31), using each primer
(90 nM) in a mix containing the forward and reverse primers
for GAPDH, CD19, and EBER (see Supplementary Table 2,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.38726/abstract).
Quantitative PCR assays were performed in duplicate
using 2 l of complementary DNA template in a final volume
of 10 l containing the specific primer pairs, HotStarTaq DNA
Polymerase (Qiagen), 0.1⫻ SYBR Green (Sigma-Aldrich),
and 0.2⫻ ROX dye (Invitrogen) in a final volume of 20 l,
using an ABI Prism 7900 HT system (Applied Biosystems).
Human GAPDH was used for normalization. Complementary
DNA from HRC57 and Ramos cell lines (a kind gift from Dr.
Emanuela Carlotti, Queen Mary University of London) were
used as positive and negative controls, respectively, for EBER.
Complementary DNA from a human tonsil was used as a
positive control for CD19 expression. PCR products were run
on a 1% agarose gel and visualized using GelRed (Biotium) to
confirm the correct size of the amplicons.
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To quantify the messenger RNA (mRNA) expression
of the ELS-related genes activation-induced deaminase (AID),
CXCL13, and BAFF, RT-PCR was performed as previously
described (6,32), using specific TaqMan primers and probes
(see Supplementary Table 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.38726/abstract). Relative quantification analysis
was calculated using the 2–⌬⌬Ct method (6,32).
Identification of anti-Ro–producing cells. To detect
anti-Ro–producing cells and investigate their relationship with
lytic EBV infection, SS salivary gland specimens were first
stained for CD20, CD138, or BFRF1 as described above.
Subsequently, biotinylated Ro 52, generated as previously
described (33), was added at a 1:20 dilution followed by
incubation with Alexa Fluor 488–conjugated or Alexa Fluor
555–conjugated streptavidin. Sections were finally counterstained with DAPI.
Establishment of SS/SCID and RA/SCID mouse chimeras. To investigate the salivary gland production of antiEBV and autoantibodies, we engrafted 8 SCID/beige mice
with 16 parotid tissue sections (2 grafts/mouse) from 1 antiRo/La⫹ SS patient with ELS⫹ sialadenitis who underwent
therapeutic parotidectomy, adapting a transplantation protocol for RA synovial tissue that is extensively used in our
laboratory (34). The mice were killed at weekly intervals after
engraftment, parotid tissue was harvested for histologic evaluation, and serum was collected via terminal bleeding. All
procedures were performed according to Home Office regulations (project license PPL70/7001). RA/SCID mouse chimeras engrafted with 2 ELS⫹/EBV⫹ RA synovium specimens
were previously described (27).
Detection of human IgG directed against EBV proteins, Ro, and La in the sera of SS/SCID mouse chimeras.
Human anti-Ro and anti-La were detected in the sera of
SS/SCID mouse chimeras, using a commercial enzyme-linked
immunosorbent assay (ELISA; Euro-Diagnostica). Human
anti–viral capsid antigen (anti-VCA), anti–Epstein-Barr nuclear antigen 1 (anti–EBNA-1), and anti–early antigen (antiEA) IgG were detected using a commercial ELISA (Serion), as
previously described (27). Total human IgG in the sera of
SS/SCID mouse chimeras was detected using a commercial
ELISA (Bethyl Laboratories).
Statistical analysis. Differences in quantitative variables were analyzed by Mann-Whitney U test or KruskalWallis test with Dunn’s post hoc test when comparing 2 or
multiple groups, respectively. Fisher’s exact test was used to
evaluate differences in qualitative variables. Spearman’s rank
correlation coefficient was used to determine the relationship
between the expression levels of EBER and CD19 transcripts.
Statistical analyses were performed using GraphPad Prism
version 3.03. P values less than 0.05 were considered significant.

RESULTS
Immunohistochemical evaluation of ELS in the
salivary glands of patients with SS and patients with
NSCS. Among the 28 SS salivary gland specimens
analyzed, 18 (64.2%) were characterized by the presence
of B cell/T cell aggregates with FDC networks (ELS⫹/
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Figure 1. Strong association between Epstein-Barr virus (EBV)–encoded RNA (EBER) expression and CD19 content and functional B cell
activation in the salivary glands of patients with Sjögren’s syndrome (SS). A–C, Significantly higher levels of activation-induced deaminase (AID)
(A), CXCL13 (B), and BAFF (C) mRNA in follicular dendritic cell–positive (FDC⫹) salivary glands from patients with SS (n ⫽ 15) compared with
FDC⫺ salivary glands from patients with SS (n ⫽ 7) and patients with nonspecific chronic sialadenitis (NSCS) (n ⫽ 16), as determined by TaqMan
quantitative reverse transcription–polymerase chain reaction (PCR). D–F, Significantly higher expression of both CD19 (D) and EBER (E)
transcripts in the presence of functional B cell activation in AID⫹ SS salivary glands, and significant correlation between EBER expression and the
level of CD19 (F). Data in A–E are presented as box plots, where the boxes represent the 25th to 75th percentiles, the lines within the boxes represent
the median, and the lines outside the boxes represent the 10th and 90th percentiles. ⴱ ⫽ P ⬍ 0.05; ⴱⴱ ⫽ P ⬍ 0.01; ⴱⴱⴱ ⫽ P ⬍ 0.001. G, Specificity
of the EBER, CD19, and GAPDH PCR products and the differential expression of EBER and CD19 transcripts in AID⫹ versus AID⫺ salivary
glands from patients with SS, as confirmed by 1% agarose gel electrophoresis. RQ ⫽ relative quantification.

FDC⫹), 5 (17.8%) displayed smaller B cell follicles with
no FDC networks (ELS⫹/FDC⫺), whereas 5 (17.8%)
were characterized by diffuse inflammation with sparse
or no B cells (ELS⫺). Among the NSCS salivary gland
specimens, 1 of 38 (2.6%) displayed an ELS⫹/FDC⫺

phenotype, whereas the remaining 37 samples (97.4%)
were characterized by absent or diffuse inflammation
(see Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.38726/abstract). SS patients with FDC⫹
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Figure 2. EBER expression in SS salivary glands. A, Conserved RNA integrity in a representative SS salivary gland specimen, as determined by
GAPDH in situ hybridization. B, Significant number of EBER⫹ cells in representative ectopic lymphoid structure–positive (ELS⫹) SS salivary gland
tissue. Inset, Nuclear localization of EBER. C, Absence of EBER expression in representative ELS⫺ SS salivary gland tissue. D, No signal in ELS⫹
SS salivary gland tissue, as determined using a nonspecific probe. E–H, Serial staining for CD20, CD3, CD138, and EBER in semisequentially cut
ELS⫹ SS tissue, showing accumulation of EBER⫹ cells within and immediately surrounding B cell follicles in areas rich in B cells, T cells, and
plasma cells. Boxed areas highlight the corresponding areas in sequential section analysis. I–L, Double staining for CD20/EBER (I–K) and
CD138/EBER (L), showing that a fraction of infiltrating B cells and plasma cells are EBER⫹, while ductal or acinar epithelial cells do not display
EBER positivity (K and L). Original magnification ⫻ 100 in A–D; ⫻ 200 in E–H; ⫻ 400 in I–L. See Figure 1 for other definitions.

salivary glands had a higher prevalence of rheumatoid
factor positivity compared with SS patients with FDC⫺
salivary glands, as well as a trend toward higher levels of
IgA/IgG and an increased prevalence of systemic disease
(see Supplementary Table 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.38726/abstract).
EBER expression in SS salivary glands with
AIDⴙ ELS and correlation with CD19 and ELS-related
genes. All SS and NSCS samples were first screened for
ELS-related genes. Thirty-eight samples (22 from patients with SS and 16 from patients with NSCS) with
optimal RNA (RNA integrity number ⬎8) and a consistent GAPDH signal were selected for EBER analysis.
As shown in Figures 1A–C, FDC⫹ SS samples displayed
significantly higher levels of AID, CXCL13, and BAFF
compared with FDC⫺ SS and NSCS samples. On the
basis of AID expression as a measure of GC functionality, SS samples were defined as AID⫹ (n ⫽ 15; all
FDC⫹ by immunohistochemical analysis) and AID⫺
(n ⫽ 7; all FDC⫺ by immunohistochemical analysis). As
expected, the expression of CD19 was significantly
higher in the AID⫹ SS group compared with the AID⫺
SS group (Figure 1D).
Of relevance, the EBER signal, as assessed by a
highly sensitive and specific quantitative RT-PCR ana-

lysis (27,31), was significantly higher in AID⫹ SS samples compared with AID⫺ SS samples and was strongly
correlated with CD19 transcript levels (Figures 1E and
F). Specifically, EBER was detected in all ELS⫹/AID⫹
SS samples analyzed, in 1 of 2 ELS⫹/AID⫺ SS samples,
and in none of the ELS⫺ SS or NSCS salivary gland
specimens. The specificity of the PCR for EBER, CD19,
and GAPDH was confirmed by agarose gel electrophoresis (Figure 1G).
EBER expression in a subset of B cells and
plasma cells infiltrating SS salivary glands as determined by in situ hybridization. In order to confirm
EBER expression, we performed in situ hybridization
for EBER transcripts, the gold standard technique for
the detection of EBV in pathologic tissue (35). First,
quality control checks for RNA integrity of the tissue
were performed by GAPDH in situ hybridization (Figure 2A). EBER was expressed in all ELS⫹ SS samples
(Figure 2B) but not in ELS⫺ SS (Figure 2C) or NSCS
salivary gland specimens (data not shown), consistent
with the RT-PCR data. Sequential staining for EBER,
CD20, CD3, and CD138 demonstrated that EBER⫹
cells accumulated both within the B cell follicles and in
the surrounding plasma cell⫺rich areas (Figures 2E–H).
Finally, by combining in situ hybridization and immunohistochemical staining for CD20 or CD138, we demon-
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Figure 3. Latent EBV infection in follicular B cells and early EBV lytic reactivation in perifollicular plasma cells in SS salivary gland tissue. A–H,
Double immunofluorescence staining for CD20/latent membrane protein 2A (LMP-2A) and immunohistochemical staining for CD21 in sequentially
cut ectopic lymphoid structure–positive (ELS⫹)/FDC⫹ (A–C), ELS⫹/FDC⫺ (E–G), and ELS⫺ SS salivary gland tissue (D) and NSCS salivary
gland tissue (H). Insets, Numerous LMP-2A⫹/CD20⫹ cells are present within ectopic B cell follicles both in the presence (A–C) and in the absence
(E–G) of CD21⫹ FDC networks. Conversely, scattered B cells in ELS⫺ SS salivary gland tissue (D) or NSCS salivary gland tissue (H) do not display
detectable LMP-2A reactivity. I–L, Immunohistochemical staining for LMP-2A, CD138, and BFRF1 and double immunofluorescence staining for
CD138/BFRF1 in sequentially cut sections of a representative ELS⫹ SS salivary gland specimen. BFRF1⫹ cells (K) selectively accumulate around
LMP-2A⫹ B cell follicles (I), colocalizing with CD138⫹ perifollicular plasma cells (J). Double immunofluorescence staining for CD138/BFRF1
shows that a subset of locally differentiated plasma cells display EBV reactivation (L). M–O, Double immunofluorescence staining for
CD138⫹/BFRF1⫹ cells demonstrating high (M) and low (N) levels of EBV lytic reactivation in perifollicular plasma cells in ELS⫹ SS salivary gland
tissue. Almost no BFRF1⫹ cells are present in ELS⫺ SS salivary gland tissue (O) or in NSCS salivary gland tissue (P). Original magnification ⫻
200 in A–D, E–H, and M–P; ⫻ 100 in I–L. See Figure 1 for other definitions.

strated that EBER⫹ cells were mostly of B cell or
plasma cell origin (Figures 2I–L), while we did not
detect EBER in epithelial cells in either SS or NSCS
samples (Figures 2K and L), confirming previous data
(17). No signal was detected in an ELS⫹ SS specimen
when a nonspecific probe was used (Figure 2D).
Expression of the latent EBV antigen LMP-2A in
B cells within ectopic follicles in SS salivary glands. We
next analyzed latent EBV infection by immunohistochemical analysis for LMP-2A, a protein that mediates
EBV latency. Within infiltrating cells, LMP-2A was
exclusively detectable in CD20⫹ B cells (Figures 3C and
G). Specifically, 13 (72.2%) of 18 ELS⫹/FDC⫹ SS

samples were shown to express LMP-2A⫹ B cells (Figures 3A–C) compared with 1 (20%) of 5 ELS⫹/FDC⫺
SS (Figures 3E–G) and none of the ELS⫺ SS samples
(Figure 3D) or NSCS samples (Figure 3H).
Additionally, a second pattern of LMP-2A⫹/
CD20⫺ cells was observed in both SS and NSCS salivary
gland specimens, with a morphologic appearance compatible with epithelial cells (see Supplementary Figure
2A, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.38726/
abstract). Double immunofluorescence staining for
cytokeratin/LMP-2A confirmed LMP-2A expression
within ductal (but also acinar) epithelial structures (see
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Figure 4. Follicular exclusion of cytotoxic CD8⫹ T cells and accumulation of cytotoxic CD4⫹ T cells during Epstein-Barr virus (EBV) reactivation
in ectopic lymphoid structure–positive (ELS⫹) salivary glands of patients with Sjögren’s syndrome (SS). A–C, Representative semisequentially cut
ELS⫹ SS salivary gland stained for CD8/CD20, CD8/BFRF1, and granzyme B (GrB)/BFRF1. CD8⫹ T cells mainly accumulate outside B cell
follicles (A), often in areas rich in BFRF1⫹ cells (B). Cytotoxic granzyme B–positive cells frequently accumulate in BFRF1⫹ areas (C). Insets show
cell–cell contact between BFRF1⫹ and CD8⫹ T cells (B) and between BFRF1⫹ and granzyme B⫹ cells (C). D and E, Double immunofluorescence
staining for CD8/granzyme B in ELS⫹ and ELS⫺ SS salivary glands. In ELS⫹ specimens, only a few CD8⫹ T cells are cytotoxic (D). In ELS⫺
specimens, the vast majority of CD8⫹ T cells express granzyme B (E). Inset shows a high-magnification image of a CD8/GrB double-positive
cytotoxic T cell. F and G, Double immunofluorescence staining for CD4/granzyme B in ELS⫹ and ELS⫺ SS salivary glands. The granzyme
B–positive population within B cell follicles coexpresses CD4 in ELS⫹ tissue (F) but not ELS⫺ tissue (G). Original magnification ⫻ 200 in A, C,
D, and F; ⫻ 400 in B, E, and G. H and I, Results of quantitative analysis showing that CD8⫹ T cells account for ⬃40% of granzyme B⫹ cells in
ELS⫹ SS salivary glands but for ⬎80% in ELS⫺ SS and nonspecific chronic sialadenitis (NSCS) salivary gland tissue (H) and that the prevalent
granzyme B–positive population within B cell follicles coexpresses CD4 in ELS⫹ SS tissue but not in ELS⫺ SS or NSCS salivary gland tissue (I).
Values are the mean ⫾ SEM. ⴱ ⫽ P ⬍ 0.05; ⴱⴱ ⫽ P ⬍ 0.01.

Supplementary Figures 2B–D, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.38726/abstract).
Selective expression of the EBV lytic-phase
antigen BFRF1 in perifollicular plasma cells in SS
salivary gland tissue. We next analyzed EBV reactivation by screening for BFRF1, an antigen expressed
during the lytic cycle of EBV infection. In SS but not
NSCS salivary gland specimens, EBV reactivated
almost exclusively in plasma cells surrounding ELS, as
shown by sequential staining for CD20, BFRF1, and
CD138 and double immunofluorescence staining for

CD138 and BFRF1 (Figures 3I–L). High levels of
EBV reactivation (⬎10 BFRF1⫹ cells/section) (Figure 3M) were observed in 6 (33%) of 18 ELS⫹/FDC⫹
SS specimens, 1 (20%) of 5 ELS⫹/FDC⫺ SS specimens,
and none of the ELS⫺ SS specimens. Conversely, low
levels of EBV reactivation (⬎ 1 ⬍ 10 BFRF1⫹ cells/
section) (Figure 3N) were observed in 9 (50%) of 18
ELS⫹/FDC⫹ SS samples and 3 (60%) of 5 ELS⫹/
FDC⫺ SS samples. Despite the presence of a significant
number of CD138⫹ plasma cells in some ELS⫺ SS and
NSCS samples, virtually no BFRF1⫹ cells were observed
in ELS⫺ SS and NSCS samples (Figures 3O and P).
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Figure 5. Evidence of EBV reactivation in a subset of Ro 52–positive autoreactive perifollicular plasma cells in ELS⫹ SS salivary glands. A, Double
immunofluorescence staining for CD20/biotinylated Ro 52 showing that anti–Ro 52 antibody–producing cells typically localize around B cell follicles.
B and C, Double immunofluorescence staining for CD138/Ro 52 showing autoreactive plasma cells (B) in areas of EBV lytic reactivation (C). D and
E, Higher-magnification views of double immunofluorescence staining for BFRF1/Ro 52 showing that EBV reactivation can take place in
autoreactive plasma cells in SS salivary glands. F–I, Comparative analysis of the autoreactive specificity of perifollicular plasma cells in SS salivary
glands compared with that in rheumatoid arthritis (RA) synovium. CD138⫹ plasma cells in SS salivary gland tissue react against biotinylated Ro
52 (F) but not biotinylated citrullinated fibrinogen (cFb) (G). In RA synovium, CD138⫹ plasma cells do not react with biotinylated Ro 52 (H) but
display immunoreactivity toward citrullinated fibrinogen (I). Original magnification ⫻ 100 in A; ⫻ 200 in C, and F–I; ⫻ 400 in B, D, and E. See Figure
4 for other definitions.

Association of lytic EBV reactivation with the
presence of cytotoxic cells in SS salivary glands. We
next analyzed cytotoxic CD8⫹ T cell localization in
association with lytic EBV expression. Double immunofluorescence staining for CD8/CD20 showed that CD8⫹
T cells mostly localized outside B cell follicles (Figure
4A), while double immunofluorescence staining for
CD8/BFRF1 demonstrated that CD8⫹ T cells localized
in the BFRF1⫹ cell⫺rich area (Figure 4B) where some
cell⫺cell contacts between CD8⫹ and BFRF1⫹ cells

could be observed (Figure 4B). Intense cytotoxicity was
observed in the BFRF1-rich areas, as assessed by granzyme B expression (Figure 4C), with physical contact
between BFRF1⫹ and granzyme B–positive cells (Figure 4C). Interestingly, CD8/granzyme B double immunofluorescence staining demonstrated that the large
majority of cytotoxic cells were CD8⫹ in ELS⫺ SS or
NSCS salivary gland specimens but not in ELS⫹ SS
salivary gland specimens (mean ⫾ SEM 70 ⫾ 0.41%,
78 ⫾ 1.78%, and 43 ⫾ 0.39%, respectively) (Figures 4D,
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E, and H), suggesting that cytotoxic CD8⫹ T cells are
excluded from B cell follicles and accumulate in perifollicular areas of reactivation of lytic EBV. Conversely, the
prevalent granzyme B–positive population within B cell
follicles coexpressed CD4 in ELS⫹ SS salivary gland
tissue (Figures 4F and I) but not in ELS⫺ SS or NSCS
salivary gland tissue (Figures 4G and I), suggesting that
a subset of cytotoxic CD4 compensates for the absence
of CD8⫹ T cells within the follicles, as previously
suggested (27).
Frequent occurrence of lytic EBV reactivation in
Ro 52–autoreactive plasma cells in SS salivary glands.
To determine whether EBV reactivation was present in
autoreactive plasma cells, we analyzed 5 SS salivary
gland specimens (3 ELS⫹/anti-Ro⫹ and 2 ELS⫺/antiRo⫹) and 1 ELS⫹/ACPA⫹/anti-Ro⫺ RA synovial
specimen as a negative disease control. We performed
serial double stainings for Ro 52/CD138 (autoreactive
plasma cells), CD138/BFRF1 (plasma cells lytically infected with EBV), and BFRF1/Ro 52 (cells lytically
infected with EBV displaying anti–Ro 52 immunoreactivity).
As expected (5), in ELS⫹/anti-Ro⫹ samples, Ro
52–reactive CD138⫹ plasma cells were detected immediately outside the B cell follicles (Figures 5A and B),
where EBV-infected plasma cells also resided (Figure
5C). Ro 52/BFRF1 double immunofluorescence staining
confirmed that a sizable proportion of autoreactive
plasma cells displayed BFRF1⫹ lytic EBV infection
(Figures 5D and E). However, and of critical relevance,
when we compared SS salivary glands and RA synovium
for the respective disease-specific pathogenic autoantigens, we did not observe anti–citrullinated fibrinogen–
positive plasma cells in SS salivary glands (Figures 5F
and G) and, vice versa, no Ro 52⫹ plasma cells in RA
synovia (Figures 5H and I), suggesting that the autoreactive profile of EBV-infected plasma cells is disease
specific.
Release of anti-EBV and anti-Ro/La antibodies
by SS salivary gland tissue engrafted into SCID mice.
To confirm the above findings, we next examined in vivo
whether antibodies against latent and lytic EBV antigens
are locally produced in SS salivary glands and are
associated with anti-Ro/La antibodies. For this purpose,
human SS/SCID mouse chimeras were generated (Figure 6A), and a time-course assessment was performed.
Up to week 3 after engrafting, SS salivary glands showed
preserved tissue architecture, persistent inflammatory
infiltrates reminiscent of pre-engraftment tissue (Figures 6B–F), and release of anti–Ro 52 and anti-La
antibodies in the circulation (Figures 6G and H). Conversely, none of the RA/SCID mouse chimeras displayed
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reactivity against Ro/La autoantigens (Figures 6G and
H), and none of the SS/SCID mouse chimeras displayed
ACPA reactivity (Figure 6I). Human IgG against the
EBV antigens EBNA-1 and VCA, but not EA, were
observed in the mouse circulation, showing a kinetics
profile similar to that of anti–Ro 52/anti-La antibodies
(Figures 6J–L). Interestingly, quantitative analysis of
total human IgG production by the engrafted SS tissue
(see Supplementary Figure 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary. wiley.com/
doi/10.1002/art.38726/abstract) demonstrated that the
titers of circulating anti-EBV and anti-Ro/La antibodies
were enriched 20–100-fold in SCID mouse sera compared with patient sera.
DISCUSSION
Here, we report the novel finding that a dysregulated EBV infection, characterized by the expression of
both the latent and lytic forms of EBV, is a specific
feature of the salivary glands of patients with SS displaying ectopic B cell follicles organized as ELS. We show
that LMP-2A, a protein expressed during EBV latency
that mimics the B cell receptor signaling pathway (36), is
selectively expressed by CD20⫹ B cells within B cell
follicles, particularly in association with FDC networks.
Furthermore, using both in situ hybridization and quantitative PCR, we show that the expression of EBERs,
which are short nonpolyadenylated and nontranslated
RNAs expressed during EBV latency (13), is strictly
dependent on the formation of ELS in SS salivary glands
but is virtually absent in ELS⫺ SS or NSCS salivary
glands. Specifically, EBERs closely correlated with
CD19 mRNA, a cell marker expressed by B cells and
plasma cells, and AID, the enzyme required for functional B cell activation leading to somatic hypermutation
and class-switch recombination of the immunoglobulin
genes (37,38). Accordingly, in situ hybridization for
EBER demonstrated colocalization of EBER with
CD20⫹ B cells and perifollicular CD138⫹ plasma cells.
Thus, it appears that latent EBV infection in SS salivary
glands is associated exclusively with the presence of ELS
with functional GC-like structures supporting in situ B
cell activation and plasma cell differentiation.
The close association of EBV with an ectopic GC
response is extremely relevant, because EBV uses a
GC-like growth program, which includes the expression
of LMPs and EBERs, to transform latently infected B
cells into proliferating blasts and convert these cells into
long-lived memory B cells. Further signals, normally
dependent on antigen stimulation and T cell help, favor
plasma cell differentiation leading to viral reactivation
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Figure 6. Local production of anti-La/SSB, anti-Ro/SSA, and anti-EBV antibodies in SS salivary glands. A, Transplantation of SS parotid gland
specimens (n ⫽ 16) into SCID mice, showing adequate engraftment and good vascularization, as determined by macroscopic analysis. B–F,
Hematoxylin and eosin–stained SS parotid gland tissue specimens obtained prior to transplantation (B) and 1 week (C), 2 weeks (D), 3 weeks (E),
and 4 weeks (F) after engraftment, showing preserved glandular architecture and persistent inflammatory infiltrates up to week 3 after engraftment
and increased fibrosis and reduced immune cell infiltration by week 4. Original magnification ⫻ 100. G–L, Levels of anti-Ro/SSA (G), anti-La/SSB
(H), anti–cyclic citrullinated peptide (anti-CCP) (I), anti–Epstein-Barr nuclear antigen 1 (anti–EBNA-1) (J), anti–viral capsid antigen (anti-VCA)
(K), and anti–early antigen (anti-EA) (L) antibodies in SS/SCID mouse chimeras at 1, 2, 3, and 4 weeks after engraftment and in rheumatoid arthritis
(RA)/SCID mouse chimeras. Values are the mean ⫾ SEM. See Figure 4 for other definitions.

(13,24,39). Accordingly, by investigating the expression
of EBV proteins involved in lytic reactivation, such as
BFRF1, we demonstrated that EBV reactivation is

frequently observed in ELS⫹ but not ELS⫺ SS or NSCS
salivary glands, where BFRF1 expression is observed
exclusively in CD138⫹ plasma cells surrounding FDC⫹
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B cell follicles, suggesting local differentiation within the
GC (40). Thus, salivary gland ELS, by providing B cell
help in the context of an ectopic GC response characterized by the expression of strong B cell⫺activating
signals, such as BAFF, represent protected niches for
EBV latency and reactivation. Further supporting the
importance of the SS salivary gland microenvironment
for EBV reactivation is the observation that saliva from
patients with SS directly reactivates EBV by inducing
BZLF1, an early lytic-phase EBV protein (41).
Overall, our work also reconciles conflicting data
regarding the expression of EBV in the salivary glands of
patients with SS compared with healthy individuals or
patients with sicca, because previous studies failed to
stratify SS salivary glands according to the presence of
ectopic GC-like structures (17–22). In particular, previous work primarily focused on EBV infection of salivary
gland epithelial cells, which is a physiologic site of EBV
latency, as we also confirmed by demonstrating LMP-2A
infection in ductal (mainly) and acinar epithelial cells of
SS (ELS⫹ and ELS⫺) and NSCS salivary gland tissue.
Nevertheless, it is conceivable that epithelial cell infection by EBV could directly contribute to the pathogenesis of SS in genetically susceptible individuals. In this
regard, aberrant type I interferon responses due to
insertion/deletion and single-nucleotide polymorphisms
in related genes such as IRF5 and STAT4 (11,12) might
result in an aberrant immune response to EBV whereby
persistent viral infection may culminate in the formation
of ELS. Accordingly, we recently showed that ELS can
be triggered by viral infection of the submandibular
glands in a novel murine model of SS-like sialadenitis
(42).
A fundamental question regarding EBV reactivation within ELS is whether this process takes place in
plasma cells bearing an autoreactive B cell receptor, thus
linking EBV with the development of autoimmunity, a
hypothesis that has long been formulated (15) but
eluded formal demonstration even with sophisticated
techniques (43). Here, by analyzing the immunoreactivity of lesional CD138⫹ cells toward Ro 52, a major SS
autoantigen, we show that a significant proportion of
perifollicular plasma cells lytically infected with EBV
display an autoreactive phenotype. Strikingly, we also
show that the autoreactive profile of EBV-infected
plasma cells completely differs between ELS⫹ SS salivary glands and ELS⫹ RA synovium, whereby CD138⫹/
BFRF1⫹ cells are specific for Ro 52 in SS and for
citrullinated antigens in RA (27) but not vice versa.
These observations, replicated in vivo by engrafting
human ELS⫹ SS parotid gland tissue and RA synovial
tissue into SCID mice, strongly reinforce the hypothesis
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that in situ autoimmunity in the context of EBV reactivation within ELS is driven by local antigenic stimuli that
are disease specific. Additionally, the inability of ELS to
prevent autoreactive B cells from entering GCs is likely
to favor the differentiation of high-affinity autoreactive
plasma cells from EBV-infected B cells (44), which are
maintained within the salivary gland microenvironment
by strong plasma cell survival factors (45).
Another original observation in the SS/SCID
mouse chimera model is that engrafted SS salivary
glands with ELS sustained the production of human
anti-EBV IgG antibodies, namely anti–EBNA-1 and
anti-VCA, which closely associated with local antiRo/La production. This suggests that a humoral antiEBV immune response takes place within ELS in the
salivary glands of patients with SS and is closely linked
with autoimmunity. This is particularly interesting not
only because the anti-EBV antibody level is significantly
increased in the serum of patients with SS (46,47), but
also because of molecular mimicry between SS autoantigens and EBV proteins. Interestingly, anti-Ro/La autoantibodies precipitate proteins that are complexed
with EBERs (48), and EBNA-1 mimics Ro 52 (49).
Moreover, cross-reactivity between ␣-fodrin, lipocardin,
and EBV EA proteins was also described (50). Finally,
EBV can induce the cleavage of ␣-fodrin, leading to
induction of the antigenic 120-kd ␣-fodrin (51). Thus,
our present data allow us to speculate that EBV may
promote humoral autoimmunity within ELS not only by
providing a survival/proliferative advantage to autoreactive B cells entering ectopic GC but also by promoting
breach of self tolerance via molecular mimicry or posttranslational modification of SS-associated antigens.
Investigation of the cytotoxic immune response in
SS salivary glands suggested that the dysregulated EBV
infection observed in patients with ELS⫹ salivary glands
may be favored by the follicular exclusion of cytotoxic
CD4⫹/granzyme B–positive T cells, which accounted for
only a minority of granzyme B–positive cells within B
cell follicles (but represented ⬎80% of cytotoxic cells in
ELS⫺ SS and NSCS salivary glands). In ELS⫹/EBV⫹
samples, an unusual population of CD4⫹/granzyme
B–positive cells seemed to substitute for cytotoxic CD8⫹
T cells; this observation is very interesting, because
circulating cytotoxic CD4⫹ T cells have been described
in chronic viral infections, including EBV (52).
In summary, the current study demonstrates that
in salivary gland ELS, intimate EBV–immune cell interactions take place, with profound repercussions on the
aberrant B cell activation and local autoimmunity typically observed in patients with SS. Of critical relevance,
it also demonstrates that this process is disease specific,
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indicating that following breach of tolerance for specific
putative autoantigens, EBV infection contributes to the
survival and perpetuation of autoreactive B cells.
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