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Abstract

Graves’ disease is an autoimmune disease that results in and is the most common cause of hyperthyroidism, and
the reactivation of persisting Epstein—Barr virus (EBV) in B lymphocytes induces the differentiation of host B
cells into plasma cells. We previously reported that some EBV-infected B cells had thyrotropin receptor
antibodies (TRADbs) as surface immunoglobulins (Igs), and EBV reactivation induced these TRAb+EBV+ cells
to produce TRAbs. EBV reactivation induces Ig production from host B cells. The purpose of the present study
was to examine total Ig productions from B cell culture fluids and to detect activation-induced cytidine
deaminase (AID), nuclear factor kappa B (NF-kB), and EBV latent membrane protein (LMP) 1 in culture B
cells during EBV reactivation induction and then we discussed the mechanisms of EBV reactivation-induced Ig
production in relation to autoimmunity. We showed that the EBV reactivation induces the production of every
isotype of Ig and suggested that the Ig production was catalyzed by AID through LMP1 and NF-xB. The results
that the amount of IgM was significantly larger compared with IgG suggested the polyclonal B cell activation
due to LMP1. We proposed the pathway of EBV reactivation induced Ig production; B cells newly infected with
EBYV are activated by polyclonal B cell activation and produce Igs through plasma cell differentiation induced
by EBV reactivation. LMP1-induced AID enabled B cells to undergo class-switch recombination to produce
every isotype of Ig. According to this mechanism, EBV rescues autoreactive B cells to produce autoantibodies,
which contribute to the development and exacerbation of autoimmune diseases.

Keywords: Epstein—Barr virus, Graves’ disease, reactivation, polyclonal B cell activation, activation-induced
cytidine deaminase, autoreactive B cells

Introduction

GRAVES’ DISEASE IS an autoimmune disease that results in
and is the most common cause of hyperthyroidism. Pa-
tients with Graves’ disease have serum thyrotropin receptor
antibodies (TRADs) that stimulate thyroid follicular epithelial
cells to produce excessive thyroid hormones (12,27,29).

Epstein—Barr virus (EBV) is a human herpes virus, with
primary infections occurring in most adults in childhood
(11). EBV mainly persists in B lymphocytes and shows four
phases (types) of latency (latency 0-3) based on viral anti-
gen expression. EBV occasionally reactivates to switch its
replication mode from latent to lytic and produces a large
number of infectious virions with the lysis of host cells (7).
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EBV was previously suggested to be related to autoimmune
diseases, because several autoantibodies were detected during
the course of infectious mononucleosis, the symptomatic
primary infection of EBV (4,20,26), and this was sometimes
found to be accompanied by the development of autoimmune
diseases (11,15,23). EBV nuclear antigen (EBNA) 1 has been
reported to appear before the onset of systemic lupus er-
ythematosus and shows cross-reactivity to the myelin antigen
of patients with multiple sclerosis (11,15,23).

We previously found a positive relationship between
serum levels of TRAbs and the EBV-early antigen (EA)
antibody, a marker for EBV reactivation, in 66 patients
with Graves’ disease (17). TRAD titers represent the ac-
tivity of Graves’ disease, and the EBV-EA antibody rec-
ognizes the product of the BMRFI gene expressed in the
early phase of lytic reactivation. Even EBV-persisting B
cells terminally differentiate into plasma cells and produce
a large number of antibodies. If B cells are autoreactive,
EBV latent infection or reactivation may affect autoanti-
body production.

Therefore, we hypothesized that the reactivation of per-
sistent EBV in TRAb-producing B cells may stimulate
TRAD production and induce or exacerbate Graves’ disease.
Then we showed that patients with Graves’ disease and
healthy controls had EBV-infected B cells with TRAbs on
their surface (TRAb+EBV+ cells) (18). We also demon-
strated that peripheral blood mononuclear cells (PBMCs)
containing these double-positive cells released TRAbs dur-
ing the induction of EBV reactivation (19).

Thyroid-stimulating TRAbs are IgGl class immuno-
globulins (Igs) (12). Therefore, class-switch recombination
(CSR) catabolized by activation-induced cytidine deaminase
(AID, encoded by AICDA) should be necessary for B cells
to produce thyroid-stimulating TRAb (16). EBV-latent
membrane protein (LMP)1 is known to activate mature
naive B cells by mimicking the CD40 signal without specific
antigen and cognate CD4 T cells (3,11,28). The CD40 signal
promotes AICDA transcription through nuclear factor kappa
B (NF-kB). Therefore, EBV reactivation could induce the
production of class-switched Igs, as well as IgM.

In the present study, we induced EBV reactivation on
PBMCs, detected every class of Ig secretion and AID ex-
pression, in vitro, and discussed the mechanisms underly-
ing EBV reactivation-induced Ig production in relation to
autoimmunity.

Materials and Methods
Subjects

Ten patients with Graves’ disease and 14 healthy controls
participated in this study (Table 1). All subjects provided
written informed consent for participation in the study, and the
study protocol was approved by the Medical Ethics Com-
mittee for Human Subject Research (No. 707, 707-1-12) at the
Faculty of Medicine, Tottori University, Yonago, Japan.

The mean ages (+SD) of the Graves’ disease patients and
healthy controls were 42.50 (£9.17) years and 34.43 (£12.06)
years, respectively.

At the time of their diagnosis, patients exhibited
symptoms and had laboratory data that included at least
one of the following: (1) signs of thyrotoxicosis such as
tachycardia, weight loss, finger tremors, and sweating;
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(2) diffuse enlargement of the thyroid gland; and (3)
exophthalmos and/or specific ophthalmopathy. All pa-
tients met the following criteria: (1) elevated serum
levels of free T4 and/or free T3; (2) the suppression of
serum thyrotropin (thyroid stimulating hormone: TSH)
(<0.1 pU/mL); and (3) positivity for TRAbs or thyroid-
stimulating antibody.

Nine out of the 10 patients were receiving treatments
with antithyroid drugs (methylmercaptoimidazole or pro-
pylthiouracil). Control subjects were enrolled voluntarily.
Their thyroid functions were normal, and they had no family
history of thyroid disease.

PBMC preparation

Peripheral blood samples were obtained from Graves’
disease patients and healthy controls. PBMCs were sepa-
rated using a Ficoll-Conray density gradient and stored at
—80°C until used (18,19).

Sampling protocol

PBMCs were cultured for 2 days in RPMI 1640/10% FBS
with 0.1 ug/mL cyclosporin A at 37°C, as described in our
previous study (18,19), to suppress T cell function and en-
rich the B cell population. They were then transferred to a
culture at 33°C to induce EBV reactivation and were re-
garded as day O samples. Culture at 33°C is a physiological
way to induce EBV reactivation (6,19,24,25).

On days 0, 5, 10, and 12, half of the culture fluid was
sampled and replaced by fresh medium. Culture cells were
collected at the same time for total RNA purification.
PBMCs for cell population analyses and immunohisto-
chemistry (IHC) were prepared using the same procedure
and collected on days 0 and 12.

Flow cytometry for cell population analyses
and LMP1 expressions

The PBMCs collected were fixed by 2% paraformalde-
hyde, and cell population changes, plasma cell populations,
and LMP1 expressions were assessed by flow cytometry.
We analyzed frequencies of T lymphocytes with CD3 an-
tibody, B lymphocytes with CD79a antibody, and plasma
cells with CD138 and CD38 antibodies.

The PBMCs of three subjects (Controls Nos. 6 and 8,
Patient No. 3) were analyzed for cell population changes
during the culture period. PBMCs of two subjects (Controls
Nos. 6 and 8) were analyzed for LMP1 expression variations
during the culture period. PBMC:s of eight controls and eight
patients were analyzed for plasma cell populations.

The primary antibodies (1 ug/l1x10° cells) used for
immunofluorescent staining were as follows, and second-
ary antibody for CD38 and EBV-LMP was anti-mouse IgG
(H+L) goat IgG Alexa Fluor 488 conjugated (Invitrogen,
Camarillo, CA).

anti-humanCD3 mouse IgG2a, k (clone HIT3a) APC
conjugated (BioLegend, San Diego, CA),

anti-human CD79a mouse IgG1 Alexa Fluor 647 conju-
gated (AbD Serotec, Oxford, United Kingdom),

anti-human CD138 mouse IgG1 Alexa Fluor 647 conju-
gated (AbD Serotec),
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anti-human CD38 mouse IgG1 (Beckman Coulter, Pasa-
dena, CA),
anti-EBV-LMP mouse IgG (Dako, Glostrup, Denmark).

AICDA mRNA expression

AICDA mRNA was quantified by real-time PCR with a
7900HT Fast Real-Time PCR System (Applied Biosystems,
Foster city, CA). The primers (14) and probes used for
AICDA and f-actin were as follows:

AICDA

forward primer: 5’-aaatgtccgctgggctaagg-3’

reverse primer: 5'-ggaggaagagcaattccacgt-3’

fluorescent probe: 5’-FAM-tgacagtgctacatcct-MGB-3’
(Applied Biosystems).

p-actin

forward primer: 5’-cctggcacccagcacaatg-3’

reverse primer: 5’-gccgatccacacggagtact-3’

fluorescent probe: 5’-VIC-atcaagatcattgctcctectgagege-
MGB-3’ (Applied Biosystems).

The results obtained were analyzed using the AACT
method with f-actin as the reference and Raji cells as the
calibrator. The amplification efficiencies of the primers of
AICDA and f-actin were equal.

Immunohistochemistry

Two percent paraformaldehyde-fixed PBMCs were washed
by phosphate-buffered solution (PBS) and permeabilized by
0.5% Tween20/PBS for 10min at room temperature. After
washing by distilled water (DW), PBMCs were smeared on
silane-coated slide, washed twice by DW, and air dried.

The proteins of AID, LMP1, and human NF-xB p65 were
detected using IHC with the following primary antibodies
and Dako EnVision+ System/HRP (Dako) and Dako Liquid
DAB+ Substrate Chromogen System (Dako).

AID: anti-AID mouse IgGl-x (Invitrogen), dilution 1:
200

LMP1: anti-EBV-LMP mouse IgG (Dako), dilution 1:
100

NF-xB: anti-NF-kB p65 (phospho S536) antibody (Abcam,
Cambridge, United Kingdom), dilution 1: 100

We semiquantified the positive cell percentage,

+1: 10% and under

+2: over 10% and under 50%

+3: 50% and over

Concerning the positivity of NF-xkB, we adopted only
nuclear staining, because nuclear expression of NF-kB
should be activated form, while cytoplasmic expression
would be inactive form.

g concentration in the culture medium

The quantities of IgG, IgM, and IgE in the culture me-
dium were measured by ELISA (No. E80-104, E80-100,
E80-108; Bethyl, Montgomery, TX), according to the
manufacturer’s instructions. On the sampling day, we took
half of the culture medium for examination and added the
same amount of fresh medium. The values at each sampling
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point represent increases obtained by subtracting half the
previous values.

Statistical analyses

Statistical analyses were performed using SPSS Statistics
21 (IBM, Armonk, NY).

Friedman’s test was adopted to analyze time course var-
iations in AICDA mRNA expression and Ig concentrations.
The Wilcoxon rank sum test was used for comparisons of
the concentrations between IgG and IgM.

Results

The B cell population is enriched by a preculture
and plasma cell population increases
by the EBV reactivation induction

We confirmed in analyses of cell population changes that
a preculture suppressed the CD3-positive T cell population
and enriched CD79a-positive B cells (Fig. 1 and Table 1).

During the EBV reactivation induction, the CD138-positive
plasma cell population increased. However, even in day O
samples, the percentages of CD138-positive and CD38-positive
plasma cells were 3.61 and 6.36, respectively, in patients and
12.13 and 10.94, respectively, in controls.

AICDA mRNA and protein were expressed
on day 5 or later

We detected the expression of AID and AICDA mRNA
during the EBV reactivation induction.

In THC, the expression of the AID protein in nucleus and
cytoplasm was weak in day O cells just after the preculture;
however, on day 12 of EBV reactivation, we noticed the
intensely stained expression of AID in nucleus and cyto-
plasm of large cells (Fig. 2).

Variations in AICDA mRNA expression from days 0 to 12
were not significant.

However, AICDA mRNA was negligible in day 0 samples
and increased on day 5 or later (Fig. 3A).

LMP1 and NF-xB

LMP1 and NF-kB were positive in every cell sample
detected by IHC on days O and 12 (Table 1). LMPI was
positive in cytoplasm, and we decided positivity of NF-kB
by nuclear stain.

We examined time course changes in LMP1 in two sub-
jects (Control Nos. 6 and 8) by flow cytometry and IHC.
LMP1 was expressed throughout the reactivation period
with peaks at days 0 and 12 (Fig. 4).

Biphasic Ig production during the EBV
reactivation induction

Total IgG, IgM, and IgE production showed biphasic
increases on days O and 10 or 12. These variations were
found to be significant by Friedman’s test (Fig. 3B-D). IgM
concentrations were significantly higher than those of IgG
on days 0, 5, and 12 (Fig. 5).

In the present study, we measured total Ig, regardless of
specificity, but were unable to detect any significant dif-
ferences between patients and controls.
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Control Patient

: - -
) - -

FIG. 2. TImmunohistochemistry for AID of PBMCs in vitro. A few cells were stained by immunohistochemistry for AID in
day O samples, just after a preculture. In day 12 samples, many cells were positive, particularly large cells that stained
intensely. AID, activation-induced cytidine deaminase.

[Jcontrols [] patients

A AICDA mRNA relative quantity B total IgG (ng/ml)
(normalized to B-actin)
0.30 60
0.25 50
0.20 40
T : =
0.15 30
T X 5
0.10 20 i
T X
0.05 é‘ 10 T
oL S [ O 59 S % X
day-2 day 0 day5 dayl0 day12 day-2 day 0 day5 dayl0 day12
C total IgM (ng/ml) D total IgE (ng/ml)
120 30
100 x 25 x
X
80 20

T

60 'JI_' é X = 15 é
40 ? é 10 = @B—
20 é E % l S @ Q—éﬁi
0 Q-
day-2 day 0 day5 dayl0 dayl12 day-2 day 0 day5 dayl0 dayi12

x :outlier

FIG. 3. Time course changes in AICDA mRNA and Igs produced. We sampled culture fluid and cells on days 0, 5, 10, and 12
and then examined AICDA mRNA in these cells, as well as Igs in culture fluids. AICDA mRNA was expressed on day 5 or later
(A), and Igs was detected with peaks on days O and 10-12 (B-D). Variations in IgG, IgM, and IgE were significant according to
Friedman’s test. “x”" represents outlier. AICDA, gene of activation-induced cytidine deaminase; Igs, immunoglobulins.
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FIG. 4. Expression of the LMP1 protein during the induction of EBV reactivation. LMP1 expression was detected by IHC
and flow cytometry throughout the examination period. A quantitative analysis by flow cytometry revealed two peaks on

days 0 and 12. LMP1, latent membrane protein 1.

Discussion

EBV reactivation and plasma cell differentiation occur
in the same period (10,18,19). We examined Ig secretion
during EBV reactivation induction and observed significant
biphasic variations in IgG, IgM, and IgE with peaks on days
0 and 10 or 12 (Fig. 3B-D).

Since no stimulation for reactivation functioned on day 0,
we speculated that Igs in the day O peak secreted from
plasma cells already existed in the sample PBMCs. Sample
PBMC:s on day 0 contained 4—12% plasma cells (Table 1). In
contrast, the peak of IgG, IgM, and IgE on day 10 or 12
represents Ig secretion stimulated by EBV reactivation.

EBV can infect both naive and memory B cells (11), but
most circulating B cells are mature naive B cells that have
IgM on their surface (8,22). Therefore, AID is required for

controls
ng/mil

80

60

*
*
40 *
20 : I I
. B = oll

day0 day5 dayl0 day12

EBV-infected mature naive B cells to produce IgG class-
switched antibodies.

During the induction of EBV reactivation on B cell-enriched
precultured PBMCs, we detected the expression of AICDA
mRNA and AID protein. The expression of AID protein was
negligible on day 0, but strongly expressed in large cells on day
12 (Fig. 2), and the expression of AICDA mRNA was initiated
onday 5 atits maximum (Fig. 3A). These results are consistent
with the expression of AID in activated B cells (30) and suggest
that the EBV reactivation induces the production of every
isotype of Ig catalyzed by AID in vitro.

When EBYV is reactivated, many infectious virions are
released and infect the surrounding cells. Most newly in-
fected B cells become latency 3 and express viral antigens,
including the LMPs and EBNAs (2,11). LMP1 is thought to
promote AICDA transcription through NF-xB (11,14).

patients
ng/ml

ligc I igm
80

40

*
*
*
200 I
.. L = ol

day0 day5 dayl0 dayl2

FIG. 5. Comparison of the total-IgG and total-IgM produced during the induction of EBV reactivation. The medians of Ig
concentrations are shown. In contrast to the proportion of serum Igs, total-IgM concentrations in the culture were signif-
icantly higher than those of total-IgG on days 0, 5, and 12. This observation suggests that the proportion of Ig isotypes
produced by EBV reactivation-induced mechanisms depends on the proportion of circulating B cell surface globulin

isotypes. *p <0.05.
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TaBLE 2. AICDA MRNA EXPRESSION AND IG-ISOTYPE
SECRETION OF PERIPHERAL BLOOD MONONUCLEAR CELLS
FROM GRAVES’ DISEASE PATIENTS AND CONTROLS DURING

EPSTEIN—-BARR VIRUS-REACTIVATION INDUCTION

Day 0 Day 5 Day 10 Day 12

AICDA mRNA?

Controls 0.005 0.062 0.011 0.029

Patients 0.003 0.025 0.018 0.041

p 0.522 0.331 0.230 0.131
Total IgG (ng/mL)

Controls 17.696 7.310 13.614 10.118

Patients 16.769 9.911 14.367 9.948

p 0.882 0.882 0.552 0.71
Total IgM (ng/mL)

Controls 53.502 39.181 20.87 33.546

Patients 54.562 35.704 18.195 26.275

p 0.603 0.152 0.824 0.025°
Total IgE (ng/mL)

Controls 12.993 8.200 4.511 10.478

Patients 11.424 7.215 5.526 11.491

p 0.201 0.080 0.112 0.261

dAICDA mRNA relative quantity (normalized to f-actin).
"Significant.
EBV, Epstein—Barr virus.

We detected LMP1 and NF-kB in culture cells on days O
and 12 of reactivation using IHC (Table 1). A time course
examination by flow cytometry and IHC revealed that LMP1
was expressed throughout the observation period with peaks
on days 0 and 12 (Fig. 4). Although the expression of LMP1
on day 0 may be the result of the preculture, its expression on
and after day 5 was induced by EBV reactivation.

We suggest that the EBV reactivation induces the pro-
duction of every isotype of Ig catalyzed by AID in vitro
through LMP1 and NF-«xB.

This mechanism might have the relevance to aller-
gic diseases. That is, IgE production induced by EBV re-
activation may explain some findings showing that the
frequency of allergic rhinitis is high in patients with Graves’
disease (1,5).

[1] Infection

Q\
[2] Polyclonal

B cell activation

(I EBYV reactivation induction

[3ICSR ()

~

[3]CSR (+)
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The amount of serum IgG is 10-fold that of serum IgM
(13,22), but our results showed that the amount of IgM was
significantly larger compared with IgG in vitro (Fig. 5). This
result suggests that the proportion of Igs induced by EBV
reactivation depends on the proportion of the surface glob-
ulins of surrounding culture cells that means the proportion
of circulating peripheral B cell surface globulins (8,22).

LMP1 has the ability to induce B cell activation (3,11,29).
This polyclonal B cell activation nonspecifically activates
any B cells present because it does not require stimulation
from specific antigens or cognate CD4 T cells. Conse-
quently, the proportion of Igs produced reflects the pro-
portion of surface Igs of B cells present. We suggest that
polyclonal B cell activation due to LMP1 works on com-
posing the proportion of Igs induced by EBV reactivation.

In our previous study, TRAb secretion from EBV-reactivated
PBMCs was significantly higher in patients with Graves’ dis-
ease than in healthy controls (19). In the present study, we
measured total Ig, regardless of specificity, but did not find any
significant difference between patients and healthy controls
(Table 2). This may be because TRAb-producing B cells are
only a small fraction of B cells with numerous specificities.

These results also suggest that B cells in the culture had
been activated nonspecifically and differentiated to pro-
duce polyclonal Igs. In other words, the mechanisms of EBV
reactivation-induced Ig production are not selective to auto-
reactive B cells; they work on every B cell in the culture.

We herein propose a pathway for EBV reactivation-
induced Ig production based on the results of the present
study (Fig. 6). The following are pathway steps in order:

1. B cells are infected by new EBV virions released from
preexisted plasma cells.

2. Newly infected cells become latency 3 and express
LMP1.

LMP1 activates host cells (polyclonal B cell activation).

3. LMPI1 stimulates AID expression through NF-kB,
which enables to produce class-switched Ig.

4. EBV reactivation induces plasma cell differentiation
and Ig production.

=@,

[4] Plasma cell
differentiation

— (O -

IgG,IgE M ¥

1 EBV

CSR: class-switch recombination

FIG. 6. The pathway for EBV reactivation-induced Ig production. [1] B cells are infected by EBV released by preexisted plasma
cells. [2] Newly infected cells become latency 3 and express LMP1. LMP1 activates host cells (polyclonal B cell activation). [3]
LMPI stimulates AID expression through NF-xB, which enables to produce class-switched Ig. [4] EBV reactivation induces plasma
cell differentiation and Ig production. CSR, class-switch recombination; NF-xB, nuclear factor kappa B.
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The specific antigens of autoreactive B cells are self-
components. Since difficulties are associated with encoun-
tering self-antigens packed inside cells, most autoreactive B
cells are purged from lymphoid tissue and die. In our model,
even autoreactive B cells that were not activated are rescued
and produce Igs with EBV reactivation, which suggests the
contribution of the mechanisms underlying EBV reactiva-
tion to autoimmune diseases.

Nakamura et al. reported that the frequency of circulating
autoreactive IgM-B cells was higher compared with auto-
reactive IgG-B cells in patients with autoimmune diseases
and healthy controls (21). Kumata et al. recently showed
that serum levels of TRAb-IgM were higher than those of
TRADb-IgG in patients with Graves’ disease and healthy
controls, in contrast to serum levels of total-IgG being
higher than those of total-IgM (9). Both of these findings
support the rescue of autoreactive B cells by polyclonal B
cell activation due to EBV reactivation.

Conclusions

We showed the production of every class of Ig and detected
the expression of AID and EBV-LMP1 during the induction of
EBV reactivation. These results indicate that B cells newly
infected with EBV are activated by polyclonal B cell activation
and produce Igs through plasma cell differentiation induced by
EBYV reactivation. EBV-LMP1 induced AID enabled B cells to
undergo CSR to produce every isotype of Ig. According to this
mechanism, EBV rescues autoreactive B cells to produce au-
toantibodies, which contribute to the development and exac-
erbation of autoimmune diseases.
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