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ABSTRACT: Myasthenia gravis (MG) is an autoimmune disor-
der caused, in most cases, by autoantibodies against compo-
nents of the neuromuscular junction, frequently the
acetylcholine receptor (AChR), and less often the muscle-spe-
cific kinase receptor. The thymus plays a major role in the
pathogenesis of MG with anti-AChR antibodies: it shows
marked pathologic alterations (hyperplastic or tumoral) in most
AChR-positive patients and contains the elements required to
initiate and sustain an autoimmune reaction (AChR autoantigen,
AChR-specific T cells, and autoantibody-secreting plasma
cells). In this study we review early and more recent findings
implicating the thymus as site of AChR autosensitization in MG
and briefly discuss the therapeutic role of thymectomy. We also
summarize data showing that the MG thymus is in a state of
chronic inflammation, and we review emerging evidence of a
viral contribution to the onset and maintenance of the thymic
autoimmune response.
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Several lines of evidence support the involvement
of the thymus in myasthenia gravis (MG), an auto-
immune disease of the neuromuscular junction
(NM]J) that causes muscle weakness and fatigability.
Over 80% of MG patients have thymic abnormal-
ities, including hyperplasia and thymoma, and thy-
mectomy results in clinically relevant symptom
improvement in a high proportion of cases. Auto-
antibody production and T-cell sensitization
against the muscle acetylcholine receptor (AChR),
the main target of autoimmunity, have been shown
to occur in MG thymus, indicating that the autoim-
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mune response develops, and probably arises, in
this organ.

After a general introduction, we review evi-
dence showing that: (a) the thymus is the main
locus of the events that give rise to MG with AChR
autoantibodies; (b) thymectomy is an effective
therapeutic approach in selected patients; and (c)
viruses in the thymus contribute to the etiology of
the disease.

OVERVIEW OF THE DISEASE
Epidemiological and Clinical Characteristics. Ac-
quired MG is a relatively rare disease, with a preva-
lence of 70-200 per million and an annual inci-
dence over the last 10 years estimated at between
0.25 and 20 per million." Age at onset shows a bi-
modal distribution with a female-dominant peak at
<40 years (early-onset MG) and a male-dominant
peak at >40 years (late-onset MG).2

In most patients, MG onset is marked by weak-
ness of the extrinsic ocular muscles, resulting in di-
plopia and ptosis. The disease progresses to involve
other bulbar muscles, and subsequently many
other skeletal muscles, to become generalized MG,
whose commonest manifestation is fluctuating
muscle weakness with easy fatigability on exertion.”
The cause of myasthenic symptoms is failure of
neuromuscular transmission due to the presence
of autoantibodies against the NMJ. Over 80% of
patients with generalized MG have IgG class anti-
bodies (IgGl and IgG3) against the AChR on the
postsynaptic motor endplate.>* These antibodies
impair neuromuscular transmission in three ways:
(1) by mediating the binding and activation of
complement at the NM]J, resulting in destruction
of the muscle membrane®™®; (2) by triggering
endocytosis of crosslinked AChR molecules and
inducing their degradation, a process termed anti-
genic modulation’; and (3) by blocking the acetyl-
choline binding site.® The main mechanism
appears to be complement-induced destruction of
the muscle membrane.”® The NMJ of MG patients
contains activation fragments of complement com-
ponent 3, the terminal and lIytic component 9, and
the membrane attack complex (MAC).? Evidence
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from animals immunized with purified AChR [ex-
perimental autoimmune MG (EAMG)] showed
that depletion, inhibition, or functional impair-
ment of complement protects against EAMG.*% !

Variable proportions of AChR antibody-nega-
tive patients (70% in Hoch et al,,'? 47% in Evoli
et al.,'® 37.5% in Sanders et al.,!* and 41% in
McConville et a1.15), corresponding to approxi-
mately 5% of patients with generalized MG, have
antibodies (predominantly IgG4) against muscle-
specific tyrosine kinase (MuSK), a transmembrane
protein of the NMJ involved in AChR clustering.
The presence of anti-MuSK antibodies correlates
with more severe symptoms and particularly
marked bulbar involvement.'*'® However, it is
unclear how these antibodies give rise to the symp-
toms of MG. Patients negative for both AChR and
MuSK antibodies—usually referred to as seronega-
tive—are clinically similar to patients with AChR
antibodies.'® Tn one study, application of serum
from such patients to cultures of TE671 rhabdomy-
osarcoma cells reduced AChR numbers, suggesting
that anti-AChR antibodies were present at low lev-
els in the serum.'” Consistent with this observa-
tion, Leite and co-workers'® recently reported on a
series of seronegative MG patients, 66% of whom
had low-affinity antibodies against AChR that were
not detected by routine immunoprecipitation
assay, suggesting that wider application of more
sensitive AChR antibody assays would considerably
reduce the number of seronegative patients. Auto-
antigens to actin, myosin, ryanodine, and titin are
also found in MG patients, particularly those with
thymoma, although their role in the pathogenesis
of MG is unclear.'**!

Susceptibility Factors for MG. As with many autoim-
mune conditions, both genetic and environmental
factors contribute to the development of MG. A
genetic component is attested by the 40% con-
cordance rate in monozygotic twins.** Human leu-
kocyte antigens (HLAs) are the most important
genes involved in autoimmune diseases. The asso-
ciation of HLA with MG varies with thymic histol-
ogy.”® Several studies have investigated the highly
polymorphic class I and class II HLA loci, finding
that the HLA-DR and B8 alleles are associated with
generalized MG in Caucasian patients with thymic
hyperplasia, but not with other thymic condi-
tions.”** The HLA-DR3 and BS alleles are part of
the most conserved major histocompatibility com-
plex (MHC) haplotype—the 8.1 ancestral haplo-
type—which has been reported to have intricate
effects on MG phenotype in patients with hyperpla-
sia, including particularly high serum titers of AChR
autoantibodies.**** Although several studies have
demonstrated significant associations between MG
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and HLA class I and II alleles in patients with thy-
moma,?*?*?7 the loci identified varied considerably.

Several other loci not linked to HLA have also
been implicated in MG, including interferon-gamma
(IFN-y), tumor necrosis factor-alpha (TNF-«), and cy-
totoxic T-lymphocyte—-associated antigen 4 (CTLA-
4),® all of which are involved in the immune
response, and cholinergic receptor nicotinic alpha-
polypeptide 1 (CHRNAL), which is of particular in-
terest as it encodes the o subunit of the AChR.**?
The CHRNAI promoter region has been found to
contain the single-nucleotide polymorphism (SNP)
rs16862847, whose minor allele (G) was found to be
associated with early-onset disease in two independ-
ent human populations (France and the UK).* The
G allele was found to reduce binding of the IRF8
transcription factor to the promoter and was associ-
ated with lower CHRNAI expression in ex vivo med-
ullary thymic epithelial cells (mTECs) when com-
pared with the A allele.® This suggests that the G
variant is a risk factor for MG, based on the hypothe-
sis that lower CHRNALI expression in thymic epithe-
lium contributes to loss of central tolerance to the
protein in MG-susceptible individuals.””

With regard to environmental factors predispos-
ing to MG, viral infections are considered major
candidates. Earlier hypotheses and emerging evi-
dence regarding the role of viruses in triggering or
perpetuating autoimmunity in MG are discussed in
the final section of this review.

Treatments. Mortality for MG has decreased from
23% to 30% in the mid-1950s>" to 1.2% to 2.2% in
recent years,”?” in relation to advances in disease
treatment and management. Current treatments
for MG include: immunosuppressive therapy, such
as corticosteroids and azathioprine, which suppress
immune responses, including activation of autor-
eactive cells and autoantibody production (azathio-
prine reduces nucleic acid synthesis, thereby
reducing T- and B-cell proliferation)34; administra-
tion of anticholinesterase inhibitors, which prolong
ACh activity at the NM]J to temporarily improve
neuromuscular transmission35; and broad anti-
immune approaches, such as plasma exchange,
intravenous immunoglobulins,37 and immunoad-
sorption,?’8 which deplete pathogenic autoantibod-
ies from serum. More recently B-cell-depletion
therapy with rituximab was successfully employed
in an uncontrolled study on patients with MG and
Lambert-Eaton myasthenic syndrome, although
this agent needs validation in randomized trials.™
Thymectomy is effective in selected patients,*’ as
described in what follows.

EVIDENCE FOR THYMIC INVOLVEMENT IN MG
A wealth of data supports thymic involvement in
the pathogenesis of MG with AChR autoantibodies
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Table 1. Summary of the major thymic hallmarks potentially related to MG development.

Follicular and diffuse hyperplasia

Thymoma

Thymic epithelial

cells (TECs)

Myoid cells

T cells

B/plasma cells

GC features

Gene signature

e Expression of AChR «, 5, and ¢ subunits, and
HLA class Il molecules’®

e Enhance in vitro production of anti-AChR
antibodies by thymocytes''®

e Signs of complement attack®®

e In vitro overexpression of AChR subunits
by inflammatory stimuli®

e In vitro overexpression of IL-6 by LPS and
inflammatory stimuli'®®

e In vitro production of high levels of B-cell
chemoattractant CXCL13%"

e Expression of whole functional AChR complex
e In vitro overexpression of AChR subunits
by inflammatory stimuli®®
e Localization around GCs and cluster with dendritic
cells (sign of antigen cross- presentation)®"
o Signs of attack by complement®®

e Enrichment in AChR-specific CD4* T cells’""®
e Increased Fas expression'®’
e Decreased mMRNA expression of Foxp3

in CD4*CD25" Tregs'®?

o Diffuse infiltration of B cells not organized
(diffuse hyperplasia) and organized (follicular
hyperplasia) into GCs*®44

e In vitro production of anti-AChR antibodies

e Signs of EBV persistence and reactivation**

52-54

110-121

e Resemble lymphoid follicles of peripheral
lymphatic organs in terms of immunoglobulin gene
diversification, mutation and selection®

e Signs of somatic hypermutation, antigen-driven
clonal expansion, and selection*®

e Formation associated with lymphoangiogenesis
and HEV development®®

o High expression of the anti-apoptotic Bcl-2°"

o Expression of latent markers of EBV**

e Overexpression of type | and Il IFN-induced genes,
immunoglobulin genes, and MHC 1183106139

e Overexpression of T- and B-cell-attracting
chemokines CXCL13,°” CCL21,%51% |p-10,"%6
and IP-10 receptor (CXCR3)'®®

o Preferential expression of AChR & subunit®

e Defective expression of HLA class |l
molecules’®

e Altered expression of a differentiation
factor for thymic epithelium”®

e Decreased expression of autoimmune
regulator AIRE®?

o Absence of myoid cells®®

e Enrichment in AChR-specific CD4* T-cells”®
e Reduced frequency of Tregs and
expression of Foxp3®2 104

e Presence of B cells in extra-epithelial
perivascular spaces or areas of
medullary differentiation”*"®

e In vitro production of anti-AChR antibodies
in relation to the histological nature
of adjacent tumor tissue''""'"®

e GCs absent or rarely found™*

e Lack of evidence for inflammatory state

AChR, acetylcholine receptor; AIRE, autoimmune regulator; EBV, Epstein-Barr virus; GC, germinal center; HEV, high endothelial venules; HLA, human leukocyte
antigen; IFN, interferon; IP-10, interferon-y-induced protein 10 kDa; LPS, lipopolysaccharide; MHC, major complex of histocompatibility; Tregs, T-regulatory cells.

(Table 1), whereas, in seronegative patients, and
those with MuSK antibodies, the role of the thymus
remains unclear. Three main lines of evidence indi-
cate thymic involvement: (1) the thymus has marked
pathologic alterations (Figs. 1 and 2) in most AChR-
positive cases; (2) the thymus contains all the ele-
ments necessary for initiating an AChR-specific auto-
immune response (Fig. 2 and Table 1); and (3)
high proportions of true remissions occur in selected
patients who undergo total thymectomy.*’

Pathologic Abnormalities in MG Thymus. Pathologic
alterations of the thymus are found in >80% of
patients with generalized MG positive for AChR
antibodies (Fig. 1). Thymic changes comprise

The Thymus in MG

follicular hyperplasia (Fig. 1B), diffuse hyperplasia
or thymitis (Fig. 1C), thymic involution (Fig. 1D),
and thymoma (Fig. 1E and F). Hyperplasia is the
most common alteration in early-onset MG,
whereas, in the late-onset form, thymoma and invo-
luted thymus (which shows hyperplastic changes)
are predominant. MuSK-positive subjects have min-
imal histological alterations of the thymus, and the
organ generally resembles that from age-matched
controls.*""** Variable proportions of seronegative
patients show hyperplastic changes.*"*?

Follicular and Diffuse Hyperplasia. Follicular
hyperplasia is present in 50-60% of AChR-positive
patients,43 and hyperplastic changes are present in
a variable proportion (35-75%) of seronegative
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FIGURE 1. Hematoxylin and eosin staining. (A) Thymus from a healthy 18-year-old men. The thymic lobules are organized into a
darker outer cortex (C) and a lighter inner medulla (M). (B) Thymus with follicular hyperplasia from an 18-year-old MG men. The me-
dulla shows diffuse lymphoid infiltrates (arrow) and follicles (lighter areas) containing ectopic germinal centers (GCs). Follicles with
GCs are particularly evident in the upper left inset at lower magnification. The upper right inset shows a GC of the same thymus after
immunostaining for B-cell marker CD20. (C) Thymus with diffuse hyperplasia (thymitis) from a 32-year-old MG women. Large lymphoid
infiltrates frequently surrounding Hassall corpuscles (HC) are evident in the medulla. HCs are normally particularly numerous and
enlarged in diffuse hyperplasia. (D) Involuted thymus from 50-year-old MG women. Much of the parenchyma is substituted by fat.
(E) World Health Organization (WHO) type B2 thymoma from a 27-year-old MG men. (F) WHO type B1/A mixed thymoma from
64-year-old MG men. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cases.*!"** Follicular hyperplasia is characterized by
the presence of expanded perivascular spaces
fused with the thymic medulla that contain B-cell
infiltrates, some of which are organized into ec-
topic B-cell germinal centers (GCs), which, to-
gether with other cells (notably follicular dendritic
cells), form follicles (Figs. 1B and 2A-I). The B
cells not organized into GCs are scattered through-
out the thymic medulla and often concentrated
around Hassall corpuscles (Fig. 2C and ref. 44).
GCs are present in the affected tissues of sev-
eral autoimmune diseases,45 including the multiple
sclerosis brain,45 the rheumatoid arthritis syno-
vium,*® and the autoimmune thyroiditis thyroid.47
These GCs contain B cells undergoing somatic
hypermutation and antigen-driven selection.***?
In terms of immunoglobulin gene diversifica-
tion, mutation, and selection, GCs in MG thymus
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do not differ from those observed in the lymphoid
follicles of peripheral lymphatic organs,” but
uniquely they are often surrounded by plasma cells
(Fig. 2E and ref. 44) or muscle-like myoid cells
(Fig. 2H and I and ref. 51) expressing AChR.”*™*
GC formation in MG is also associated with lym-
phoangiogenesis and angioneogenesis. The latter
involves the production of specialized post-capillary
swellings (high endothelial venules) whose endothe-
lium contains cuboid cells bearing surface chemo-
kines.” In particular, these cells overexpress chemo-
kine ligand 21 (CCL21), a chemokine that attracts T
and (more strongly) B cells, and plays a role in driv-
ing thymic hyperplastic changes in MG.””

Diffuse hyperplasia (thymitis) shows histological
features similar to those of follicular hyperplasia
but lacks GCs (Figs. 1C and 2]-O and ref. 44). In-
filrating B cells are present in the medullary
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FIGURE 2. Immunohistological features of follicular hyperplasia, thymitis, and thymic involution in MG. (A-l) Follicular hyperplasia from
an 18-year-old. (A) Cytokeratin (CK)-positive medullary TECs intercalated between lymphoid infiltrates; (C) abundant infiltrating CD20-
positive B cells, many organized into a germinal center (GC). (B) and (D) are enlarged boxed areas of (A) and (C) showing GC
enclosed by a medullary epithelial band (MEB). High endothelial venules [asterisk in (C) and (D)] are close to GCs. (E) CD138-positive
plasma cells at edge of GC, shown in (A)—(D). CD20-positive GCs are often in close contact with Hassall corpuscles (HC), themselves
surrounded by CK-positive cells [inset in (F)], DC-LAMP—positive dendritic cells (G), and desmin-positive myoid cells (H). Myoid cells
may be present inside GCs (l). (J—O) Thymitis from a 27-year-old patient. (J) TECs are distributed as in follicular hyperplasia. Infiltrat-
ing B cells may be located around HCs [(K) is an enlargement of boxed area in (J)] and widely distributed throughout the medulla (L),
where plasma cells (M), myeloid dendritic cells (N), and myoid cells (O) are also present. (P-I) Involuted thymus from a 50-year-old
patient. Thymic parenchyma, prominently substituted by fat (P), is characterized by diffuse B-cell infiltration (Q, R), with plasma cells
[inset in (R)], myeloid dendritic cells (S), and myoid cells (T). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

parenchyma of follicular and diffuse hyperplasia in
greater numbers than typically found in thymuses
from age-matched, non-myasthenic individuals.***°
This may be because the chemokines, C-X-C
motif chemokine 13 (CXCL13) and CCL21, which
strongly attract B cells, are expressed at high levels
in the thymus of untreated MG paltients.f’f”57 Levels
of these chemokines normalize after corticosteroid
treatment produces clinical improvement. The
number of GCs also decreases, suggesting that
CXCLI13 and CCL2I are involved in abnormal pe-
ripheral lymphocyte recruitment and GC develop-
ment.”>?7 Furthermore, expression of the B-cell
growth factors, a proliferation-inducing ligand (APRIL)
and Bcell activating factor (BAFF), is significantly up-

The Thymus in MG

regulated in MG thymus, indicating an environment
favorable to B-cell survival.”® BAFF levels are also signifi-
cantly higher in the serum of MG patients than in
healthy controls, further supporting a role for BAFF in
the immunopathogenesis of MG

Our own recent findings suggest another rea-
son for the B-cell abnormalities in MG thymus.

We found that in MG, but not normal thy-
muses, B cells of GCs and medullary infiltrates
were positive for Epstein—Barr virus (EBV).** This
virus has a unique ability to stimulate B-cell prolif-
eration, yet it interferes with the normal B-cell dif-
ferentiation programﬁo; therefore, it could be
instrumental in stimulating the intrathymic expan-
sion of B cells and inducing them to form GCs.**
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The high expression levels of the anti-apoptotic
Bcl-2 in GC B cells of MG thymus,61 together with
the observation that EBV may induce Bcl-2,%
strongly suggest a role of EBV as trigger for GC
formation and B-cell accumulation in MG thymus.
In what follows we summarize the results of a study
that suggests an etiological role for EBV in MG.

Thymoma. Thymoma occurs with variable fre-
quency (up to 30%) in MG.**%*% Patients with
thymoma are always positive for AChR antibodies,
usually have more severe disease, and are less
responsive to treatment than those without
thymoma.2"/66-68

Thymomas are slow-growing, locally invasive
epithelial tumors consisting of transformed epithe-
lial cells surrounded by maturing polyclonal T
cells.® Type B2 thymoma (World Health Organiza-
tion classification)’’ is most often associated with
MG, followed by types AB and Bl (Fig. 1E and
F). 216971 types A and AB, the epithelial cells
typically have a medullary or spindle morphology,
with focally numerous (AB) or rare (A) thymo-
cytes. Types Bl and B2 consist of polygonal epithe-
lial cells together with numerous developing
CD47CD8" T cells, and morphologically resemble
thymic cortex. Okumura and co-workers® have
suggested that the lack of functional medulla in
the tumor might result in defective negative selec-
tion of T cells, favoring autosensitization against
locally expressed autoantigens, such as AChR.
Savino and colleagues’ showed that thymoma epi-
thelial cells are defective in the expression of HLA
class II molecules known to play an essential role
in intrathymic T-cell differentiation, which might
explain thymoma-associated defects in the thymic
selection of T cells. Those investigators had previ-
ously shown that expression of a differentiation fac-
tor for human thymic epithelium—recognized by
the anti-pl9 monoclonal antibody—is lost in thymo-
mas, suggesting that, during malignant transforma-
tion, thymic epithelial cells acquire severe defects
likely to give rise to defective T-cell selection.”

With regard to B cells in thymomas, a few scat-
tered intratumoral CD20" B cells are found in
non-MG-associated thymomas, but they are numer-
ous in MG-associated tumors (Fig. 3 and refs. 74 and
75). B cells are found mainly in cortical thymomas
and well-differentiated thymic carcinomas, where
they are present in the extra-epithelial perivascular
space and may form lymphoid follicles.”* B cells also
occur frequently in areas of medullary differentiation
within the tumor and correspond to the medullary
B-cell population of the normal thymus.m’75

In about 20% of patients with thymoma, hyper-
plasia is present in the residual non-neoplastic tis-
sue, whereas the remaining cases have thymic atro-
phy.*? It is unclear whether residual hyperplasia is
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the site of the autoimmune response in patients
with thymoma.

Thymic Involution. Ten to 20% of AChR-posi-
tive MG cases have atrophic thymus mainly consist-
ing of adipose tissue (Fig. 1D and ref. 43). Atrophy
occurs most often in patients >40 years of age and
in some cases could be due to treatment with corti-
costeroids. Although atrophic thymus is very similar
to that of age-matched controls in terms of amount
of adipose tissue and epithelial space, the residual
islands of medullary parenchyma have high numbers
of infiltrating B cells that, in some cases, form GCs,
whereas plasma cells are scattered throughout the tis-
sue. These are evident signs of hyperplasia and
immune activation (Fig. 2P-T and ref. 44).

All Elements Necessary for an Autoimmune Response
Are Present in MG Thymus. The thymus of MG
patients with AChR antibodies contains all the
components required to initiate and sustain an
active autoimmune response: the autoantigen is
expressed on muscle-like myoid cells®®*™* and
TECS76; professional antigen-presenting cells are
present’’; and also present are AChR-specific
autoreactive T cells’”"® and B cells producing anti-
AChR antibodies.” Transplantation of fragments
of MG thymus to immunodeficient mice induces
the formation of anti-AChR antibodies and their
deposition at skeletal muscle endplates.®

Roles of Muscle-like Myoid Cells and TECs in the
Autoimmune Process. Because thymic myoid cells
express all AChR subunits, possess a functional
ACh receptor,”** and have also been reported to
express other antigens characteristic of skeletal
muscle cells,®! they have long been considered re-
sponsible for sustaining T-cell sensitization and au-
toantibody production against AChR in thymus.”**
These cells mainly express the fetal isoform of
AChR (containing the y subunit), and specific auto-
antibodies to this isoform are frequently present in
MG patients with thymic hyperplasia.”® Increased
expression of AChR components, mainly the « sub-
unit, which contains the main immunogenic
region,® has been observed in myoid cells in
response to proinflammatory cytokines, suggesting
that inflammatory conditions can result in
enhanced presentation of the autoantigen by these
cells as a first step in autosensitization.®”

Despite the aforementioned characteristics, thy-
mic myoid cells do not express MHC class II mole-
cules and hence are unable to present antigens to
T lymphocytes; therefore, it has been suggested
that AChR fragments are released from these cells
to be taken up by dendritic cells and then pre-
sented to supposedly AChR-specific T cells®* in a
process known as cross-presentation.®” This idea is
supported by the observation that, in thymic
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FIGURE 3. Thymoma from MG patients immunostained for cytokeratin (CK) to reveal epithelial cells and CD20 for B cells. (A, B)
Mixed WHO type B1/A thymoma from a 64-year-old patient. Numerous B cells are present in the type B area. (C, D) WHO type B1
thymoma from a 54-year-old patient showing B cells scattered within neoplastic tissue (D). The inset, an enlargement of the boxed
area, clearly delineates individual B cells. (E, F) WHO type B2 thymoma from a 27-year-old patient showing B-cell aggregates. (G, H)
WHO type B3 thymoma from a 54-year-old patient showing small B-cell aggregates. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

hyperplasia, myoid cells and dendritic cells often
cluster together (Fig. 2 and ref. 51). Furthermore,
signs of early and persistent complement attack on
thymic epithelial and myoid cells in close proxim-
ity to GCs in MG thymus have been reported.®
Persistent autoantibody attack and complement-
mediated damage to myoid cells could well be re-
sponsible for increasing the levels of autoantigen
available to dendritic cells, and for favoring GC
formation and antibody diversification—actions

The Thymus in MG

that could be crucial for establishing a self-sustain-
ing AChR-specific autoimmune response. The
hypothesis that more antigen is available from
myoid cells in MG thymus than normal thymus was
originally formulated by Bornemann and Kirch-
ner”” after observing that myoid cells turned over
faster in MG thymus than in control thymus.
Myoid cells are rare or absent from most thy-
momas,” but those present in adjacent non-
tumoral thymic tissue have been suggested to be
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the source of the o, ff, 6, and y AChR transcripts
found in tumor tissue by reverse-transcriptase poly-
merase chain reaction (PCR).* Using quantitative
RNase protection assays, MacLennan and col-
leagues®™ found that mRNA for the ¢ subunit was
present in several MG-associated thymomas
(mainly types A and AB), whereas mRNA for the
other subunits was not detected. Also, they pro-
posed that preferential expression of the AChR ¢
subunit might play a distinct role in autosensitiza-
tion in MG-associated thymomas, particularly of
types A and AB.* Although thymic myoid cells
express high levels of most muscle genes,® they
express relatively low levels of the AChR e subunit.
This subunit might be expressed by the tumoral
epithelial cells of thymomas rather than myoid
cells of the non-tumoral component.®

With regard to TECs, these do not express the
whole AChR, either in normal or MG thymus, but
they do express the «, f, and € subunits of AChR,
as well as MHC class 1I genes.76 Like myoid cells,
they respond to inflammatory stimulation by upre-
gulating AChR subunit transcription and protein
production.®® Based on these findings, TECs are
also considered to be involved in the autosensitiza-
tion against AChR that occurs in the inflamed
microenvironment of the MG thymus.*

mTECs are essential for the maintenance of
central tolerance by expressing tissue-specific anti-
gens and inducing the deletion of selfreactive T
cells through direct antigen presentation or cross-
presentation by dendritic cells.”” The main factor
responsible for self-antigen expression in mTECs is
the autoimmune regulator (AIRE) transcription
factor, whose impairment by loss of function muta-
tions causes multiple-organ autoimmune polyen-
docrinopathy syndrome type 1.”' AIRE has been
shown to modulate CHRNAI transcriptional levels
in human mTEGCs ex vivo, thus suggesting it has a
role in setting the autoantigen expression thresh-
old for self-tolerance versus autoimmunity.*’

In thymomas AIRE is expressed at much lower
levels than in normal thymus, and AIRE-positive
cells are extremely rare because most thymomas
consist mainly of cortical-like epithelial cells that do
not express AIRE.” Thus, lack of AIRE may facili-
tate the development of autoreactive T cells, and
hence of thymoma-associated autoimmune MG.”?

Intrathymic Autosensitization of T Cells. AChR-
specific CD4" T cells are present in the blood of
MG patients,”® but are particularly abundant in
thymus, supporting the idea that T-cell autosensiti-
zation in MG takes place in the thymus.”””® Treat-
ment with anti-CD4 antibodies has been found to
improve MG symptoms, suggesting that CD4" T
cells may be involved in initiating the humoral
autoimmune response in MG.”*
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Healthy subjects also have circulating T cells
that can be activated in the presence of various
autoantigens, including AChR, indicating that
autoreactive T cells are normally present in the pe-
ripheral immune system but are held in check by
peripheral tolerance mechanisms.”>”®  Levinson
and colleagues” observed that animals receiving
variants of a thymotrophic gross murine leukemia
virus had 4.2 times more CD4" thymic immigrant
T cells than animals that received a non-inflamma-
tory control vector, indicating that inflammatory
conditions promote migration of peripheral immu-
nocompetent cells to the thymus.

As far back as 1989, Sisely and Colleagu6598
showed that peripheral blood T cells of MG
patients underwent antigen-induced proliferation
when cultured with AChR. Subsequently, numer-
ous antigenic determinants/epitopes for T-cell sen-
sitization were found in each AChR subunit,
reflecting the fact that T-cell response is heteroge-
neous in MG.” The strongest response was elicited
by a-subunit epitopes, some of which are immuno-
dominant.”'® Serial studies on the immune
response of individual patients to a-subunit pep-
tides were performed by Ragheb and colleagues,'”
whose results suggest that epitope spreading of the
T-cell sensitization to increasingly larger parts of
the o subunit occurs as the disease progresses.

Moulian and co-workers'®’ showed that, in
AChR-positive MG patients with thymic hyperplasia
or involution, thymic T cells were enriched in a
subpopulation strongly expressing Fas, a protein
involved in apoptosis. They found that all thymo-
cytes proliferated in response to AChR peptides,
but that the proliferative response of total MG
thymocytes to two different AChR peptides was
abolished when the cells strongly expressing Fas
were depleted. This suggests that these cells
are the autoreactive T cells that induce the auto-
immune response in MG thymus.'"!

A severe defect in CD47CD25" T-regulatory
(Treg) cells has been described in MG thymus
with hyperplasia, providing an explanation for the
intrathymic tolerance loss of AChR-specific T
cells.'” Whether this defect is due to defective
expression or regulation of Foxp3—a transcription
factor essential for T-cell-regulatory function—is
still unclear.'”*'°® In MG patients with thymoma,
it has also been found that Foxp3 mRNA levels, as
well as the intrathymic Treg population, were sig-
nificantly lower than in non-neoplastic thymuses, a
further indication that thymic development of
Treg cells is impaired in thymomas.?*'%*

B Cells: Intrathymic Activation and Autoantibody
Production. B-cell lymphoid infiltrates, often organ-
ized into GCs, are found within chronically
inflamed tissues in many autoimmune cliseas<3s,45—47
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including MG thymus with follicular hyperpla-
sia.*>** It is unclear whether ectopic GC formation
is an early event in the development of the autoim-
mune disease or the consequence of a disease-
related process. However, because thymic alterations
and GCs are not present in EAMG animals,'® B-cell
activation and homing to GCs are likely to be key
steps in MG initiation rather than secondary events.

A cloning and sequencing study of immuno-
globulin genes from GC B cells isolated by laser
microdissection from MG thymuses revealed a
remarkably heterogeneous population of B cells
that were undergoing antigen-driven clonal expan-
sion, somatic hypermutation, and selection, with
no single clone dominating the response.*® Com-
parison of B-cell clonal sequences from different
GCs with known anti-AChR antibodies from other
MG patients showed convergent mutations in the
complementarity-determining regions, suggesting a
common selection process, and in turn indicating
that AChR was driving an ongoing response in thy-
mic GCs of MG patients.48 In a microarray study, a
wide range of Ig genes was found to be upregu-
lated in MG thy‘rnus,106 in agreement with other
findings indicating B-cell polyclonality in MG
patient thymuses.'’” Levinson and collaborators'®®
showed that thymic B cells from MG patients were
committed to selective IgG secretion rather than
IgM secretion as an in vitro response to the T-cell-
dependent polyclonal activator pokeweed mitogen,
whereas blood mononuclear cells from the same
patients secreted similar amounts of IgG and IgM,
as did blood mononuclear cells from controls.
These observations indicate in vivo activation of B
cells in MG thymus. Evidence for isotype switch in
MG thymic B lymphocytes was previously provided
by Zweiman and colleagues,'” who found that thy-
mic B cells from MG patients underwent in vivo
differentiation, thus presaging the more recent ob-
servation that somatic hypermutation and antigen-
driven selection characterize GCs of hyperplastic
MG thymus.*®

As far back as 1978, Vincent and col-
leagues' """ provided evidence that cultured thymic
tissue from MG patients spontaneously produced
antibodies against AChR. The same group showed
that autoantibody-producing thymic cell suspensions
from MG patients were enriched in plasma cells,
which were described as autonomous, long-lived, ter-
minally differentiated, and radio-resistant.! 2

Lisak and colleagues''® showed that peripheral
blood mononuclear cells from MG patients, but
not healthy controls, produced anti-AChR antibod-
ies in vitro in the presence of pokeweed mitogen.
They further showed that the depletion of CD8" T
cells from blood mononuclear cells did not result
in autoantibody synthesis in mnormal subjects,
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whereas, in MG patients, depletion resulted in
increased autoantibody production and increased
levels of immunoglobulin cells, indicating that au-
tologous CD8" T cells exert some regulatory con-
trol over anti-AChR CD4" T cells in MG.''*!'
Other investigators found that highly enriched B
cells from peripheral blood of generalized MG
patients could be selectively driven to produce
AChR-specific antibodies by coculturing with the
AChR-expressing human rhabdomyosarcoma cell
line TE671 in the presence of anti-CD40 antibod-
ies and other B-cell growth factors.''®

In other studies, AChR antibody production by
cultured peripheral blood lymphocytes and thymic
lymphocytes from MG patients correlated with
in vivo AChR antibody titers and histological
thymic abnormalities, so that cultured lymphocytes
from hyperplastic thymuses produced larger quan-
tities of autoantibodies than those from involuted
and thymomatous thymuses.u7’118

Cultured thymic cells from MG patients have
been found to produce antibodies specific for
influenza A"'? and tetanus toxoid,120 with the lat-
ter being produced by cells from patients booster-
immunized to tetanus toxoid before thymectomy.
These findings indicate that the B-cell repertoire
in MG thymus is heterogeneous and suggest that B
cells with different antigen-directed specificities
migrate from the periphery to the thymus in MG
patients."”*® However, thymic B cells from healthy
subjects do not produce AChR antibodies, even in
the presence of polyclonal stimulator pokeweed
mitogen, whereas MG thymic cells spontaneously
produce them; this indicates that, in MG patients,
AChR-reactive B cells are an important component
of the thymic B-cell repertoire, and that the in vitro
response of these cells is likely due to prior local
activation in vivo.'*® Variable effects of pokeweed
mitogen on AChR-specific antibody production
were observed in thymic B cells from different MG
patients, indicating that different functional stages
of AChR-reactive B cells are present in MG thy-
mus,'®” probably in relation to quantitative or
qualitative differences in the repertoire of recep-
tor-specific T cells between MG patients.

Analyses of purified B cells from hyperplastic
thymuses have shown that these cells express acti-
vation markers (CD71, 4F2, CD23, B8.7); prolifer-
ate in response to two growth factors, B-cell growth
factor (BCGF) 12 kDa and recombinant interleu-
kin-2 (rIL-2); and spontaneously secrete anti-AChR
antibodies.'®! In hyperplasia, the findings that all
proliferating B cells in GCs immunostain strongly
for neurotrophic brain-derived growth factor and
for its receptor, p75NTR, strongly suggest that this
factor is involved in the formation and mainte-
nance of GCs and B-cell proliferation.'**
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Some years ago, Serafini and co-workers'®

found that intrameningeal B-cell follicles from
multiple sclerosis patients were enriched in EBV-
infected cells, indicating a direct link between
EBV infection and B-cell dysregulation in this con-
dition. Our recent findings indicate that active
EBV infection of B cells also occurs in MG thy-
mus.** We found that GCs and surrounding plas-
mablasts were the main sites of EBV persistence
and reactivation in MG thymuses, suggesting that
the virus may play a role in driving abnormal intra-
thymic B-cell activation, GC formation, and B-cell
differentiation into plasma cells.**

All these findings point to a situation whereby
the intrathymic lymphoid environment maintains
the autoimmune reaction by filtering the repertoire
of differentiating B cells, selecting high-affinity var-
iants, and generating AChR-specific plasma cells.

Thymectomy in Management of MG. Thymectomy
has been shown to be a useful therapeutic proce-
dure for AChR-positive MG, as it results in com-
plete stable remission in a high proportion of
cases, especially in patients operated on shortly
after diagnosis and those with early-onset MG and
thymic hyperplasi.'¢1.40’124’125 Its efficacy in these
patients is plausibly due to eradication of the site
of pathologic autosensitization and autoimmune
response maintenance, as indicated by the fact that
AChR antibody titers usually fall after thymectomy,
and the magnitude of this fall correlates with the
quantity of GC B cells in the removed thymus.'*®
The severity of follicular hyperplasia and density of
lymphoid infiltrates also correlates with improve-
ment after thymectomy.127 However, it is known
that titers do not always fall, suggesting other sites
of autoantibody production in some cases.'*®
Because eradication of the main site of autosen-
sitization and response maintenance is the aim,
thymectomy should preferably remove all thymic
tissue, and several surgical techniques have been
developed over the last 50 years to achieve this aim
with limited invasiveness.'*> Video-assisted thoraco-
scopic extended thymectomy (VATET)'® is one of
the least invasive procedures, which, in our own
experience, was associated with complete stable
remission in 51% of non-thymomatous patients
after 6 years of follow-up.*” Other studies in non-
thymomatous patients operated on by the transcer-
vical approach (T-la,d), transsternal thymectomy
(T-3b), combined procedures (T-4), or videoscopic
thymectomy (T-2a,c) reported remission rates in
the range of 13-81% after 2-7.5 years of follow-
up.'®”® The recent experience in 26 MG patients
who underwent robotic thymectomy was that 82%
improved, 18% were unchanged, and none wors-
ened after an average follow-up of 26 months.'*
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Recently, Bachmann and colleagues'®' reported

that 42% of patients with generalized MG after thy-
mectomy who were available for follow-up were in
complete remission, whereas an additional 39%
had improved clinically.

The considerable variation in remission rates
after thymectomy was attributed by Sonett and Jar-
etzki'® to numerous factors—in addition to surgi-
cal technique—including variations in preoperative
symptom severity, timing of surgery, use of immu-
nosuppressive agents, and differing postoperative
evaluation methods and remission definitions.
These investigators'®’ emphasized the need for
new prospective, randomized studies. So far, no
conclusive result of trials comparing conservative
versus surgical treatment are available, and selec-
tion criteria for thymectomy remain controversial.
The task force of the MG Foundation of America
recommended development of classification sys-
tems and definitions of response to therapy for
patients undergoing thymectomy. They also
emphasized that prospective, randomized clinical
trials were the preferred method for evaluating
therapies, and indeed a randomized thymectomy
trial (MGTX) is underway. To date, no results are
available; however, the task force noted that, when
such studies are not feasible, prospective risk-
adjusted outcome analyses of non-randomly assigned
treatments are also informative.'*

For AChR-negative MuSK-positive MG, there is
consensus that thymectomy is not indicated, as no
thymic pathology is evident and the resection pro-
duces no benefit."*> Thymus removal may amelio-
rate MG symptoms in seronegative patients,40 par-
ticularly those with lymphoid infiltrates and GCs in
the thymus."” In patients with thymoma, thymec-
tomy is usually necessary to treat the cancer, and
the MG symptoms often improve as well. Such
improvement has been proposed to occur because
self-reactive T cells are no longer produced.'”
Nevertheless, further studies are necessary to clar-
ify the role of the B-cell compartment in thymoma-
associated MG and, as discussed previously, to elu-
cidate the contribution of adjacent non-neoplastic
pathologic tissue in sustaining the autoimmune
response.

INNATE IMMUNITY AND AUTOIMMUNITY IN MG:
AN INTRATHYMIC LINK?

Research on the pathogenesis of autoimmune dis-
eases has in general focused on the adaptive
immune system. However, it has now become clear
that the innate immune system is involved in trig-
gering or enhancing several autoimmune condi-
tions.'** Innate immune pathways initiate inflam-
mation and orchestrate the acquired immune
response to pathogens; however, persistent or
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uncontrolled activation of the innate system can
lead to chronic inflammation, which in turn can
result in autosensitization and autoimmunity.'** Evi-
dence is now accumulating that tight regulation of
innate immune pathways is necessary to maintain
tolerance and avoid adaptive autoimmunity. For
example, signaling by Toll-like receptors (TLRs)
has recently been reported to promote the activa-
tion and survival of autoreactive B cells and
thereby compromise B-cell tolerance.'?’

In what follows we summarize data on inflam-
mation in the pathogenesis of MG, focusing on
new evidence that the innate immune system, pos-
sibly activated by viral infection, may trigger the
autoimmune condition.

Inflammatory Environment in MG Thymus as Promoter
of Autosensitization. Striking evidence of chronic
inflammation in MG thymuses comes from a
microarray and real-time PCR study® showing that
transcripts of a large number of IFN-o— and IFN-y—
regulated genes were significantly upregulated in
hyperplastic MG thymuses compared with controls.
The level of upregulation correlated with the sever-
ity of hyperplasia, as measured by the number of
GGCs in the section. MHC class II genes were also
upregulated, possibly due to increased B-cell num-
ber. However, MHC class II expression did not cor-
relate with B-cell number and may therefore be
related to the inflammatory state of MG thymus.'%°
In vitro studies showed that application of the cyto-
kines IFN-y and TNF-« increased AChR transcript
levels in myoid cells and TECs, with the AChR «
subunit being the most upregulated.g?’ It was sug-
gested that, by increasing AChR expression, proin-
flammatory cytokine activity may contribute to
initiating the anti-AChR immune response in
hyperplastic MG thymus in vivo.®

Chronic thymic inflammation could also be
directly responsible for the increased expression of
the T- and B-cell chemokines CXCL13, CCL21,
and interferon-inducible protein-10 (IP-10), shown
to occur in myasthenic thymus.55’57’106’136 By
attracting lymphocytes to thymus, these molecules
may help maintain the autoimmune response in
this organ, giving rise to a vicious circle.

The thymic epithelium plays an important role
in promoting the inflammatory response in
MG. #7138 Stimulation of cultured TECs by lipo-
polysaccharide—a major activator of TLR4 and
stimulator of TNF-« and -y production—has been
shown to induce gene expression and production
of interleukin-6 (IL-6), which is also a proinflam-
matory agent and may therefore contribute to the
pathologic growth and differentiation of T and B
cells in MG thymus.137 Gene profiling of TEC cul-
tures showed basal overexpression of genes coding
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for p38 and extracellular signal-regulated kinases
1 and 2 (ERKI1/2) mitogen-activated protein Kki-
nases (MAPKs) in hyperplastic MG compared with
normal thymus. Components of the signaling path-
ways of these molecules were also upregulated,
including IL-6 and RANTES (regulated-upon-
activation normal T-cell expressed and secreted).®®
Production of the latter by thymic epithelium
could also support the migration of peripheral
lymphocytes to thymus and their survival there,
contributing to the pathologic remodeling of the
gland, which is typical of MG."*®

Transcriptional profiling of thymus from
untreated and steroid-treated MG patients showed
that the inflammatory state was reduced upon
treatment.'® In particular, the expression of type I
IFN-induced genes, but not of type II IFN-induced
genes or immunoglobulin genes, was normalized,
suggesting that inflammatory downmodulation by
these drugs occurs through type I IFN pathways.'*
This observation is particularly relevant because
type I IFNs play a role during an inflammatory
response by lowering the threshold for B-cell
induction, thereby promoting fast and polyclonal
antibody responses.139

A transcriptome analysis of MG thymuses from
AChR-positive and seronegative patients showed
that some genes were dysregulated in both groups,
including MHC class II genes and genes implicated
in immune response, transcription, and intracellu-
lar signaling.'”® However, seronegative thymuses
were characterized by overexpression of antiviral
response genes, including ISG12 (neuroprotective
against viral infections), DAPI12 (involved in natu-
ral Kkiller cell-mediated resistance to infections),
and SON (repressor of hepatitis B virus activity).'*®
This signature is further indication of a possible
involvement of viral infection in the pathogenesis
of seronegative MG.'"°

Viral Involvement in MG: Old Hypotheses and
New Evidence.

Autormmunity and  Viral Infections. Several
viruses have been implicated in autoimmune con-
ditions by serological studies or by direct localiza-
tion of viral proteins in affected tissues."*” EBV, a
herpesvirus that infects 90-95% of the world’s pop-
ulation, is one of the most frequently implicated
agents in B-cell-mediated autoimmune diseases'*'
in view of its unique ability to latently infect and
immortalize B lymphocytes.®

Various other mechanisms have been proposed
to explain how viruses, or pathogenic microorgan-
isms in general, might trigger autoimmunity,
including general activation of the host immune
system, and via viral antigens that mimic self-anti-
gens (molecular mimicry).'"*” In the former
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process, pathogens may stimulate an innate
immune response that in turn favors a self-reactive
immune response, mainly by stimulating inflamma-
tion and activating the host immune system.'*"
The innate immune response is largely mediated
by germline-encoded pattern recognition recep-
tors, including TLRs. TLRs are now emerging as
important contributors to the onset or progression
of inflammatory and autoimmune diseases.'*
TLRs recognize a wide spectrum of molecular pat-
terns specific to bacteria, viruses, and fungi, and
activate signaling pathways that eventually result in
the destruction of invading pathogens. Some of
these pathways lead to the activation of antigen-
presenting cells, thereby enhancing their antigen-
presenting capacity, and increasing their expres-
sion of costimulatory molecules, type I IFNs, other
proinflammatory cytokines, and chemokines.'*
These processes initiate and direct the acquired
and specific immune response to the pathogen.
However, in situations of dysregulated or persistent
TLR activation—in susceptible individuals—an
aberrant selfspecific immune response may be
favored, promoting autoimmunity.'*"'** In such
situations, pro-inflammatory cytokines are first pro-
duced as part of the innate response against the
pathogen. Subsequently, their production may be
sustained in a non-specific manner as a result of
persistent innate immune signaling.'**'**

In 1974, Abdou and Colleagues144 found, in
mixed leukocyte reactions, that thymic cells from
MG hyperplastic thymus stimulated autologous
peripheral blood lymphocytes, indicating the pres-
ence of altered populations of thymic lymphoid
cells. In light of current belief that the innate
immune system is involved in the development of
autoimmune diseases,ls4 the altered reactivity of
MG thymocytes observed by Abdou and col-
leagues'** may be interpreted as an effect of stimu-
lation by the dendritic cells present in MG thymus
that have been activated by the innate immune
system.

MG and Viral Infections. Viral involvement in
MG has long been suspected, but it has not been
unequivocally demonstrated. The onset of MG has
been documented immediately after proven infec-
tion with measles, EBV, or coinfection with human
immunodeficiency virus (HIV) and human T-lym-
photropic virus (HTLV), strongly suggesting that a
virus can trigger onset of the disease, at least in
some cases.' 7147

One approach to identifying microbial agents
involved in MG depends on the idea that patho-
genic epitopes may mimic epitopes on AChR. In
fact, immunological cross-reactivity between AChR
peptides and proteins from herpes simplex,'*®
Escherichia coli, Proteus vulgaris, and Klebsiella pneu-
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moniae has been documented,' suggesting that
an immune response to these microorganisms can
be associated with MG.

Studies to identify antiviral antibodies in MG se-
rum have produced contrasting results (Table 2).
In one study, no significant difference was found
in antibody titers for influenza A, measles, rubella,
cytomegalovirus, herpes zoster, herpes simplex
type 1, or mumps between 104 MG patients (with
varied clinical features and thymic pathologies)
and a group of age-matched healthy controls, sug-
gesting that these common viruses, or the response
to them, did not contribute to MG in the patients
examined.”® In another study, however, MG
patients not treated with thymectomy or steroids
had higher titers of complementfixing antibodies
against cytomegalovirus than healthy controls,
whereas  thymectomized and  steroid-treated
patients did not have higher titers.'"”’ In a small
group of juvenile-onset MG patients, EBV antibody
levels did not differ from those of age-matched
controls.'’

Several attempts have been made to identify or
isolate viruses from homogenates or cell suspen-
sions of MG thymuses, but without success (Table
2).152‘153 However, these early studies used virus
detection techniques that would not be considered
sufficiently sensitive today, or the methods of stor-
ing and treating the thymus tissues may not have
been optimal. Nevertheless, McGuire and col-
leagues'”* found EBV DNA in thymuses of 2 of
4 MG patients with thymic hyperplasia and 2 of 2
of patients with thymoma. More recently, using
PCR-based techniques, signs of thymic infection by
HTLV-I were found with high frequency in a large
group of MG patients.'”

Poliovirus-Infected Macrophages in MG Thymus. An
indication of the possible presence of virus in MG
thymuses was obtained from our earlier study,
which demonstrated increased expression of TLR4
in some MG thymuses characterized by thymitis
and thymic involution.'”® Further examination of
the same thymuses for the presence of TLR4 acti-
vators (cytomegalovirus, herpes zoster, herpes sim-
plex types 1 and 2, eubacteria, respiratory syncytial
virus, and enteroviruses) resulted in the identifica-
tion of poliovirus (PV) in 14.8% of patients exam-
ined and in none of the controls.'”” By PCR
we detected plus and minus RNA strands of the
PV genome in the thymus in 4 (2 thymitis and 2
thymoma) of the 27 patients examined, and found
a linear correlation between levels of the plus and
the minus strands, thus indicating persistent PV
infection.' We confirmed PV infection in all
PCR-positive thymuses by immunolocalization of
the VPI1 capsid protein in the cytoplasm of CD68-
positive macrophages expressing high levels of
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Table 2. Summary of published findings on viral infection and MG.

Infectious agent Serological studies Viral components in MG thymus?

RNA viruses

CMV, influenza A, e No difference between 104 MG patients with e No signs of thymic infection in

162,153

measles, rubella,

variable MG type and thymic pathology and

recent-onset MG patients

mumps age-matched healthy controls'®°
e High titers of antibodies to CMV in MG patients not e No signs of CMV infection in thymus of
treated with steroids or thymectomized'®! 27 MG patients with variable thymic pathology'®”
HTLV-I e No antibody against virus detected in serum of 30 MG e Detection of HTLV-I tax-rex and pol gene
patients with thymoma'*° sequences in a high proportion of
MG thymuses with hyperplasia and thymoma'®®
Coxsackievirus e Low incidence of neutralizing antibodies to Coxsackie e No signs of thymic infection in recent-onset
B1-B6 group viruses in 37 recent-onset MG patients'® MG patients 2192
Poliovirus e No significant difference in antibody titer to poliovirus e No signs of thymic infection in 7 MG
types 1, 2, and 3 between 27 MG patients and patients (recent onset)'%?
age-matched healthy controls'®” e Detection of poliovirus type 1 RNA in 4 (2 thymitis and
2 thymoma) of 27 MG thymuses and of VP1 capsid
protein in medullary macrophages'®”
DNA viruses
Herpes simplex o No difference between 104 MG patients and e No signs of thymic infection in recent-onset
virus age-matched controls'®® MG patients'®%15%

Herpes zoster
150

e No difference between 104 MG patients and

o No signs of infection in 27 MG thymuses'®’

e No signs of thymic infection in recent-onset

virus age-matched controls MG patients 52153
o No signs of infection in 27 MG thymuses'®”
EBV e IgG antibodies to EBV capsid antigen at expected e EBV DNA in thymus of 2 of 4 MG patients with

frequency plus absence of IgM antibodies to EBV
150

in 19 MG patients with onset <20 years

thymic hyperplasia and 2 of 2 with thymoma'%*

e Expression of EBV latent (EBERs, EBNA1,
LMP1, LMP2A) and Iytic (BZLF1, BFRF1, BMFR1,
p160, gp350/220) markers and presence of
EBV DNA in 17 non-neoplastic MG thymuses**

CMV, cytomegalovirus; HTLV-I, human T-cell leukemia virus I; EBV, Epstein-Barr virus; VP1, viral capsid protein 1, EBERs, EBV-encoded small RNAs;

EBNAT, EBV nuclear antigen 1, LMP, latent membrane protein.

TLR4. These cells were widely scattered through
the thymic medulla. This was the first demonstra-
tion of chronic PV infection in MG thymus,
strengthening the idea of a link between innate
immune response and “adaptive autoimmune
response” in MG. Because we detected virus in
only a few MG thymuses, “hit-and-run”'*’ may be
suggested as the mechanism by which viruses may
initiate autoimmunity, giving rise to clinical mani-
festations of MG weeks, months, or years after the
pathogen has been cleared from the body. A simi-
lar explanation would account for why few studies
have detected viral components in pathologic tis-
sues associated with autoimmunity. However, this
mechanism does not explain the persistent autoim-
mune response characteristic of MG.

Active EBV Infection in Pathologic MG Thymus. An-
other recent study from our laboratory suggested
that MG may be yet another EBV-associated auto-
immune disease.** Following the finding of abnor-
mal accumulation of EBV-harboring B cells and
plasma cells in ectopic follicles of multiple sclerosis
brains,123 we decided to look for EBV in MG thy-
muses. We used in situ hybridization to detect
EBV-encoded small RNAs, immunohistochemistry
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to detect EBV antigens, and PCR to detect viral
DNA and mRNA. We found that all MG thymuses
examined (6 with follicular hyperplasia, 6 with dif-
fuse hyperplasia, and 5 with thymic involution)
were positive for EBV, whereas no sign of infection
was found in non-pathologic controls. EBV positiv-
ity was found in a high proportion of the B cells
and plasma cells forming medullary lymphoid infil-
trates and follicles. We found viral DNA and both
viral latency and lytic gene mRNAs and proteins,
indicating EBV persistence and reactivation,
respectively. This suggests that EBV contributes to
the chronic B-cell activation characteristic of MG
thymus. The presence of viral latency proteins in
GGCs suggests that these were immunoprivileged
niches for EBV persistence, further suggesting that
the virus may be responsible for polyclonal B-cell
activation as well as expansion of autoreactive
B-cell clones in these structures.**

Because EBV has the unique ability to disrupt
B-cell-regulatory checkpoints by providing activa-
tion signals in self-reactive B clones and allowing
them to bypass central and peripheral tolerance
mechanisms,’*'*! our finding of active EBV infec-
tion in MG thymus supports the idea that EBV

MUSCLE & NERVE  October 2011 479



Co-infection

Poliovirus or other |
pathogens @

B cells from () * (b)
periphery
POLYCLONAL B CELL TLR SIGNALLING PATHWAYS
ACTIVATION AND e i 7
) DIFFERENTIATION 505 o & * (c)
e ity
(h) ¥ ': R INFLAMMATION
o R
AUTOANTIBODY Zhe (D) ol ) * * CXCL13 . o
PRODUCTION EBYV reactivation e
(J) =new infection ccL21
(k) u p/(e) Activation of <— AChR+TEC
AUTOREACTIVE - autoreactive T cells AChR+ myoid cells
B CELLS
Defective Tregs Artivaizd ARCs

FIGURE 4. Proposed model of virus-induced autoimmunity in MG. A ‘danger signal’ (e.g., EBV, poliovirus, or other pathogen) (a), stim-
ulates TLR signaling (b), whose dysregulated or persistent activation leads to the chronic inflammation characteristic of MG thymus
(c), or (EBV) drives abnormal B-cell activation and differentiation (dashed arrow). Inflammation renders thymus prone to autosensitiza-
tion (d), by activating professional antigen-presenting cells (APCs), promoting cross-presentation by TECs or myoid cells expressing
the autoantigen, and inducing activation of AChR-specific T cells, which in turn promote response by autoreactive B cells (e). Function-
ally deficient Tregs contribute to lack of tolerance of AChR-specific T cells. Inflammation upregulates production of B-cell attractants
CXCL13 and CCL21, which attract circulating B cells to thymus (f), including those harboring EBV. EBV is proposed to drive abnormal
polyclonal B-cell activation and proliferation (g), and GC formation (h). EBV reactivation, influenced by the inflammatory state, results
in EBV propagation to uninfected cells (i) and maintenance of thymic autoimmune response (j). EBV-induced differentiation of B cells
to long-lived plasma cells perpetuates autoantibody production (k). EBV-infected B cells could themselves be a source of autoantibod-
ies (). EBER, EBV-encoded small RNAs; VP1, enteroviral capsid protein; BFRF1, EBV lytic marker; CD20, B-cell marker. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

infection may be a common feature of autoimmune
conditions characterized by B-cell dysfunction and
lymphoid neogenesis in pathologic tissues.

It remains unclear, however, whether active
intrathymic EBV infection is a primary event in
MG; that is, it could be the consequence of an
underlying intrathymic process that results in both
attraction of circulating EBV-infected cells and
EBV reactivation in MG thymus. The very high
prevalence of EBV infection in the population and
low incidence of MG suggest that genetic or other
environmental factors (or both) must intervene to-
gether with EBV to cause MG. It is also possible
that a preexisting inflammatory state might be nec-
essary to trigger the recruitment of EBV-infected B
cells and other heterogeneously activated B cells,
consistent with the polyclonal profile present in
MG thymus,'*”!%

Although our study provides the first evidence
linking active intrathymic EBV infection with MG,
it cannot be considered definitive, because patient

480 The Thymus in MG

numbers were small and other autoimmune dis-
ease controls were lacking. Serafini and col-
leagues'®® used similar techniques to identify me-
ningeal B-cell follicles in multiple sclerosis brains
and determine that they were major sites of EBV
persistence and reactivation. However, other
groups failed not only to detect EBV but also to
indentify meningeal B-cell follicles.'”®'™ Although
we used PCR (as well as the immunohistochemistry
and in situ hybridization of Serafini et al.'"*%) to
confirm EBV in MG thymuses, it is clear that our
data require confirmation from other groups, even
though the storage, selection, and processing of
the tissues, as well as the application of the meth-
ods used, can vary from group to group and affect
the ability to detect EBV.'%*1%!

Based on new and established data, we propose
a tentative model to explain how viruses may sus-
tain autoimmunity in MG (Fig. 4). In brief, and in
the context of a genetic background predisposing
to MG, the model proposes that abnormal and
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persistent intrathymic activation of TLR-mediated
innate immune responses is triggered by endog-
enous or exogenous (e.g., microbial infection)
danger signals giving rise to a cascade of events
culminating in the creation of a chronic inflamma-
tory state favorable to the recall of circulating T
and B cells to thymus and their subsequent AChR-
specific sensitization. The inflammatory state may
drive the colonization of thymus by EBV-harboring
B cells and a subsequent EBV reactivation, provid-
ing a possible explanation for the maintenance
and perpetuation of the autoimmune response.

CONCLUSIONS

The thymus has long been considered to be the
site of development and maintenance of autoim-
munity in MG. The old and new findings reviewed
herein show that this is almost certainly the case.
The recent discovery of a persistent viral presence
in some MG thymuses, together with data showing
that components of the innate immune system are
activated in thymus (thereby linking infection and
intrathymic immune autosensitization), combined
with the wealth of data showing that the thymus is
in a state of chronic inflammation in most MG
patients, make it increasingly plausible that micro-
bial agents are involved in the pathogenetic and
etiologic mechanisms of the disease. In particular,
the finding of active EBV infection in the intrathy-
mic B-cell component in MG patients suggests how
the autoimmune response can be perpetuated,
because EBV is potentially able to immortalize B
cells that are producing AChR antibodies.
Although these recent results raise more questions
than answers, they do suggest the direction of fur-
ther research: for example, identification genetic
predisposition and virus-host interactions, that
may favor a dysregulated innate immune response
and the perpetuation of EBV infection.

If confirmed by further studies, viral involve-
ment in the pathogenesis or progression of MG
could have several implications for treatment, first
by strengthening the rationale of current
approaches, particularly anti-inflammatory drug
use and thymectomy to remove the site of infec-
tion and autoreactivity. Trials of antiviral agents
would also be justified, and the development of
new treatments that target innate immune compo-
nents would be stimulated. Finally, and most inter-
estingly, the question raised by Kaminski and Min-
arovits,'® would once again become relevant:
Could vaccination be an effective treatment for
chronic EBV-related MG?
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