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Abstract

Infection with Epstein—Barr virus (EBV) has been associated with an enhanced risk of genetically
susceptible individuals to develop multiple sclerosis (MS). However, an explanation for the contrast
between the high EBV infection prevalence (60—90%) and the low MS prevalence (0.1%) eludes us.
Here we propose a new concept for the EBV—MS association developed in the experimental auto-
immune encephalomyelitis model in marmoset monkeys, which are naturally infected with the EBV-
related y1-herpesvirus CalHV3. The data indicate that the infection of B cells with a y1-herpesvirus
endows them with the capacity to activate auto-aggressive CD8+ T cells specific for myelin oligo-

dendrocyte glycoprotein.
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Introduction

Genome-wide association studies (GWAS) and the
positive clinical effect of several treatments that sup-
press or modify immunological mechanisms support
an important pathogenic role of the immune system
in multiple sclerosis (MS). The trigger of the cellular
and humoral autoimmune reactions against central
nervous system (CNS) myelin is unknown, but may
involve factors from outside the body (outside-in
paradigm) or from the target organ itself (inside-
out paraah'gm).1 The experimental autoimmune
encephalomyelitis (EAE) model in common marmo-
sets (Callithrix jacchus), a small-bodied primate,
strongly supports the inside-out paradigm. In this
MS pathogenic concept, autoimmunity is viewed as
a dysregulated reaction of the immune system
against antigens leaking from (a) primary lesion(s)
in the CNS white matter.” The nature of the primary
lesion has not been defined, but could well be a
small-sized pathological structure indicated as pre-
active lesion,” microglia nodule,* or newly forming
lesion.” As reviewed elsewhere, evidence from mar-
moset EAE indicates that myelin oligodendrocyte
glycoprotein (MOG) is the dominant trigger in
CNS myelin for the development of chronic EAE.®

If MS would be the consequence of an inside-out
process, the question arises how the influence of
established MS risk factors from the environment
can be explained, such as infection with
Epstein—Barr virus (EBV).” We believe that this
question is highly relevant as MS risk factors may
be connected to rate-limiting steps in the pathogenic
process against which new therapies can be devel-
oped. We present here a new pathogenic mechan-
ism that was developed in the marmoset EAE
model.®

EAE in marmosets: pathogenic mechanisms

An essential difference between marmosets and
frequently used inbred/specific pathogen free
(SPF) laboratory mice and rats as preclinical MS
model is that the marmoset immune system has
been shaped by genetic diversity and lifelong
exposure to similar pathogens as humans are
exposed to. It was observed that especially the
chronic latent infection with herpesviruses related
to human cytomegalovirus (CMV) and EBV
underlies the activation of a novel pathogenic
mechanism that seems not to exist in SPF
rodents.”
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In brief, sensitization of the pathogen-educated mar-
moset immune system against myelin from humans
or C57BL/6 mice (formulated with the strong bac-
terial adjuvant complete Freund’s adjuvant (CFA)
elicits a chronic inflammatory/demyelinating disease
that resembles MS in clinical and pathological pres-
entation.'”!" When the experiment was repeated
with myelin from a MOG-deficient B6 mouse
chronic EAE did not develop.'" Further research in
a model elicited with recombinant human MOG
(rthMOG) showed that the initiation and progression
of EAE are driven by two distinct pathogenic mech-
anisms.'? In the initiation phase, MHC class II/Caja-
DRB*W1201-restricted T helper 1 cells against
MOG epitope 24—36 as well as B cells specific for
a conformational epitope at the membrane-distal part
of MOG elicit inflammatory demyelination in the
white matter. In this early phase mainly myelin
sheaths are damaged and oligodendrocytes seem to
be spared. The validity of this initiation mechanism
has been corroborated by the strong clinical effect of
B cell depletion with the anti-CD20 monoclonal anti-
body (mAb) HuMab7D8,"? or neutralization of IL-12
and IL-23 with the anti-IL-12p40 mAb ustekinu-
mab.'* Later in the disease an unconventional type
of cytotoxic T cells (CTL) is activated by another
MOG epitope, residues 40—48,'> which shares
sequence identity with residues 981—1003 from the
ULS86 open reading frame-encoded major capsid pro-
tein of CMV.'® These CTL have an atypical pheno-
type (CD8+CD56+CD28—) and react against the
MOGy.4g epitope presented via non-classical MHC
class Ib/Caja-E molecules.'” Interestingly, similar
HLA-E restricted NK markers expressing CTL
were found to be involved in the control of CMV
infection.'® Tt is therefore tempting to speculate
whether the autoaggressive CTL originate from the
sizeable repertoire of anti-CMV effector memory T
cells that expands with aging.?’ In the established
MS lesion, similar types of CTL have been detected
in the proximity of HLA-E expressing oligodendro-
cytes indicating that they might kill them.'® Myelin
damage via this mechanism might be more wide-
spread as one oligodendrocyte myelinates multiple
axons (up to 50) and irreversible unless the killed
oligodendrocyte is replaced. We propose that the
transition from Thl-mediated inflammatory path-
ology to the CTL-mediated degenerative pathology
may underlie the transition for relapsing-remitting to
secondary progressive MS.

Both the Thl cells that mediate EAE initiation as
well as the CTL that drive EAE progression are
hyper-reactive against MOG. This is illustrated by
the observation that via in vivo activation these T

cell specificities atypical EAE models can be
induced, respectively by immunization with
rhMOG protein or MOG34-56 peptide formulated
with the mineral oil incomplete Freund’s adjuvant
(IFA).?'** The models are atypical because the
immunizing antigen formulations lack the normally
requisite danger signals for the activation of naive T
cells, but they elicit antigen-experienced T cells.
These IFA-based formulations are inadequate for
EAE induction in immunologically immature SPF
mice. A site where the immune response to CNS
injury may take place is in the CNS draining lymph-
oid compartment (cervical lymph nodes, spleen),
where we detected myelin-containing myeloid cells
which express markers of professional APC, such as
CD40, CD86, and the dendritic cell-specific C-type
lectin DC-SIGN.? Intriguingly, surgical removal of
cervical and lumbar lymph nodes did not affect EAE
initiation, but abrogated chronic relapsing EAE in a
MOG-induced Biozzi ABH mouse model.** In
another set of experiments in the same Biozzi
mouse EAE model, we could show that EAE initi-
ation can be achieved with MOG-deficient myelin,
while the evolution of chronic relapsing disease is
disturbed.*> Combination of these findings underlies
the concept that the activation of T cells against the
immunogenic (read post-translationally modified®)
form of MOG occurs in the CNS draining lymphoid
compartment.

However, CNS injury happens quite frequently in
human life without eliciting chronic autoimmune
reactions. Hence, the question arises why this does
happen in MS. We postulate here a decisive role of
EBYV infection.

Epstein—Barr virus (EBV)

EBYV is a yl-herpesvirus that causes usually asymp-
tomatic infection in > 90% of the adult human popu-
lation. EBV is the human-specific representative in
the genus lymphocryptovirus (LCV) that comprises
v1-herpesviruses of non-human primates, such as
callitrichine herpesvirus 3 (CalHV3) of marmosets,
herpesvirus papio of baboons, and macaque LCV of
rhesus monkeys. These viruses have in common that
they infect and transform B cells.*®

There is strong epidemiological evidence for a
pathogenic role of EBV in MS, especially when
first exposure occurs at young adult age.”’
However, the mechanism(s) underlying the associ-
ation are not clear. It has been proposed that EBV
infection may elicit a cross-reactive T cell response
against the myelin protein MBP.?® One major prob-
lem with this response-to-infection concept is the
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contrast of the high infection prevalence of EBV,
ranging from 60% in young adults to>90% in
adults, with the low prevalence of MS (0.1%). A
critical but often overlooked variable may be the
fact that only very few B cells contain the virus
(<0.01%).*° This finding led us to postulate that
the increased MS risk by EBV-exposure may not
be due to the immune response against the virus,
but to pathogenic capacities that B cells acquire by
infection with EBV.*® The reason why we do not
all develop MS may be that the disease develops
only when autoreactive B cell clones with a speci-
ficity relevant to MS are infected by the virus.

Our interest in a pathogenic role of LCV-infected B
cells in the primate EAE model was sparked by the
observation that the discrepant clinical effect in the
marmoset EAE model of mAbs against CD20 versus
mAbs against the B cell cytokines BlyS (B lympho-
cyte stimulator) and APRIL (a proliferation-inducing
ligand), mirroring the opposite clinical effects of
anti-CD20 mAbs and atacicept in MS,*" could be
explained by the differential depletion of CalHV3.*?

LCV-infected B cells as special antigen presenting
cells (APC)

In classical MS concepts B cells were only held
responsible for the production of autoantibodies that
mediate demyelination via macrophages and comple-
ment factors. In more recent concepts, however, B
cells have a broader pathogenic role, including also
antigen presentation, cytokine production and the
organization of ectopic lymphoid structures in the
CNS.*!' This prompted us to test the effect of B cell
depletion in an atypical model induced with MOG34-
56/IFA, in which only the EAE progression pathway
is activated. Also in this model, where antibodies
binding CNS myelin are not formed,** late stage
administration of anti-CD20 mAb arrested EAE
development.®* The results obtained in this model led
to the conclusion that B cells are requisite APC for a
novel subset of strongly pathogenic CD8TCD5611L-
17" T cells that drive EAE evolution.

B cells are excellent APC because they can capture
and ingest low doses of antigen via their surface-
expressed B cell antigen receptor (BCR). Following
degradation of the antigen by cathepsins in the endo-
lysosomal compartment surviving peptides of 10 to
12 residues length are presented via MHC class 11
molecules to CD4+4ve T cells. However, antigen
presentation via MHC class I to CD8+ve T cells,
commonly indicated as cross-presentation, is not a
specialty of B cells. Recent work shows that B cells
acquire this capacity by infection with EBV.®

Using lysates of non-infected and LCV-infected
CD20+ B cells from primate spleens we have unra-
veled molecular changes induced by the infection.®
As the transcriptome of marmosets has not been fully
annotated, we used cells from rhesus monkeys for
these experiments. In brief, we discovered that in
non-infected B cells the MOGy.45 epitope of the
core pathogenic CTL is rapidly degraded through
cleavage by cathepsin (Cat) G at the arginine resi-
dues at positions 41 and 46. Comparative transcrip-
tome analysis of non-infected and LCV-infected B
cells revealed multiple molecular changes relevant
for antigen cross-presentation, including enhanced
expression of second signal molecules regulating T
cell activation (CD40, CD70, CDS86, and PD-1),
assembly of immunoproteasomes, expression of pep-
tidyl arginine deiminase (PAD) enzymes that convert
arginine into citrulline, and activation of the autop-
hagy pathway.® Of note, inactivation of the autop-
hagy pathway in CD8co+ mouse DC, which are the
proven specialists in antigen cross-presentation,
impairs their capacity to cross-present exogenous
ovalbumin via MHC class-I to OT-1 cells.>*

We observed that the combination of an acidic (Ser)
residue at position 42 with citrullination of the Arg*®
residue in the MOGy4g epitope protects the long
peptide MOG35-51 against degradation by CatG,
although it has at least seven potential CatG cleavage
sites (underlined: MEVGWYRSPFSRVVHLY). The
reason why the Arg*® residue is so important may be
that it is part of the putative F-LIR motif FSRV via
which the peptide may interact with the LC3-II dock-
ing molecule of autophagosomes.® The putative role
of the Ser*? residue is stabilization of the relatively
weak interaction of the F-LIR motif with LC3-I1.%°

Concluding remarks

Studies by Weller et al. (reviewed in Laman and
Weller*®) have shown that immune reactions against
myelin antigens draining from the brain are induced
in the cervical lymph nodes. In line with these find-
ings we observed that myelin leaking from primary
EAE lesions inside the marmoset CNS accumulate in
DC-like myeloid APC located within the CNS drain-
ing lymphoid compartment.”®> The localization
within T cell areas implies that autoaggressive T
cells against MOG can be activated, which is corro-
borated by the observation that surgical removal of
cervical and lumbar lymph nodes (CLN, LLN)
impairs chronic relapsing EAE in a Biozzi mouse
model.** However, immune responses in CLN
against CNS antigens are more often protective
than pathogenic,”’ indicating that additional patho-
genic events may be involved for induction of
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autoimmunity against the CNS. A recent study
revealed a role of MOG in the regulation of tolerance
and autoimmunity. MOG derived from healthy CNS
is tolerogenic by the expression of glycans that medi-
ate binding with DC-SIGN.>® Factors generated
during CNS inflammation (e.g. TNF-o) induce
post-translational modifications (PTM) that make
MOG immunogenic. A crucial modification is
altered glycosylation, by which binding to DC-
SIGN is abrogated.*® A second important PTM is
citrullination of the protease sensitive MOGy_4g €pi-
tope, by which fast proteolytic degradation of the
epitope is prevented. It has been well established
that the immunogenicity of antigen peptides can be
substantially enhanced by delay of proteolytic
degradation.®”

In a B6 mouse EAE model induced with MOGs;5_55/
CFA the Arg*® residue is one of the TCR contact

MOG

residues within the core MOGyg.43 epitope.40
Replacement of this residue for citrulline could
thus potentially affect T cell recognition of the epi-
tope. However, accumulating evidence indicates that
a high proportion of the myelin antigens in the
inflamed CNS is citrullinated.*' Citrullination is par-
ticularly pathogenic when EBV-infected B cells
become involved in the pathogenic process.

Summarizing concept

These findings have led to a concept that is graphically
presented in Figure 1. Myeloid APC in CNS draining
compartments capture myelin leaking from (a) primary
lesion(s) within the CNS white matter and pre-process
it in their endolysosomal compartment. Conceptually, a
proportion of the liberated myelin antigens (MOG for
example) are transferred from the myeloid APC to B
cells. It has been shown that DC can retain intact anti-
gen for longer periods of time and then release it for

© caio£ + MOG4048
€©) caie-DRB*W1201 + MOG24-36

° BCR + intact MOG

Figure 1. Putative role of EBV-infected B cells in the response-to-injury paradigm of chronic EAE. Antigen
leaking from a primary CNS lesion, MOG in particular,'" is captured by DC-SIGN+ myeloid cells (DC?) in
lymphoid organs that drain the CNS (spleen, cervical, and lumbar lymph nodes). One part of the antigens is
processed and the epitope 24—36 is presented via MHC class II (Caja-DRB*W1201) to CD4+ T cells,
resulting in activation.® Another part passes the DC without being processed and is transferred to B
cells.** In lymphocryptovirus-infected B cells the proteolysis-sensitive CDS8 epitope (residues 40—48) escapes
destructive processing,® and is cross-presented via MHC class I° (Caja-E) to autoaggressive CTL,'” which
drive EAE progression.'> This model envisages that B cell depletion with anti-CD20 mAb abrogates EAE
progression.'® The figure has been drafted after MacPherson et al.*?
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uptake by B cells, which subsequently process the anti-
gen and present epitopes to T cells.*” In the B cells
MOG is further processed by cathepsins in the endoly-
sosomal compartment. When the B cell is not infected
with EBV, the immunodominant MOGyg_4g is rapidly
degraded and activation of the highly pathogenic
CD8+ CTL is avoided. However, when the B cell is
infected with EBV the MOGy_4g epitope is protected
against degradation and cross-presented to the autoag-
gressive CTL.

We thus propose a central regulatory role of B cells
in the perpetuation of chronic MS. By EBV infection
of the B cells the destructive processing of a critical
epitope, which is essentially a tolerance mechanism,
is converted into productive processing eliciting
autoaggressive T cell activation, which is a patho-
genic mechanism.
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