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Abstract

Multiple sclerosis (MS) is characterized by the chronic inflammatory destruction of myelinated axons in the central nervous system. Several
ideas have been put forward to clarify the roles of the peripheral immune system and neurodegenerative events in such destruction. Yet, none
of the resulting models appears to be consistent with all the experimental evidence. They also do not answer the question of why MS is exclu-
sively seen in humans, how Epstein-Barr virus contributes to its development but does not immediately trigger it, and why optic neuritis is such
a frequent early manifestation in MS.

Here we describe a scenario for the development of MS that unifies existing experimental evidence as well as answers the above questions.
We propose that all manifestations of MS are caused by a series of unfortunate events that usually unfold over a longer period of time after
a primary EBV infection and involve periodic weakening of the blood-brain barrier, antibody-mediated CNS disturbances, accumulation of the
oligodendrocyte stress protein aB-crystallin and self-sustaining inflammatory damage.
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Abbreviations: AQP4: aquaporin-4; BBB: blood—brain barrier; CNS: central nervous system; CSF: cerebrospinal fluid; EBV: Epstein-Barr virus; ELISA:
enzyme-linked immunosorbent assays; HLA-DR: human leukocyte antigen-DR; IDO-1: indoleamine 2;3-dioxygenase; IFN-y: interferon gamma; MOG: myelin-
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spectrum disorder; OCB: oligoclonal bands; ON: optic neuritis; PD-1L: programmed cell death ligand-1; STAT-3: signal transducer and activator of transcription
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Introduction textbook explanations of MS, inspired by the chain of events
that drives experimental MS-like disease in laboratory ani-
mals. In people with MS, however, no disease-specific and
persistent myelin-reactivity of peripheral T cells has ever
been found, despite decades of research on the subject [2,
3]. Over the years, many reports have suggested differences
exist between MS patients and control subjects in this con-
text, but none of these have stood the test of time. We still do
not have a blood test for MS based on any such difference.
In addition, an attack by peripheral T cells as the primary
cause of disease would not explain how in normal-appearing
brain tissue, foci of cellular stress and innate immune acti-
vation emerge during MS in the absence of any lymphocytes
having entered the tissue, as further explained below. Another
concept, sometimes referred to as the ‘inside-out” model as-
sumes a neurodegenerative process to be the primary cause
of MS. Again, the experimental evidence does not support
this idea either. The causative role of EBV, the enhanced MS
risk that is conferred by certain HLA alleles, the appearance
of oligoclonal antibodies in the cerebrospinal fluid (CSF),
and the impact of therapeutic elimination of B cells all argue

In this paper, we present a hypothesis for the pathogenesis of
multiple sclerosis (MS) that explains many of its key features.
These include the fact that MS only occurs in humans, that
a prior infection with Epstein-Barr virus (EBV) is an essen-
tial prerequisite for MS, that it is linked to optic neuritis as
a frequent early clinical manifestation, and those peripheral
immunological parameters in people with MS are not fun-
damentally different from those in healthy subjects. While
the risk to develop MS is influenced by genetic factors, it is
not a classic genetic disorder. In most populations, the gene
encoding the human leukocyte antigen DRB1*1501 increases
the MS risk approximately 4-fold while dozens of other genes
have a minor additional effect on this risk [1]. Collectively,
the genetic evidence supports the notion that the immune
system is closely involved in disease development, but it does
not offer any specific clues as to its pathogenesis.

While the immune system is clearly involved, there is no
convincing evidence that MS is caused by a primary attack
on myelin by peripherally activated myelin-reactive T cells,
as already emphazised above. This scenario is often found in
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against it. Both the immune system and the central nervous
system (CNS) are clearly involved, but the evidence indicates
that neither plays a role as a sole driver. Here, we present a
hybrid scenario for the development of MS that involves a
series of unfortunate events in the interplay between an es-
sentially normal immune system, a common virus, and events
within the CNS.

Event 1: EBV infection and a normal immune
system

Many studies have presented compelling epidemiological evi-
dence that infection with EBV is a prerequisite for the devel-
opment of MS [4], the latest one describing the clinical history
of over 10 million young adults [5]. The collective data con-
clusively demonstrate that an EBV infection greatly increases
the risk of developing MS and that MS is essentially never
found in EBV seronegative people. Consistent with a key role
of EBV, the single gene that is closely linked to the MS risk
in most populations, HLA-DRB1*1501, facilitates EBV in-
fection and—along with complement receptors—leads to in-
creased viral load [6, 7].

A simple explanation for the role of EBV could be that per-
sistent infection of the CNS itself would trigger the inflam-
matory reactions that cause lesions. Yet, pathological studies
have shown that most brain samples from MS patients do
not contain the virus [8]. While a few EBV-infected B cells
might well escape detection during routine pathology, cur-
rent evidence does not support the idea that EBV infection
of the CNS is a prominent feature of MS. Other pathogenic
mechanisms have therefore been proposed. One concept is
that EBV induces immune responses that are cross-reactive
to myelin antigens, so-called molecular mimicry at the level
of either T cells or antibodies. As an example, the latest report
on this phenomenon documents cross-reactivity at both levels
between the viral nucleoprotein 1 and the myelin-associated
protein aB-crystallin, which is discussed in more detail below
[9]. Several other protein targets of cross-reactivity have been
described as well. However, any EBV-triggered pathogenic im-
mune response that would be powerful and persistent enough
to cause MS should distinguish MS patients from healthy
subjects, and as stated before, there is no evidence for such
MS-specific autoreactive T-cell responses. This alone renders
it highly unlikely that molecular mimicry is the key pathogenic
mechanism. The biggest problem with molecular mimicry as
a proposed cause for MS, however, is that cross-reactivity
between pathogen sequences and self-proteins at the level of
single T or B cells is nothing special and will likely develop in
response to any pathogen. This is because any individual T-cell
receptor can respond to as many as a million different anti-
genic sequences and likewise, any single antibody can bind to
hundreds of target sequences [10, 11]. This degeneracy in the
specificity of individual T- and B-cell receptors is a necessity
for the immune system with only finite number of leukocytes
to be able to respond to a near infinite number of amino acid
sequences in pathogenic microorganisms and to do so in an
optimized manner [12, 13]. Conversely, this implies that each
pathogen-derived epitope will be able to engage an equally
large number of clonotypes of T or B cells. With dozens of po-
tential epitope sequences contained within the collective set of
EBV proteins [14], the total number of clonotypes involved in
a polyclonal T-cell or antibody response triggered by an EBV
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infection will be enormous. Given their high level of receptor
degeneracy, cross-reactivity to a host protein sequence can
probably be found for many of such individual clonotypes,
yet, each time such reactivity will be directed toward another
host sequence, functionally and anatomically unrelated to
host sequences recognized by other clonotypes. In contrast
to the shared and thus, focused EBV-specific reactivity of all
clonotypes together, the diffuse cross-reactivities of individual
clonotypes toward a wide range of unrelated host sequences
will generally remain irrelevant.

In our view, a more relevant effect of an EBV infection in
the context of MS is the induction of the small heat shock
protein aB-crystallin in infected B cells ( [15]; Figs. 1 and 2).
As an anti-apoptotic molecular chaperone, aB-crystallin is in-
duced in EBV-infected cells to counteract virus-induced cell
death, along with several other well-known anti-apoptotic
factors [16, 17]. As illustrated in Figs. 1 and 2, EBV induces
not only an accumulation of aB-crystallin in B cells but also
its subsequent presentation to T cells. Signaling by the viral
latency membrane protein-1 as well as by EBV-induced ex-
pression of CD40 and CD ligand contributes to the establish-
ment of a potent cytotoxic CD4* and CD8* memory T-cell
repertoire against infected B cells [18] which at some point
may involve as many as 50% of all peripheral B cells [19].
This response is not only directed against EBV antigens but
also against aB-crystallin.

Different from other mammals, humans do not ex-
press aB-crystallin transcripts in the thymus. This allows
aB-crystallin-reactive T cells to escape negative selection
[15]. The collective data, including those of Phase I clinical
study including 76 healthy subjects, indicate that frequently
up to around 5% of all human CD45RO* memory T cells
(including both CD4* and CD8+ T cells in variable ratios) pro-
liferate in response to aB-crystallin while releasing significant
amounts of IFN-y [20, 21]. In addition, readily detectable
levels of IgG against aB-crystallin are routinely found in the
serum of adults [22]. Clearly, aB-crystallin is not tolerated as
‘self’ by the human immune system but provokes substan-
tial immune reactions in humans. Given the persistence of
EBV in the human body and periodic reactivation of the virus
[23], a memory immune repertoire against aB-crystallin will
be maintained for life. Importantly, this is a uniquely human
trait. In rodents and many other mammals, robust thymic ex-
pression of aB-crystallin leads to tolerance, even preventing
the induction of experimental disease with aB-crystallin in
these animals [24, 25]. This first unfortunate event may well
explain why MS only occurs in humans.

The establishment of the aB-crystallin reactive immune
repertoire in humans as the result of an EBV infection repre-
sents the first in a series of unfortunate events that may even-
tually culminate in the development of MS. As illustrated by
the fact that most seropositive humans do not immediately
develop MS following an EBV infection, however, it only sets
the stage. The subsequent occurrence of other events will be
essential for the actual development of MS, often only years
later.

As explained further below, we propose that the second
event involves the emergence of myelin-reactive serum anti-
bodies and their entry into the CNS. The presence of myelin-
reactive antibodies is perfectly normal in adult humans
and does not distinguish MS patients from healthy subjects
[22, 26-34]. This appears to be at odds with the recently
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Figure 1. EBV infection of B cells leads to the establishment of an aB-crystallin-reactive immune repertoire in humans. EBV infection of B cells leads to
the intracellular accumulation of the stress protein aB-crystallin that counteracts virus-induced apoptosis. WWhen EBV-derived antigens are subsequently
presented to T cells, aB-crystallin-derived epitopes are presented by B cells along with viral epitopes. Since the protein is not expressed in human
thymus, potentially reactive T cells that have escaped deletion become activated and form an aB-crystallin-reactive memory T-cell repertoire. They also
provide help to B cells that mature into plasma cells which produce antibodies not only against EBV antigens but also against aB-crystallin. Periodic
reactivation of the latent EBV infection supports this memory immune repertoire for life (for further details see ref 15; Figure created with Biorender).

propagated use of such antibodies as a diagnostic criterion
to distinguish myelin-oligodendrocyte glycoprotein antibody
disease (MOGAD) from neuromyelitis optica (NMO) and
MS [35]. These three conditions are collectively referred to as
NMO spectrum disorders (NMOSD). Serum antibodies to the
astrocyte surface protein aquaporin-4 (AQP4) are currently
used to diagnose NMO, while MOGe-reactive antibodies in
serum are taken to be indicative of MOGAD. The pathogen-
icity of these antibodies has been confirmed in animal models
but as further explained below, the idea that they selectively
accumulate in people with certain NMOSD variants in our
opinion results from the clinical application of highly selective
antibody assays. In our view, this has led to some misconcep-
tions with regard to anti-myelin serum antibodies.

Event 2: Myelin-reactive serum antibodies and
peripheral B cells that produce them

It is important to appreciate the technical difficulties in
evaluating antibodies against membrane antigens such as
AQP4 and especially MOG. As membrane-embedded pro-
teins, almost all myelin antigens are very hydrophobic and
extremely difficult to purify to homogeneity in aqueous media
using current technologies. Not only does their hydrophobic
character render this problematic but also the fact that many
of these proteins exist as a collection of various isoforms and
post-translationally modified variants [36, 37]. The name

‘MOG’, for example, does not refer to a single protein but
to a group of structurally related MOG variants. Thus, the
surrogate antigens commonly used in antibody assays such as
synthetic peptides, recombinant constructs, or cell lines trans-
fected with a fusion protein inevitably fall short in adequately
representing the biologically relevant dynamic collection of
antigens that exist within the CNS. This likely explains the
widely different results that have been obtained using dif-
ferent surrogate antigens and varying types of assays [335, 38,
39].

As an example, the presence of MOG-specific serum anti-
bodies as evaluated by western blotting was claimed to be
indicative of the conversion of clinically isolated syndrome to
MS about 20 years ago [30]. This report was already at odds
with the results of earlier studies using enzyme-linked im-
munosorbent assays (ELISA) which demonstrated anti-MOG
antibodies in the serum of about 80% of MS patients and
70% of healthy controls [29]. After new cell-based antibody
assays were introduced, serum antibodies to MOG are cur-
rently considered as a core diagnostic criterion for MOGAD,
a much rarer condition than MS. However, even when using
the recommended assay for antibody detection the consist-
ency in results from different centers is only adequate with
high-titer samples [35]. Furthermore, a significant minority
of 20-30% of NMO patients are still AQP4-seronegative,
not all MOGAD patients have MOGe-reactive antibodies,
and AQP4/MOG double seropositive patients also exist [40].



A

mRNA from naive cord blood cells

B-actin
a.B-crystallin
0 48 h 48 h
-EBV + EBV
C fresh PBMC, 6 h
.'TD
1 025% 1.58 %
%
I
= b
prd "'E -
w E
- . Rt
l-e - — : C
o O e
w1 1ed w0t e

CD45RO —»

van Noort et al.

v e

PBMC +EBV

o - T-cell line 1

" - — .- .

s
nl T-cellline2

»
s
4
3

w [rceliline 3
\

Am

0 525 0 525
il il
aB-crystallin (ug/ml)

Proliferative response of aB-
crystallin-specific T cell line (cpm)

fresh PBMC, 6 h
+ 25 ug/mL aB-crystallin

1w

0.77 %

4.26 %

CD4A5RO —»

Figure 2. Key elements in the induction of aB-crystallin immune reactivity by EBV. By inducing de novo expression of aB-crystallin in B cells (A)
and its subsequent HLA-DR-restricted presentation to T cells. EBV not only activates an immune repertoire against its own viral antigens but also
against aB-crystallin. Note how different aB-crystallin-specific T cell lines respond to EBV-infected B cells even before their specific antigen has
been exogenously added to the culture (B). Human peripheral blood mononuclear cells frequently contain up to 5% of CD45RO memory T cells
that release IFN-y in response to aB-crystallin (C). This population contains both CD4* and CD8* T cells in variable ratios. Originally published in The
Journal of Immunology. Van Sechel et al 1997. EBV-induced expression and HLA-DR-restricted presentation by human B cells of alpha B-crystallin, a
candidate autoantigen in multiple sclerosis. J Immunol. 1999 Jan 1;162(1):129-35. PMID: 9886378. Copyright © [1997] The American Association of

Immunologists, Inc.

Despite refinements in clinical testing protocols up to 30% of
patients with NMOSD remain seronegative for either MOG
or AQP4 [41, 42]. To complicate matters further, serum titers
of anti-MOG antibodies vary markedly over time and sero-
positive subjects can even convert to full seronegativity [43].
Especially in the case of myelin antigens, therefore, the ex-
perience is unfortunately that the outcome of an antibody
assay is largely determined by the way the assay is performed.

Furthermore and as clarified in the case of MOG-reactive
antibodies, the isotype is relevant for an antibody’s ability to
fix complement and consequently, for its pathogenic potential
[44]. As a rule, this feature of anti-myelin serum antibodies
is ignored in diagnostic approaches. Thus, the field of anti-
body specificities and antibody titers in people with NMOSD
contains significant pitfalls and regularly produces poorly
consistent data sets that are strongly biased by technical
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factors. The results of more comprehensive methods such as
approaches that have evaluated serum antibody reactivity to
the entire collection of human myelin proteins following their
solubilization in strongly organic solvents [45] clarify that
such antibodies are a normal feature of an adult human im-
mune system, also in perfectly healthy subjects.

The above technical limitations also apply to studies of CSF
antibodies or more specifically, oligoclonal bands (OCB) of
IgG or IgM that are typically found in the CSF of MS pa-
tients [46]. Also, their specific target(s) have been the subject
of several studies with often poorly corresponding results.
More recent studies have identified a number of linear pep-
tide sequences that can be bound by CSF antibodies but no
study has yet shed real light on the specificity of OCB in MS
patients [47, 48]. It is truly difficult to define the specificity
of antibodies that can be identified as ‘oligoclonal’ only by a
migration pattern during iso-electric focusing. An additional
problem in studying the specificity of OCB is that the target(s)
may be so abundant within the CNS that the vast majority of
reactive antibodies are sequestered in the CNS and no longer
remain available for detection in the CSE Despite this, and
largely based on the presence of myelin-reactive antibodies
in the CSF (see further below), it is reasonable to assume that
at least some CSF antibodies react to CNS antigens including
myelin antigens, similar to serum antibodies.

CNS-reactive antibodies in serum or CSF are unlikely to
be products of B cells that enter the CNS from the skull and
then exit into the circulation [49, 50]. After all, such B cells
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are at least in part tolerized for local CNS antigens on site be-
fore they exit the CNS [51]. As a more likely alternative, deep
cervical or lumbar lymph nodes containing antigens drained
from the CNS following tissue turnover or injury in the CNS
may be the source of peripheral B cells against these CNS
antigens, including myelin-derived antigens ([52-55]; see Fig.
3). Since a certain level of tissue turnover and repair is likely
a normal feature of the CNS as it is of other organs, such a
mechanism would readily explain the lifelong persistence of
CNS-reactive peripheral B cells and serum antibodies, if not
their gradual accumulation with age. For the same reason,
if any CSF-borne antibody—including OCBs—would have a
specificity against CNS antigens, they will likely be the product
of peripheral B cells that have entered the CNS and persisted.
That traffic of B cells occurs between the CNS and the circu-
lation has been convincingly demonstrated [56-63]. Yet, still
much has to be learned on this particular issue, including the
question of how B cells may persist within the CNS and how
so-called ectopic follicles within the CNS are formed [64, 65].

Event 3. Entry of serum-borne antibodies and
B cells into the CNS

One of the striking features of MS is its close association
with optic neuritis. The majority of MS patients show signs
of ON during disease and intriguingly, over 25% of MS pa-
tients even present with ON as their first clinical symptom.
Following an initial episode of acute ON, about 50% of
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Figure 3. Drainage of CNS antigens to deep cervical or lumbar lymph nodes is the most likely pathway for the generation of the peripheral anti-CNS
antibodies that are found in all adult humans. When cells or tissues within the CNS are subjected to turnover or damage, molecular debris is carried off
by the lymphatic system and collected in deep cervical or lumbar lymph nodes. CNS debris in these secondary lymphoid organs will activate resident B
and T cells. This likely leads to the accumulation over time of self-reactive T and B cells as well as self-reactive antibodies in the periphery. The immune
repertoire thus generated contains antibodies against ubiquitous cellular proteins as well as proteins that are selectively expressed within the CNS

(Figure created with Biorender).



people develop MS within 15 years [66]. This number may
even be an underestimation given that ON can be mild and
transient and could easily come and go unnoticed. This is em-
phasized by the finding that post-mortem neuropathological
abnormalities are present in the optic nerves of MS patients
in whom visual disturbances were not reported [67]. Of the
154 cases reviewed in this latter study, no less than 75%
showed optic nerve pathology while only one of those nerves
was actually examined per case. The diagnostic use of optical
coherence tomography further illustrates the fact that inflam-
matory damage to the optic and retinal nerve is a consistent
early event during the development of MS, and even found
to precede the onset of clinical signs [68, 69] in line with sev-
eral other lines of evidence [70]. Furthermore, damage to the
optic nerve is well known to allow anterograde trans-synaptic
spreading of neurodegeneration to other regions of the CNS
[71, 72], which is also consistent with the anterior visual
pathway being a site of primary disturbance during the de-
velopment of MS.

A possible explanation for the striking predominance of
ON in MS may be the relative vulnerability of the optic nerve
itself, or that visual disturbances are more easily recognized
by patients than other symptoms. Still, a more intriguing con-
sideration is the finding that the blood-brain barrier (BBB) at
the optic nerve head is relatively permeable [73-78]. While
this feature is shared with a few other regions in the CNS
including, e.g., the choroid plexus and the area postrema [79],
the strong relationship between ON and MS still points to
the possibility that variations in BBB permeability are highly
relevant to the development of both ON and MS since it con-
trols the traffic of antibodies and leucocytes into the CNS. A
normal healthy BBB already allows between 0.1% and 0.2%
of peripherally administered antibodies to enter the CNS [80,
81]. Yet, when vascular endothelial cells of the BBB are ex-
posed to cytokines such as IL-1f, TNF-a, IL-6, and IFN-y,
BBB permeability markedly increases [82]. This likely has the
strongest impact in CNS regions that already have a weak
BBB. Given that increased levels of the above-mentioned
serum cytokines are found during peripheral viral infection,
including EBV [83-86], a temporary increase in BBB perme-
ability around the optic nerve and choroid plexus and intensi-
fied antibody and leucocyte trafficking under such conditions
is a likely consequence. In support of this notion, many case
reports have documented the development of ON as the direct
result of an infection with peripheral pathogens including
varicella zoster virus, influenza virus, herpes simplex virus,
SARS-CoV2, Lyme disease, and EBV ( [87] and references
therein). In addition, peripheral respiratory tract infections
during MS are known to trigger exacerbations [88-90], as
does the experimental systemic administration of IFN-y [91].

In our view, therefore, the frequent involvement of the
optic nerve in MS and the impact of peripheral infections on
its disease course strongly suggests that a temporarily perme-
able BBB—also in other regions of the CNS—plays a critical
role in the development of MS. Over the period following a
primary EBV infection and up to the point of the first clinical
symptoms of MS, a periodically permeable BBB may well
be instrumental in allowing potentially damaging antibodies
and the B cells that produce such antibodies to enter and ac-
cumulate within the CNS (Figs. 4 and 6). The time it takes to
gradually build up pathogenic levels of such antibodies may
sometimes be quite short, as in the case of pediatric MS, but
could routinely also take many years [5]. It is clear, however,
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that the development of MS does not start at the time of the
first clinical symptoms, but well before that.

Event 4. Anti-myelin antibodies,
oligodendrocyte stress, and the small heat
shock protein aB-crystallin

As explained above, we propose that the periodically enhanced
influx of serum antibodies and leucocytes into the CNS via a
temporarily permeable BBB initiates a chain of events that ul-
timately culminates in MS. The idea that antibodies in general
are key players in its pathogenesis is supported by the fact that
elevated levels of IgG in the CNS and the presence of OCB
of IgG and IgM have long been acknowledged as the single
most important distinguishing trait of MS patients. More re-
cent pathological evidence has added significant refinement to
this notion in showing that myelin damage during MS is gen-
erally initiated by the binding of antibodies and complement
to myelin sheaths, followed by the formation of small myelin
deformations and spreading of damage to the oligodendrocyte
cell body [92, 93]. Animal model data support a co-pathogenic
role for myelin-reactive antibodies but they also emphasize
that antibodies alone are usually insufficient to trigger chronic
demyelination as seen in MS [44]. While it may be argued that
antibodies could be generally important in the inflammatory
process irrespective of their antigenic specificity [94], other
pathogenic factors are clearly needed too [95].

Several reports have illustrated that the above scenario
for the initial development of antibody-mediated damage
during MS can be reiterated by MOG-reactive antibodies
both in cell culture and in animal models. When they bind
to cultured oligodendrocytes such antibodies induce cellular
stress [96, 97]. As one of the earliest events in the devel-
opment of experimental optic neuritis in rats, serum-borne
MOG-reactive antibodies enter the CNS at the optic nerve
head and induce oligodendrocyte stress [78, 98]. In the
above cases, oligodendrocyte stress was demonstrated by the
accumulation of the small heat shock protein aB-crystallin,
which is of particular relevance, as explained below. While
several other studies have confirmed a pathogenic role for
MOG-reactive antibodies in promoting oligodendrocyte
perturbations and complement-mediated demyelination
[99-103], it is likely that other CNS-reactive antibodies
can have such effects too [79]. The above findings are just
well-documented examples that clarify the link between
anti-myelin antibodies and the induction of oligodendrocyte
stress as evidenced by the accumulation of aB-crystallin (Fig.
5). While anti-myelin antibodies binding to their target is an
early event in the development of an MS lesion, so is the
accumulation of aB-crystallin in oligodendrocytes [104]. In
contrast, accumulation of aB-crystallin in astrocytes is only
observed at later stages of lesion development [104]. Clearly,
aB-crystallin accumulation is not a secondary response by
oligodendrocytes to ongoing inflammatory damage during
MS. Instead, it is a critical factor that accompanies early
antibody-induced disturbances of oligodendrocytes that
eventually lead to such damage.

Event 5. aB-crystallin activates protective
microglial responses

In this section, we discuss the impact of the accumulation
of aB-crystallin in oligodendrocytes, a next event in the
development of MS. Apart from a role as an intracellular
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the CNS will be myelin-reactive ones such as MOG-reactive antibodies (Figure created with Biorender).

anti-apoptotic protectant of oligodendrocytes [105, 106]
aB-crystallin also serves an extracellular signaling role fol-
lowing its secretion as exosome cargo [107-109]. Via the
innate toll-like receptor heterodimer TLR1/TLR2 and
using CD14 as co-receptor, it activates a response by sur-
rounding microglia and macrophages following its uptake by
macropinocytosis [110, 111]. In both cell types, this leads to
the production of anti-inflammatory mediators dominated by
IL-10, IL-6, IL-13, many chemokines, and several tolerance-
inducing factors that will control pro-inflammatory T-cell re-
sponses [110-112]. That this signaling effect of aB-crystallin
is beneficial and serves to suppress inflammatory damage
has been documented in a wide range of experimental
models of inflammatory disease in which exogenously sup-
plied aB-crystallin consistently suppresses clinical symptoms
(summarized in Refs [20]. and [113]).

It may be somewhat surprising that TLR2, which normally
responds to lipoproteins and lipopeptides, also responds to
a protein such as oB-crystallin that contains no lipid moi-
eties. Yet, things become clearer when it is considered that
aB-crystallin contains hydrophobic stretches of amino acids
that play a crucial role in its function as molecular chaperone
(reviewed in Refs. [114, 115]). Under normal conditions, such
a stretch is paired with the corresponding ‘sticky’ stretch of
another subunit within the 24- to 32-subunit complexes that

aB-crystallin forms. In this way, relatively stable dimers are
paired in larger oligomeric complexes. Yet, individual sub-
units dissociate continuously from this complex as a single
protein chain, after which they are rapidly absorbed by an-
other aB-crystallin complex. This offers a temporary oppor-
tunity for the hydrophobic part of such a traveling subunit to
capture the exposed hydrophobic part of partially unfolded
other proteins. This is the way aB-crystallin acts as a mo-
lecular chaperone, interferes with pro-apoptotic pathways,
and indeed, binds to TLR2.

The tell-tale signs of aB-crystallin-mediated activation
of microglia during MS are obvious in so-called ‘normal-
appearing’ white matter as clusters of mildly activated micro-
glia that are referred to as ‘preactive MS lesions’ [116-119],
alternatively described as ‘microglial nodules’ or ‘newly-
forming MS lesions’ [120, 121]. They are generally considered
to represent the very first stage of a localized disturbance that
can develop into an MS lesion. These microglial clusters exist
in the absence of overt demyelination, BBB or leucocyte infil-
tration [117] but they do co-localize with oligodendrocytes in
which aB-crystallin expression is prominent [111]. We have
previously discussed in detail the possible drivers behind their
emergence and their possible relevance to MS [122]. The ap-
pearance of preactive MS lesions in chronic disease is not an
isolated phenomenon but part of a much wider manifestation
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membrane perturbations and intracellular changes including stress.

To counteract apoptosis, oligodendrocytes accumulate intracellular
aB-crystallin which is subsequently also secreted as exosome cargo
(Figure created with Biorender).
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of tissue abnormalities that develop in so-called ‘normal-
appearing’ white as well as grey matter CNS regions in people
with ongoing MS. Prominent features of these abnormalities
include antibody (IgG and IgM) deposition, oxidative stress
and oligodendrocyte apoptosis [123, 124]. It is likely that
these are all associated with the presence of abnormal levels
of myelin- or otherwise CNS-reactive antibodies.

Microglia in preactive MS lesions contain both CD14 and
TLR2 as joint receptors for aB-crystallin and they express
HLA-DR along with several chemokines and cytokines as
signs of cellular activation. A comparison of their molecular
activation profile with that of human microglia activated
with purified aB-crystallin in culture revealed striking simi-
larities [111]. This strongly suggests that microglial activa-
tion in preactive MS lesions is indeed the result of exposure
to oligodendrocyte-derived aB-crystallin. This microglial
response as evaluated by microarray transcript profiling is
reminiscent of an antiviral type I interferon response [111,
112]. It leads to induction of chemokines such as CCL4 and
CCLS that fully explain microglial aggregation, and of bene-
ficial cytokines including IL-10 and IL-13. While IL-13 is a
key driver of reparative (‘alternative’) macrophage activation
[125],1IL-10 regulates immunological activity within the CNS
and limits tissue damage [126]. Importantly, it also promotes
B cell proliferation, differentiation, and class switch [127] and
may thus well play a role in controlling IgG production within
the CNS, including oligoclonal band formation [128]. Indeed,
IL-10 levels in the CSF of MS patients are generally high
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[129]. The broad protective qualities of the microglial medi-
ators induced by aB-crystallin in preactive MS lesions along
with the widespread appearance of these lesions strongly sug-
gest that most of them will resolve without causing any fur-
ther damage. They simply reflect the successful response by
the CNS to counteract antibody-mediated oligodendrocyte
stress by actively deploying microglia to help resolve inflam-
matory damage (Fig. 6). Yet, there is a risk that events take a
different course when the local concentrations of individual
factors start to exceed a safe threshold and a memory T-cell
response is locally triggered.

Event 6. The process derails; recruitment
of leucocytes subverts repair and triggers
destruction

As stated above, microglial mediators induced by aB-crystallin
include chemokines such as CCL4 and CCLS5 that are likely
instrumental in creating the microglial aggregates that form
preactive MS lesions [111]. Additional chemokines that are
induced such as CCL20 and CXCL10, however, are also able
to promote influx of potentially pathogenic T and B cells from
the circulation [130, 131]. This is especially likely to happen
when at the same time, peripheral viral infections lead to BBB
weakening by inducing serum cytokines such as IFN-y and
IL-6, as discussed above. Recruitment of leucocytes represents
a risk factor for subversion of the local repair process when
memory T cells come into play, as further explained below.
While the critical role of B cells in MS has become widely rec-
ognized over the past 10 years, this still does not eliminate T
cells as additional critical players in its pathogenesis.

Previously, the central role of T cells in MS has inspired
many studies addressing the question which of the many
different myelin antigens play a role in activating patho-
genic T cells. In this context, we previously screened the re-
activity of peripheral T-cells against the complete collection
of human myelin proteins following their high-resolution
fractionation by high-performance liquid chromatography
[20]. Authentic myelin-derived proteins were purified from
post-mortem brains of MS patients or healthy controls using
a rigorous protocol based on extraction with organic solv-
ents. Peripheral blood T cells were isolated from both test
groups as well and their response to the fractionated myelin
proteins was examined in a crossover design: T cells from
MS patients or healthy controls were tested against myelin
proteins isolated from both groups. The results showed no
discernible difference between the T-cell response profiles of
either MS patients or healthy subjects, emphasizing again
the lack of any obvious disease-specific peripheral T-cell
autoreactivity in MS patients. Instead, a single protein frac-
tion from MS-affected brain white matter consistently trig-
gered much stronger responses from both sets of T cells than
the corresponding protein fraction isolated from control
brains. This striking difference was due to the presence of
much higher levels of aB-crystallin in this protein fraction
[20]. Follow-up data confirmed that oligodendrocytes and
myelin in and around active MS lesions contain unusually
high levels of aB-crystallin [104, 132]. Together, these data
indicate that when the concentration of aB-crystallin pro-
duced by oligodendrocytes exceeds a critical level, it can
activate the human memory T-cell repertoire that had been
established by an EBV infection years before.
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source of antibodies including OCBs (Figure created with Biorender).

Importantly, however, this will only happen when B cells
act as antigen-presenting cells. When aB-crystallin is pre-
sented to T cells by microglia or macrophages, TLR-mediated
signaling leads to production of factors including indoleamine
2,3-dioxygenase (IDO-1), programmed cell death ligand-1
(PD-1L; CD274) and the adenosine receptor 2A. These are all
powerful inhibitors of T-cell responses and they will promote
tolerance [133-135]. Yet, the situation becomes fundamen-
tally different when B cells act as local antigen-presenting cells
[136]. Different from microglia and macrophages, B cells lack
the co-receptor CD14 that is essential for aB-crystallin to act
as an agonist for TLR2. B cells will therefore do not develop
such a protective TLR2-mediated response but simply present
oB-crystallin as an antigen, thus allowing the development of a
full-blown pro-inflammatory memory T-cell response against
it. This critical role of B cells is fully in line with the reports
that B-cell targeting therapeutic interventions in MS are more
effective than previously expected (reviewed in Ref. [137]).

T-cell activation of memory T cells by aB-crystallin within
the CNS poses a serious risk. As illustrated in Fig. 2C,
we have frequently found that up to 5% of these cells re-
lease IFN-y in response to such activation. When sufficient
amounts of IFN-y are released locally, a dramatic change
will occur in the way microglia and macrophages respond
to the aB-crystallin cargo of oligodendroglial exosomes. The
TLR-mediated protective response changes into a destructive
one (Fig. 7). This is because IFN-y inactivates the inhibitory
mechanisms that are mediated by IL-10 and signal transducer

and activator of transcription (STAT)3. Instead, it shifts
TLR-mediated responses toward pro-inflammatory STAT1-
dominated responses that activate a destructive macrophage
program [138-140]. Indeed, the addition of IFN-y to cul-
tured microglia and macrophages that are already exposed
to aB-crystallin abrogates IL-10 induction and causes a re-
lease of strongly increased levels of TNF-a, IL-6, IL-12, IL-1f
along with reactive oxygen and nitrogen species [141]. The
molecular markers of such double-activated microglia and
macrophages are consistently found in actively demyelinating
MS lesions, emphasizing the relevance of this phenomenon. In
addition, CXCL9, CXCL10, and CXL11 are induced, which
are key signals for T-cell recruitment into the CNS [142]. In
this way, a self-amplifying destructive process is ignited by
the local accumulation of aB-crystallin and subsequent re-
lease of IFN-y by memory T cells that respond to it. It is
important to note that this subversion of the originally pro-
tective microglial response only occurs when all of the local
factors involved exceed a quantitative threshold that controls
the process [21]. Local concentrations of myelin-reactive anti-
bodies will have to exceed a certain threshold, as will local
concentrations of aB-crystallin. Also, the local numbers of
B cells will have to reach a certain minimum, as well as the
numbers of aB-crystallin-reactive T cells. Such accumulation
is another unfortunate event in the pathogenesis of MS.

Due to the accumulation of cytokines and chemokines that
destabilize the BBB and promote leucocyte recruitment under
the above conditions, more pathogenic factors come into
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B cells within the CNS that present their target antigen at a sufficiently high concentration, things will go wrong. B cells lack CD14 and, therefore,

fail to mount the regulatory and immune-suppressive response to aB-crystallin as seen in microglia and macrophages. Instead, they will allow the
development of a substantial IFN-y response by T cells (see Fig. 2C). This response changes everything since IFN-y reprograms TLR signaling pathways
in microglia and macrophages. Their originally protective response to aB-crystallin now changes into a full-blown destructive response, leading to tissue
damage. Furthermore, it will cause substantial destabilization of the BBB and active recruitment of leucocytes, adding more fuel to the fire (Figure

created with Biorender).

play including IL-17 that will be produced by some T-cells.
These products will be mixed with locally produced IL-10,
IL-6, CXCL10, and IDO-1 as well as local antigens that all
promote the persistence of B cells in localized niches within
the CNS and antibody production [143-147] including the
development of ectopic follicles [65]. While much remains to
be clarified on this particular point, the resulting cocktail of
soluble factors that is thus generated by the local inflamma-
tory response likely contributes to persistent local production
of potentially pathogenic antibodies including OCB. T cells
within ectopic follicles may similarly become a persistent
source of IFN-y. Since IFN-y may subsequently diffuse from
its production site to adjacent regions within the CNS where
it will promote destructive macrophage activity in the way de-
scribed above, this could well lead to a gradually expanding
zone of destruction at later stages of MS, as is seen in cases of
cortical demyelination in MS. A self-sustaining or even self-
amplifying process of inflammatory activity that develops in
this way within the CNS readily explains the chronic nature
of MS.

Therapeutic intervention with oB-crystallin

A wealth of data has clarified that repeated systemic admin-
istration of aB-crystallin counteracts neuronal and glial cell
apoptosis, mitigates inflammation, reduces tissue damage,

and promotes recovery in a variety of animal models for
neuroinflammatory disorders including autoimmune en-
cephalomyelitis, stroke, spinal cord injury, and optic nerve
damage (summarized in Refs. [21] and [105]). These effects
have been documented by various groups following repeated
intravenous or intraperitoneal administration of purified
aB-crystallin. As explained above, this leads to the activation
of relatively short-lived TLR2-mediated protective microglia/
macrophage responses. Such a therapeutic strategy based on
daily intravenous administrations is difficult to apply in MS
not only for practical reasons but also since in this case, the
long-term inhibition of a specific memory T-cell response to
aB-crystallin would be the goal. If this could be achieved, it
would provide strong support for the model presented here.
While intravenous administration of protein antigens is a
time-honored method to induce tolerance at the level of naive
T cells, things are more complicated when memory T cells
are the target. Both deletion of existing memory T cells and
activation of peripheral regulatory T cells may help establish
functional tolerance. For deletion of T cells in vivo, at least
two intravenous doses of antigen generally appear to be re-
quired [148]. However, considering that reactivation of EBV
will inevitably occur at some point in time, newly generated T
cells against aB-crystallin are likely to reappear. For activation
of antigen-specific peripheral regulatory T cells as an alterna-
tive way to suppress the target response, sub-immunogenic
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doses of antigen are required. Again, the impact of such an
intervention will be limited given the finite life span of per-
ipheral regulatory T cells [149, 150]. Any effect of tolerance
induction is therefore likely to be only temporary and will
require periodic reiteration.

In randomized placebo-controlled clinical Phase I and
[la studies the possibilities were explored to use repeated
intravenous administration of highly purified aB-crystallin
at sub-immunogenic doses as a strategy to suppress spe-
cific memory T-cell responses to the protein [21]. At these
sub-immunogenic doses, peak serum concentrations of
oB-crystallin remain below the threshold for triggering
IFN-v release by pathogenic T cells but still become suffi-
ciently high to activate beneficial macrophage responses that
promote tolerance. After all, these distinct responses are me-
diated by different cell types that use different receptor com-
plexes. As illustrated in Fig. 8B, peak serum concentrations
between 5 and 10 pg/ml should achieve this separation of the
beneficial from the pathogenic impact of aB-crystallin. As a
main goal of these first-in-man studies, the safety of the inter-
vention was firmly established in both healthy subjects and
MS patients. Furthermore, the collective data on 76 healthy
subjects involved in the Phase I study and 32 MS patients
involved in the Phase Ila study confirmed that essentially
all of them had serum antibodies against aB-cystallin which
were readily detectable by ELISA, accompanied by marked
levels of memory T-cell reactivity. Unsurprisingly, antibody
titers were variable, as were levels of T-cell reactivity against
the protein. Yet, consistent with earlier findings [15], up to
around 5% of all memory T cells were frequently found to
be responsive to aB-crystallin prior to treatment, and such T
cells consistently released IFN-y (Fig. 8).

Using intravenous dose levels of aB-crystallin that remained
below the threshold for T-cell activation, three bimonthly in-
jections led to a significant reduction in the number as well
as the total volume of gadolinium-enhancing magnetic reson-
ance imaging (MRI) lesions in the brains of MS patients in
this study, but only during a limited time window (Fig. 8C).
In line with the above considerations, the reduction in MRI
lesion load became apparent after three consecutive injec-
tions and was sustained for about 20 weeks. At the end of
this response period, both total numbers and total volumes of
MRI brain lesions were significantly reduced by 75% relative
to pre-treatment values. No such change was observed in a
higher dose group, or the placebo group who received intra-
venous phosphate-buffered saline. At the end of the study
period at 48 weeks, MRI lesion load tended to increase again
despite the observation that at that point in time, no clin-
ical relapses were recorded in the entire treatment population
anymore. Unfortunately, technical limitations led to unreli-
able data collected in the T-cell assays that were performed
to monitor actual T-cell responsiveness. This requires an ana-
lysis of freshly isolated peripheral blood mononuclear cells
rather than frozen cells, posing significant logistic demands
that could not be adequately met during the multicenter study
in Bulgaria.

In summary, the outcome of the Phase Ila study did reveal
a significant reduction in MRI lesions and the complete sup-
pression of clinical relapses. Yet, these effects were limited to a
20-week period toward the end of the study and no data could
be obtained to demonstrate a direct association with antigen-
specific tolerance at that stage. While these data therefore

1

fell somewhat short of providing conclusive evidence for the
model presented here, they do support it. Further refinement
of the tolerizing approach and assays to quantitate memory
T-cell responsiveness in patients may finally clarify whether or
not the specific elimination of aB-crystallin-reactive memory
T cells will be enough to halt MS.

A final note: is MS a single disease or just
part of a spectrum of demyelinating CNS
disorders?

The debate over the issue of whether or not MS is a single
disease is ongoing [151]. Should we consider the possibility
that separate pathogenic pathways exist for the clinically di-
verse forms of MS? These different forms may be variable
and they are associated with different responses to certain
pharmaceutical interventions. It is understandable that clin-
icians, researchers, and MS patients interested in treatment
options and prognosis attach value to these variations at the
clinical level. On the other hand, the key biological features
of MS do not differ between people with different forms of
MS. The pathological picture, epidemiology, genetic factors,
and immunology of MS all support the idea that MS is one
disease. We therefore prefer the idea that the variable clin-
ical manifestations are caused by differences in age, gender,
disease duration, genetic make-up, infection history, life-
style, diet, vascular architecture, the antigen specificity, and
isotype of anti-myelin antibodies involved, and many other
biological confounders. After all, such factors are well-known
to similarly influence the course of experimental autoimmune
encephalomyelitis in laboratory animals, even when such
disease is induced using the same immunogen [152-156]. In
our view and in the absence of compelling evidence to indi-
cate otherwise, we should give priority to the simplest explan-
ation that all manifestations of MS reflect the outcome of the
single pathogenic pathway described here.

As an extension of this issue, this pathogenic pathway
may perhaps not be very different from the one that causes
the pathologically and clinically similar conditions that are
collectively referred to as NMOSD [157]. NMO, for ex-
ample, has long been considered as a variant of MS and was
only classified as a different disorder after pathogenic serum
antibodies against AQP4 were found in the majority of pa-
tients. More recently, the term MOGAD was introduced for
similar reasons [158, 159]. Yet, the clinical, immunological,
and pathological characteristics of NMO and MOGAD are
strongly overlapping with each other as well as with MS,
and all three conditions are equally linked to ON as a fre-
quent first symptom [42, 160-162]. Only levels of serum
antibody reactivities to either MOG or AQP4 may be dif-
ferent between subjects with the above conditions, but as
explained above, the outcome of the antibody assays used
in this context is confounded by significant technical issues.
This is a relevant final point since it clarifies that an ex-
clusively diagnostic focus may distract from the cause of a
disease, in this case by suggesting an association with levels
of certain serum antibodies that is far from straightforward.
It may well be more productive for our understanding of
NMOSD including MS to focus on the common biological
parameters that unify clinical variations rather than aiming
at the reduction of a complex biological problem to ever
smaller parts, and getting lost in the process. A more holistic
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approach will likely be more helpful to further understand
the way these disorders develop and to define new ways to
treat them.
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