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1. Introduction

Multiple Sclerosis (MS), an autoimmune demyelinating disease affecting the central nervous
system (CNS), causes tremendous disability in young adults and inflicts a huge economic burden
on the society. Currently, more than 2.5 million people are affected by MS worldwide and the
incidence is steadily increasing in most countries (Pugliatti et al., 2002). The disease progression in
individual patients often takes different courses eventually leading to severe functional deficits
which include inability to walk without support, cognitive decline etc. Functional deficits in MS are
caused by focal lesions in the CNS white matter predominantly composed of immune cell infiltrates
(Hauser and Oksenberg, 2006; Sospedra and Martin, 2005). These infiltrating immune cells recruit
additional immune cells and also activate local resident cells to orchestrate a pathogenic cascade

inflicting demyelination and axonal damage.

Genetic factors clearly predispose a particular individual to the development of MS. In support of
this, genome wide association studies identified many genes, in particular immunologically relevant
genes, as risk factors for MS susceptibility (Sawcer et al., 2011). However, the low concordance
rate of approximately 30% between monozygotic twins to develop MS indicates an important and
significant role of environmental factors in disease initiation. Moreover, the striking increase in the
incidence of MS within the last few decades cannot be entirely attributed to genetic changes.
Although clear causative environmental factors are not known, analysis of epidemiological data
suggests vitamin D, smoking and Epstein-Barr-Virus (EBV) infection as potential risk factors for
triggering MS (Ascherio and Munger, 2008). The high prevalence of MS also coincides with the
improved lifestyle and high standards of hygiene which reduce the burden of infections but can also
limit exposure to microbes that are potentially beneficial for healthy activation of the immune
system (Bach, 2002; Okada et al., 2010). While the importance of the immune mediated pathology
in MS has been firmly established, how the CNS-specific autoimmune responses are initiated is
poorly understood. Moreover, it is not clear what triggers relapses of clinical episodes in relapsing-
remitting MS patients. While the currently available animal models greatly allow us to understand
the effector phase of the autoimmune disease, they were not useful to study the triggering phase of

the disease.



1.1. Experimental autoimmune encephalomyelitis: an animal model of
multiple sclerosis

Experimental autoimmune encephalomyelitis (EAE) induced in rodents is the common model of
choice to study CNS autoimmune responses. Typically, two types of models have been used:
actively induced EAE or passive transfer EAE. The active EAE induction protocols require complete
Freund’s adjuvant (CFA) as an adjuvant which facilitates the gradual release of antigen into the
draining lymph nodes and at the same time amplifies the immune response by activating innate
immune system. Pertussis toxin is also combined with EAE induction in mice (Linthicum et al.,
1982). Passive EAE induction relies on the transfer of encephalitogenic T cells clones or lines
obtained from immunized animals and stimulated in vitro by the autoantigen (Wekerle et al., 1994).
However, these induced models have several drawbacks. These artificial models poorly reflect the
true pathogenic mechanisms of MS and are often too simplistic, focusing mainly on T cell
responses. Later, many transgenic models have been developed to interrogate the pathogenic
mechanisms of CNS autoimmunity. These include transgenic mice expressing the susceptible
human leucocyte antigen (HLA) genes from patients, targeted expression of the cytokines and
chemokines in the CNS and T cell receptor and B cell receptor transgenic mice (Krishnamoorthy et
al., 2007).

1.1.1. Spontaneous EAE models

The development of alternative class of models which overexpress myelin-specific T- or B-cell
receptors resulted in spontaneous neurological symptoms with varied incidence and clinical
patterns (Krishnamoorthy et al., 2007). These models are entirely murine or “humanized” for the T
cell receptor (TCR) and associated antigen presenting molecules. The first TCR transgenic mouse
model was generated by Goverman and colleagues which recognized the |-A" restricted myelin
basic protein (MBP) Ac1-11 peptide (Goverman et al., 1993; Lafaille et al., 1994). The MBP-specific
TCR transgenic mice spontaneously developed neurological symptoms (~14 - 44%) under
conventional housing but not in specific pathogen free (SPF) conditions (Goverman et al., 1993).
Interestingly, the spontaneous EAE incidence reached 100% in the absence of regulatory T cells
(Treg) and B cells in mice lacking functional RAG genes. Later, proteolipid protein (PLP) 139-151
specific TCR transgenic mice were developed which showed severe spontaneous EAE on the
susceptible SJL/J background and remained healthy in resistant B10.S background (Waldner et al.,
2000). Following this, a myelin oligodendrocyte glycoprotein (MOG) 35-55 specific TCR transgenic
mouse in C57BL/6 background was generated which showed signs of isolated optic neuritis (>30%)
and low grade EAE (4%) (Bettelli et al., 2003). While these spontaneous EAE models stressed the



important role of T cells in CNS autoimmunity, the role of other immune cells in particular B cells

were not addressed in these models.

1.2. Triggers and pathogenic events in CNS autoimmunity

Many cellular players contribute to CNS autoimmunity. The ease with which myelin-specific
CD4" T lymphocytes are isolated from rodents and humans as well as their ability to transfer EAE
to naive recipients suggests that CD4" T lymphocytes are the main culprits inducing CNS damage
(Wekerle, 1993). Animal models that were used to mimic MS are predominately based on CD4* T
cells. Numerous efforts were undertaken to define the effector phenotype of CD4" T cells, which
alone can induce inflammation in the CNS. However, it became clear that all CD4" T cell-subsets,
be it IFN-y-producing Ty1 cells or IL-17-producing Ty17 cells, are capable of mediating EAE in
different settings (Domingues et al., 2010; Jager et al., 2009). Nevertheless, MS lesions contain
higher frequencies of CD8" than CD4" T lymphocytes (Babbe et al., 2000). Reports showed that
myelin-specific CD8" T cells can also induce EAE (Ford and Evavold, 2005; Sun et al., 2001) and
cytotoxic T cells are able to contribute to CNS pathology (Na et al., 2008; Saxena et al., 2008). The
type Il histological patterns of MS lesions as well as the presence of oligoclonal bands in the
cerebrospinal fluid (CSF) of MS patients suggests, in addition to T cells, a contribution of B
lymphocytes to the pathogenesis of the disease (Lucchinetti et al., 2000; Owens et al., 2006).
Moreover, rituximab, a B cell-depleting monoclonal antibody, was effective in a subset of MS
patients (Owens et al., 2006).

The central question, which remains still unanswered, is how the CNS autoimmune responses
are initiated. For long time, pathogenic infections were suspected to be the triggers of MS. Among
viral infections, human herpes virus 6 (HHV-6) and Epstein-Barr virus (EBV) were widely studied as
initiators of the disease (Ascherio and Munch, 2000; Challoner et al., 1995). Similarly, bacterial
pathogens such as Chlamydia pneumonia, a Gram-negative intracellular bacterium, have been
associated with MS, although the data is controversial (Sriram et al., 1999). However, none of the
proposed infectious trigger has been definitively proven.

The overall rise in incidence of many autoimmune diseases including MS suggests a common
causative environmental factor. The hygiene hypothesis states that the lack of childhood exposure
to infections increases the susceptibility to autoimmune and allergic disorders (Bach, 2002; Okada
et al., 2010). Emerging evidence from various autoimmune disease models suggests a role for
resident gut microbiota in the pathogenesis of autoimmune diseases (Chervonsky, 2010). So far,

there is no direct evidence implicating gut microbiota in triggering MS. The indirect evidence for a



role of gut microbiota stems from the fact that dietary factors (potent modulators of gut microbiota
composition and function (David et al., 2014; Maslowski and Mackay, 2011)) like milk, animal fat
and meat are positive influencers of MS incidence (Lauer, 1994, 1997). Interestingly, recent studies
have linked MS incidence to lifestyle factors that have been shown to interfere with the
establishment of healthy bacterial populations in the gastrointestinal tract, such as early-life
antibiotics (Norgaard et al., 2011), formula feeding (Conradi et al., 2013), and caesarian sections
(Maghzi et al., 2012). Although the role of gut microbiota was not directly investigated in these
studies, these lifestyle factors may hurt the transmission of microbiota, likely leading to aberrations
of the gut microbiota. Another interesting data showed that the MS disease course was milder in
inflammatory bowel disease (IBD) patients, who are known to have an altered gut microbial profile
(Zéphir et al., 2013).

The potential involvement of gut microbiota in CNS autoimmunity came from work in the animal
models of MS. Early studies using MBP-specific TCR transgenic mice showed that SPF mice (with
a normal gut microbiota) were less prone to develop EAE than mice housed in a conventional,
“dirty” facility (Goverman et al., 1993). However, a specific trigger has not been identified to date.
Later studies using antibiotic treatments to reduce the gut bacterial load also showed that EAE
severity is reduced in mice and rats (Ochoa-Reparaz et al., 2009; Wekerle et al., 2013; Yokote et
al., 2008). Two recent studies suggested that the hallmark of westernized life style, “high salt” diet
consumption led to severe EAE in mice (Kleinewietfeld et al., 2013; Wu et al., 2013), indirectly
supporting a role for gut microbiota. Attempts to relate the influence of gut microbiota to the
susceptibility of EAE by active immunization have yielded contradictory results. One group noted no
difference between germ free (GF) and SPF mice (Lampropoulou et al., 2008) while a very recent
report (Lee et al., 2011) found reduced EAE susceptibility in GF C57BL/6 mice. Obviously the use
of CFA immunization will supersede a potential role of commensal microbiota. Spontaneous
models sparing any artificial immunization will be superior in addressing these important questions

in natural settings.



2. Questions
Although we have learned a lot about the immunopathogenesis of MS using induced EAE
models, there remains a knowledge gap regarding the disease triggering mechanisms.
The central question of my work is:
What are the triggers of CNS autoimmunity?
To answer this question, the following developments were made

- Generation of spontaneous EAE models (described in publications 1 & 2)
- Contribution of B cells to spontaneous EAE pathogenesis (described in publications 1 & 2)
- Cumulative autoimmunity (described in publication 3)

- Gut microbiota as a trigger of CNS autoimmunity (described in publication 4)



3. Results and discussion

3.1. Spontaneous EAE models of MS

To investigate the triggering mechanisms of CNS autoimmunity, it is essential to use the animal
model which develops spontaneous neuroinflammation at high frequency. We developed two new
mouse models based on the transgenic expression of myelin antigen-specific T and B cell
receptors. The first mouse model utilizes the TCR transgenic mice (2D2; TCRY°®) whose T cells
recognize the MOG 35-55 peptide in the context of I-A” and express the rearranged TCRao and
chain from the pathogenic T cell clone obtained from immunized animals (Bettelli et al., 2003). A
significant proportion (>30%) of these mice develop spontaneous optic neuritis without evidence of
clinical or histological signs of EAE and around 4% of the mice developed spontaneous EAE at
older age. B cell receptor (BCR) knock-in mice (IgH"°®) were produced by gene targeting of the
rearranged heavy chain VDJ sequence from the MOG specific hybridoma 8.18-C5 to its natural
locus (Litzenburger et al., 1998). This heavy chain recognizes the conformational epitope present in

H"°C mice develop normally and secrete high titers of

the extracellular portion of MOG. B cells in Ig
pathogenic antibodies. However, these mice never show autoimmunity, but enhanced kinetics of

EAE after immunization was observed.

In an attempt to shed light on the involvement of myelin autoantigen specific T and B cells and

their products in CNS autoimmunity, we crossed 2D2 mice with IgH"®

mice (Figure 1).
Unexpectedly, we observed that a high proportion of these double-transgenic mice spontaneously
developed severe EAE at young age. CNS inflammation in the double-transgenic mice was focused
to spinal cord and optic nerve, leaving unaffected the brain and cerebellum, leading us to dub these
animals as Opticospinal Encephalomyelitis (OSE) mice. The lesions presented severe
demyelination and infiltration by inflammatory cells, predominantly macrophages and CD4" T cells,

but also eosinophilic leukocytes (Krishnamoorthy et al., 2006) (Publication 1).

Spontaneous EAE in OSE mice takes a chronic-progressive course. This is not surprising, since
it is known that C57BL/6 mice respond to active induction of EAE with chronic, not relapsing-
remitting disease. In an attempt to develop an experimental model which would present
spontaneous relapsing remitting disease, we used the SJL/J mouse strain, which is known to
develop relapsing-remitting EAE following active immunization or passive transfer. We raised a
highly encephalitogenic and MOG-specific SJL/J T cell clone which uses a TCR composed of
Va8.3/VB4 chains. We generated a transgenic SJL/J mouse expressing this MOG-specific TCR by



pronuclear injection. These animals developed spontaneous relapsing-remitting EAE, hence
dubbed as RR mice (Figure 1).
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Figure 1. Spontaneous EAE mouse models representing two distinct forms of human MS.
A) OSE mice are double transgenic mice expressing MOG,, . -specific TCR and MOG-specific immunoglobulin heavy chain. The
middle panel depicts that OSE mice develop classical EAE. The bottom panel shows the incidence of spontaneous EAE in OSE
mice. B) Relapsing-remitting (RR) mice are TCR transgenic mice specific for MOG,, , . peptide. MOG-specific T cells in these mice
recruit endogenous MOG-specific B cells that produce demyelinating autoantibodies. The middle panel depicts that RR mice develop

relapsing-remitting EAE with clinical episodes of ataxia and paralytic symptoms. The bottom panel shows the incidence of spontane-
ous EAE in RR mice. (Adapted from Krishnamoorthy, G et al J Clin Invest 2006 & Péllinger, B et al J Exp Med 2009).
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The large confluent demyelinating plaque-like lesions were located in the cerebellum and the
spinal cord. Importantly, RR mouse lesions feature local immunoglobulin deposits along with
activated complement complexes. This is remarkable, considering that the only change of these
mice is the expression of transgenic TCR genes, resulting in an overrepresentation of MOG-
specific T cells in their CD4" T cell repertoire. Consequently, the autoantibody-producing B cells
must be recruited from the natural B cell repertoire. Evidence indicates that the selection, activation
and differentiation of autoantibody-producing B cells takes place in germinal centers of the cervical
lymph nodes, which are directly connected to the CNS via lymphatic vessels. The process of B cell

recruitment is critically dependent on the presence of CNS-derived MOG autoantigen since the



MOG-specific antibodies were not present in the MOG-deficient RR mice (Pdllinger et al., 2009)
(Publication 2).

3.2. B cells in spontaneous EAE models

While the role of T cells has been extensively explored in EAE models, the role of B cells in the
immunopathogenesis of EAE was not clear. B cells can serve as APCs, produce
cytokines/chemokines or secrete antibodies. Especially our two spontaneous EAE mouse models,
OSE mouse (Bettelli et al., 2006; Krishnamoorthy et al.,, 2006) and RR mouse (Pdéllinger et al.,

2009), highlight the importance of B cell functions in disease pathogenesis.

To explore the role of B cells in our mouse models, we cultured spleen cells from OSE mice with
serially diluted concentrations of recombinant MOG protein. We found that MOG-specific B cells in
OSE mice enhanced the activation of MOG-reactive T cells even at very low concentrations of
MOG. This was due to their specific membrane receptors through which they can specifically
capture and concentrate MOG and hence present it more efficiently to T cells. In this co-culture, we
observed that both T and B cells proliferated vigorously and expressed activation markers such as
CD25 and CD86, respectively. In sharp contrast, single transgenic T cells required more than 100
fold higher MOG protein amounts to exhibit a similar proliferation while B cells responded only
weakly. The efficient presentation of MOG required conformational MOG since MOG-specific B

cells were not as efficient to present the MOG 35-55 compared to MOG protein (Figure 2).

Since B cells can also produce autoantibodies, we measured MOG-specific antibodies in the
serum of OSE mice. We found high titers of isotype switched MOG-specific IgG1 or 1gG2a
antibodies in the serum of both healthy and EAE affected OSE mice (Bettelli et al., 2006;
Krishnamoorthy et al., 2006). In contrast, isotype switched antibodies were present in much lower
concentrations in single transgenic IgH"°® mice, suggesting a T cell driven activation and
subsequent isotype switching of MOG-specific B cells. However, we did not find a deposition of
antibodies in the CNS lesions of EAE-affected OSE mice. Moreover, the onset of clinical symptoms
did not affect the level or nature of MOG-specific antibodies. Finally, MOG-deficient OSE mice also
harbored higher amounts of MOG-specific antibodies suggesting their generation occurred
independently of MOG antigen (Figure 2). Collectively, the OSE mouse model supports the concept

that B cells could act as efficient antigen presenting cells to initiate autoimmunity.
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Figure 2: Enhanced antigen presentation and autoantibody production in OSE mice.

A) Enhanced autoreactivity of lymphocytes from OSE mice to rMOG. Proliferation of splenocytes
from OSE, TCRM°¢ single-transgenic and IgH"°¢ single-transgenic mice in response to increas-
ing concentrations of rMOG and MOG , , peptide. B) Relative concentrations of MOG-specific
serum Ig antibodies. MOG-binding IgM? and 1gG12 antibodies were detected by ELISA in serially
diluted sera obtained from healthy and sick OSE, healthy IgH"°¢, healthy TCR®VAx|gH"°¢ and
healthy OSE x MOG~- mice. Mean absorbance at OD405 nm is shown; error bars indicate SEM.
(Adapted from Krishnamoorthy, G et al JCI 2006).

We performed similar antigen presentation assays in RR mice but failed to find appreciably
higher antigen presentation capacity of B cells from RR mice compared to controls. Surprisingly,
however, we found that RR mice spontaneously produced MOG-specific autoantibodies
presumably due to the recruitment of MOG-reactive B cells from the endogenous B cell repertoire
by activated T cells (Pdllinger et al., 2009). We also found extensive deposits of MOG-binding
antibodies in the CNS lesions of RR mice, suggesting the importance of MOG-specific antibodies in
the pathogenesis. The B cell response in RR mice was a specific response to MOG rather than a
broad autoreactivity since we did not find antibodies against other autoantigens. The autoantibodies
appeared in serum from 5 weeks of age, and persisted up to 6 months of age and started declining
thereafter (Pdllinger et al., 2009). There is evidence that conformational epitope but not linear
epitope binding autoantibodies are involved in EAE pathogenesis (von Budingen et al., 2002). We
tested the serum of RR mice on cell bound MOG and found that majority of these antibodies were
indeed recognizing conformationally intact MOG expressed on the cell surface. We next performed

experiments to test the pathogenic potential of these antibodies by injecting them along with low
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dose PLP peptide immunization. We noted a significant aggravation of EAE in mice that received
RR mouse serum compared to non-transgenic littermate serum recipients. To examine the
importance of B cells, we performed B cell depletion experiments using anti-CD20 antibodies. B cell
depletion had contrasting impact on spontaneous EAE depending upon the time point of depletion.
While neonatal B cell depletion suppressed spontaneous EAE (Figure 3), adult B cell depletion
increased EAE incidence. It can be concluded that while B cells are necessary for the efficient

priming of T cells in early life, in adulthood B cells are important for its regulatory functions.
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Figure 3. B cells and anti-MOG antibodies are essential for spontaneous EAE in RR mice.

A) Pathogenic potential of spontaneously developed MOG-specific autoantibodies were tested by transferring
serum to WT SJL/J mice immunized with low-dose PLP .. ... Serum from TCR'“ (RR) mice, NTL mice or
control monoclonal 8.18¢c5 mAb were transferred after mice showed first clinical symptoms. Error bars indicate
SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. B) B cells were depleted from RR mice by twice weekly injections
of anti-CD20 antibodies from day 3 after birth and control mice received mouse IgG2a antibodies. Although 85%
of isotype control antibody-treated mice developed spontaneous EAE, treatment with CD20 antibodies protected
RR mice from disease development. (Adapted from Péllinger, B et al J Exp Med 2009).
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Overall, our and other studies indicate a diverse role for B cells in MS. Unraveling the
pathophysiological effects mediated by B cells and/or antibodies in patients is essential if we are to
exploit these observations to develop new therapeutic strategies for MS, particularly in view of the

clinical and mechanistic heterogeneity of the disease.

3.3. Cumulative autoimmunity

Molecular mimicry, a cross-reaction of autoaggressive T cells to pathogen-derived molecules,
has been suggested as a mechanism by which tolerance against autoantigens can be broken
(Fujinami et al., 1983; Oldstone, 1987). While studying the role of the autoantigen in spontaneous
MOG-directed EAE, we bred the MOG-specific TCR transgenic 2D2 mice on a MOG-deficient
background. Unexpectedly, we noted spontaneous EAE in MOG-deficient 2D2 mice with incidence
and kinetics indistinguishable from their wild type counterparts (Krishnamoorthy et al., 2009). EAE
in MOG-deficient 2D2 mice could have been due to several possibilities: aberrant expression of
truncated protein, recruitment of endogenous TCR specific for other myelin antigen or 2D2 TCR
cross reacting with another myelin autoantigen. Our western blot analysis ruled out any residual
MOG protein in MOG knock out mice. The flow cytometry analysis also did not find endogenous

TCR expression that is reactive to other myelin antigens.

After excluding incomplete ablation of MOG or an autoimmune attack by T cells from the
residual endogenous repertoire as possible explanations, we probed the possibility that other CNS
protein(s) could serve as an alternative autoantigen in the paradoxical EAE response. Using a
purification strategy to separate the CNS proteins from MOG-deficient mice and subsequent in vitro
recall assay with 2D2 T cells, we identified several fractions that efficiently activated 2D2 T cells.
We performed mass spectrometry analysis of the 2D2 T cell activating fractions and identified the
medium sized neurofilament (NF-M) as an alternative target for 2D2 T cells. An in silico search
identified a seven amino acid peptide of NF-M that is nearly identical to the core region of the
antigenic peptide MOG35 5. The dominant epitopes of MOG and NF-M shared several important
TCR contact positions that contain the amino acids Arg41, Phe44, Arg46 and Val47, which are
known to be the crucial contact amino acids for the 2D2 TCR and other MOG-specific T cell lines
(Ben-Nun et al., 2006; Petersen et al., 2004). We confirmed the reactivity of 2D2 T cells to NF-M by
using synthetic peptide and the recombinant NF-M protein (Figure 4). Interestingly, the cross-
reactivity between NF-M and MOG-specific T cells is not a phenomenon unique to the transgenic
TCR 2D2; we found this response pattern in a significant proportion of CD4+ T cells selected for
MOG-reactivity.
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Figure 4. Identification of a neuronal protein that cross-reacts with MOG

-specific 2D2 T cells.
A) Amino acid alignment of the immunodominant epitopes of MOG and NF-M.
MOG and the minimal epitope MOG were aligned with NF-M. Shown in

35-55 38-50

red and underlined is the amino acid identity of MOG and NF-M peptides. B)
2D2 splenocytes were cultured with increasing concentrations of the indicated
proteins, peptides or mixtures and proliferation was measured by *H-thymidine
incorporation assay. (Adapted from Krishnamoorthy, G et al Nat Med 2009)

To determine the in vivo recognition of NF-M by 2D2 T cells, we transferred activated 2D2 T
cells into RAG” and RAG™ x MOG™ mice. Whereas both recipient groups developed EAE, in
MOG-deficient Rag2” mice the disease was delayed. Similarly, NF-M-activated 2D2-expressing T
cells also triggered EAE in WT hosts with the same incidence and kinetics as that of MOG-
activated 2D2 T cells. Thus, we found the first example of immunological self-mimicry, i.e., the
response of one T cell population against two target autoantigens in the same tissue, MOG and
NF-M (Krishnamoorthy et al., 2009). We postulate that the combined response of a T cell clone
against two independent autoantigens presented within the same target tissue initiates a
particularly vigorous autoimmune attack. Such a cumulative autoimmune response may explain
why the MOG epitope 35-55 elicits EAE in C57BL/6 mice, which otherwise are resistant against

most other CNS autoantigens.
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3.4. Gut Microbiota as a trigger of spontaneous CNS autoimmunity

While the triggering mechanisms of autoimmune diseases still remain an unanswered question,
the overall rise in the incidence of many autoimmune diseases suggests a common causative
environmental factor. The hygiene hypothesis states that the lack of childhood exposure to
infections increases the susceptibility to autoimmune and allergic disorders (Bach, 2002; Okada et
al., 2010). Emerging evidence from various autoimmune disease models suggests a role for the
resident gut microbiota in the pathogenesis of autoimmune diseases (Chervonsky, 2010). So far,
there is no direct evidence implicating gut microbiota in triggering MS. The indirect evidence for the
role of gut microbiota stems from the fact that dietary factors (potent modulators of gut microbiota
composition and function (David et al., 2014; Maslowski and Mackay, 2011)) like milk, animal fat

and meat are positive influencers of MS incidence (Lauer, 1994, 1997).

Having distributed our RR mice to different pathogen-free facilities, we noted incidences of
spontaneous EAE ranging between 35-90%, a variation, which could simply not be explained by
varying “hygienic conditions”. To test the possible contribution of non-pathogenic commensal
microbiota to EAE triggering, we re-derived RR mice into GF, devoid of commensal flora,
conditions. Strikingly, we noted a complete protection from spontaneous RR EAE in GF mice
compared to our normal SPF housed mice (Berer et al., 2011). Re-colonization of GF RR mice with
regular flora from SPF mice promptly restored spontaneous EAE suggesting a vital role for

commensal flora in disease induction (Figure 5).

Protection from EAE went along with a drastic reduction in the frequency of Ty17 cells in the
lamina propria and Peyer’s patches of GF mice suggesting a possible activation of MOG-specific T
cells in the gut associated lymphoid tissue (GALT) (Berer et al., 2011). Indeed, CFSE labeled T
cells transferred into SPF mice proliferated predominantly in the GALT, a response abolished after
short-term antibiotic treatment. There is increasing evidence that the gut microbiota not only
activates the pro-inflammatory effector T cells but also induces autoimmune disease suppressing
regulatory T cells depending upon the presence of particular species. For example, segmented
filamentous bacteria (SFB) predominantly induce pro-inflammatory Ty1 and Ty17 cells (Gaboriau-
Routhiau et al., 2009; Ivanov et al., 2009) whereas clostridium species from both humans and mice
induce regulatory T cells (Atarashi, 2011; Atarashi et al., 2013). However, mono-association of GF
RR mice with SFB did not restore spontaneous EAE (Berer et al., 2011).
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Figure 5. Gut microbiota is required for spontaneous EAE development.

A) Incidence of spontaneous EAE in a cohort of RR mice housed in germ-free (GF)
or specific pathogen free (SPF) conditions. B) Incidence of spontaneous EAE in
germ-free RR mice re-colonized with conventional flora from SPF mice. (Adapted
from Berer, K et al Nature 2011))

Activation of MOG-specific T cells is necessary but not sufficient for full clinical EAE. MOG-
specific B cells recruited from the native immune repertoire by T cells play an additional crucial role
in the EAE development by producing demyelinating antibodies. In GF mice, in the absence of T
cell activation, B cell recruitment was impaired, as reflected by reduced production of MOG-binding
serum antibodies. Spontaneous production of anti-MOG antibodies also required the expression of
MOG antigen in the CNS. RR mice deficient in MOG (RR x MOG™) failed to develop anti-MOG
autoantibody titers despite their normal microbial status. We localized the recruitment of MOG-
specific B cells to CNS draining lymph nodes by transferring GFP-labeled transgenic MOG-specific
B cells. We found that MOG-specific B cells specifically accumulated in the germinal centers of
cervical lymph nodes of SPF mice but not in any other peripheral lymph nodes. This migration was
not seen in RR x MOG™ recipients (Berer et al., 2011). Together, our work identifies a sequence of

events triggering a spontaneous autoimmune demyelinating disease.
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4. Summary

It is widely believed that autoimmune diseases arise due to the combination of several factors
such as genetic susceptibility and environmental triggers. Epidemiological studies strongly suggest
that allergic and autoimmune diseases are clearly on the rise in developed countries. But infectious
agents show a complex relationship with autoimmunity. While lack of infection favours
autoimmunity, infection can also precipitate autoimmunity (Bach, 2002);(Christensen, 2005). In the
case of MS, there were numerous studies that show that immune cells, in particular T cells, play a
major role in disease pathogenesis. However, there is a huge gap in understanding the triggers of

autoimmune reactivity.

To understand “What are the triggers of CNS autoimmunity?” new spontaneous EAE mouse
models were developed. These models differed in their clinical characteristics, pathology and
pathogenesis. While in OSE mice B cells primarily served as antigen presenting cells,
autoantibodies played a crucial role in the demyelination in RR mice. Also, these models led us to
identify a novel phenomenon of autoimmune cross reactivity, i.e., self-molecular mimicry which we

termed as “Cumulative autoimmunity”.

One of the most important uses of these models was to investigate the actual triggering mechanism
of the CNS autoimmunity. Our studies identified that the commensal gut microbiota through
modulating the immune functions triggered CNS autoimmune reactivity. Mechanistically, how the
gut microbiota modulates autoimmune responses against the remote CNS is yet to be understood.
The gut microbiota effects can be transmitted to remote organs through a) trafficking of adaptive
and innate immune cells stimulated in the intestine b) transport of bacterial metabolites c)
translocation of live bacteria due to impaired epithelial integrity. These are the potential lines of

investigations in our future experiments.
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Spontaneous opticospinal encephalomyelitis
in a double-transgenic mouse model of
autoimmune T cell/B cell cooperation
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We describe a double-transgenic mouse strain (opticospinal EAE [OSE] mouse) that spontaneously developsan
EAE-like neurological syndrome closely resembling a human variant of multiple sclerosis, Devic disease (also
called neuromyelitis optica). Like in Devic disease, the inflammatory, demyelinating lesions were located in the
optic nerve and spinal cord, sparing brain and cerebellum, and the murine lesions showed histological similar-
ity with their human correlates. OSE mice have recombination-competent immune cells expressing a TCR-aff
specific for myelin oligodendrocyte glycoprotein (MOG) aa 35-55 peptide in the context of I-A” along with an
IgJ region replaced by the recombined heavy chain of a monoclonal antibody binding to a conformational epi-
tope on MOG. OSE mouse B cells bound even high dilutions of recombinant MOG, but not MOG peptide, and
processed and presented it to autologous T cells. In addition, in OSE mice, but not in single-transgenic parental
mice, anti-MOG antibodies were switched from IgM to IgG1.

Introduction

MS is the most important demyelinating disease in the northemn
hemisphere. It arises without known trigger and either progresses
in isolated bouts or worsens steadily from the very beginning, In
the classical form of MS the demyelinating plaques are spread
throughout the CNS. Usually the plaques appear in certain pre-
ferred locations, such as around the periventricular areas, but
there are also variants in which the disease is limited to individual
regions of the CNS. In Devic disease, for example, the lesions are
restricted to the optic nerve and the spinal cord, sparing the cere-
brum and the cerebellum (1). MS and its subgroups also have dis-
tinct histological patterns of pathological changes (2).

The factors determining onset, course, distribution, and cellular
composition of autoimmune lesions in MS are largely unknown. In
particular, it is unclear which processes are involved in triggering the
onset of the disease and which drive inflammation during the further
course of the disorder. While some investigators link the trigger(s)
of MS to microbial infection (3), the opposite has been proposed as
well, namely that the propensity to autoimmune disorders is related
to the decreasing prevalence of infections{4). Our ignorance of these
vital issues is largely due to the lack of suitable experimental models
that would develop human CNS disease spontaneously and repro-
duceits essential dinical and structural aspects.

Here we describe a double-transgenic mouse strain that may
fill this gap. These animals spontaneously developed a neuro-
logical condition that strikingly resembled the Devic variant of
human MS. The majority of these opticospinal EAE (OSE) mice
had a paralytic disease caused by inflammatory demyelinating

Nonstandard abbreviations used: FACS, fluorescence-activated cell sorting; [gH"O¢
mice, MOG-specific Ig heavy-chain knock-in mice on a C57BL/6 background; MBP,
myelin basic protein; MOG, myelin oligedendrocyte glycoprotein; OSE, opticospinal
EAE, rMOG, recombinant MOG aa 1-125; SEF, specific pathogen-free; TCRM2C mice,
MOG-specific TCR transgenic mice on a CS7BL/6 background; TCROVA mice, OVA-
specific TCR transgenic mice on a CS7BL/6 background.
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lesions in the spinal cord and the optic nerve. The causative
CNS lesions, again much like human Devic lesions, sometimes
contained a high proportion of eosinophilic leukocytes besides
T cells and macrophages.

Results
Spontaneous EAE-like disease in OSE double-transgenic mice. Myelin
oligodendrocyte glycoprotein-specific (MOG-specific) TCR
transgenic mice on a C57BL/6 background (TCRM®S mice; also
referred to as 2D 2 mice; ref. 5) express a transgenic TCR recogniz-
ing MOG aa 35-55 peptide in the context of I-A* on most CD4*
T cells. TCRM®Y transgenic animals rarely have classic EAE,
although a major proportion of the older ones develop optic neu-
ritis. MOG-specific Ig heavy-chain knock-in mice on a C57BL/6
background (IgHM®S mice; also referred to as Th mice) contain
B lymphocytes that produce antibodies with the heavy chain of
a demyelinating MOG-specific antibody (8.18C5) {6, 7). Despite
high titers of pathogenic serum antibodies, the spontaneous devel-
opment of autoimmunity has not previously been observed (8).

TCRMO9 and IgHM®S single-transgenic animals were crossed,
both on a C57BL/6 background. EAE-like signs (a disease score
of at least 3; see Methods) were observed in 51% of the mice kept
under specific pathogen-free (SPF) conditions (Figure 1) and in
46% of mice housed under conventional conditions (Supplemen-
tal Figure 1; supplemental material available online with this arti-
cle; doi:10.1172/JC128330DS1). All single-transgenic littermates
remained healthy throughout the 12-week observation period (Fig-
ure 1). The mean maximum disease score among TCRMOGx[gHMOG
double-transgenic animals, termed OSE (opticospinal EAE) mice,
was 3.4 = 1.2 with amean cnsetat 6.1 + 2.0 postnatal weeks. Female
and male OSE mice developed EAE-like disease at similar rates
(Figure 1). Neurological disease followed a chronic course with no
marked remissions, and disease onset in the mice coincided with
substantial weight loss (see Supplemental Figure 2).

There was no spontaneous EAE in F1 crosses of [gHY% mice
with OVA-specific TCR transgenic mice on a C57BL/6 background
MNumber 9
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Figure 1

Spontaneous EAE-like disease in TCRMOG.|gHMOG double-transgenic
[OSE) mice. Spontaneous incidence after birth of severs EAE-like
disease (clinical score =3) was cbserved in double-transgenic mice
housed under SPF conditions (red line; n = 133, 80 females and 73
males). Single-transgenic littermates (gHYOS ;= 69, TCRMIS 1 = 34
and TCROVAIgHYOS double-transgenic mice (1 = 11) remained free of
clinical signs dunng the observation period. Gray lines show disease
incidence formale and female OSE mice. The difference in the disease
kinetics between sexes was not statistically significant (P = 0.2263)

{TCRY mice, also referred to as OT-1I mice) specific for OVA aa
323-339 (9) (Figure 1) nor in OSE mice lacking MOG antigen
(MOG~ mice; ref. 10; data not shown).

The pathological CNS esion. In OSE mice with spontaneous EAE
kept under conventional conditions, CIN3 lesions were located
almost exclusively in the optic nerve and in the spinal cord (Fig-
ure 2). The lesions were circumscribed rather than diffuse and
were characterized by massive infiltration of inflammatory cells
along with profound demyelination and moderate axonal loss.
In sharp contrast, inflammation in the spinal cords and optic
nerves in TCRMOC and [gHMOC single-transgenic littermates of

Figure 2

Histological analysis of the CNS from sick OSE
mice. [A-J and L-O) The optic nerves {A—F) and
spinal cords (G—dJ and L-0O) from OSE mice that
developed neurological disease in a non-SPF
environment showed severe infiltration, demy-
elination, and axonal damage as visualized by
H&E (A D, G, and I}, luxol fast blue (B, E, H,
and J), and Bielschowsky silver impregnation (€
and F). Arrows in G indicate eosinophilic granu -
locytes (K) Demyelinating lesions {red shading)
wers specifically localized in the optic nerves and
spinal cords of OSE mice, thus resembling the
lesion distribution obsened in human Devic dis-
ease. Cervical sections are labeled C1-C8: tho-
racic sections are labeled T1—T13; lumbar sec-
tions of the spinal cord are labeled L1-L7 (L-O)
Cellularintiltrates wers predominantly composed
of CD11b* macrophagesimicroglia (L) and G4+
T cells (M), while only few CD8* T (N} and B cells
(0) were found exclusively in the optic nerves
and spinal cords of sick mice. Note that healthy
OSE littermates remained free of demyelinating
CNS lesions (see Supplemental Figure 3). Fur-
themore, OSE mice housed under SFF condi-
tions showed slightly stronger infiltration/demy-
elination (see Supplemental Figurs 4)
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the same age was sparse or absent. Only in exceptional animals
was it associated with some perivascular tissue damage. Healthy
O8E mice showed only sparse inflammatory infiltrates in the
CMNS (Supplemental Figure 3).

The inflammatory infiltrates were dominated by mononuclear
cells (Figure 2). Immunocytochemistry identified macrophages
and CD4* T cells, but only very few BE220* B cells or CD&* T cells
(Figure 2, L-0), in the optic nerve and the spinal cord. It is note-
worthy that using the same antibody staining of the brain did not
reveal immunoreactivity. In addition, some actively demyelinating
lesions contained abundant ecsinophilic granulocytes.

Double-transgenic mice that were kept under SPF conditions also
showed profound inflammatory demyelination in their optic nerves
and spinal cords. In addition, SPE-bred animals exhibited extensive
inflammation that formed thick mononuclear infiltrates in the
meninges and perivascular spaces. Demvyelination was associated
with mononuclear cell infiltration of the tissue, but eosinophilic
granulocytes were generally absent (Supplemental Figure 4).

Acttvation of CNS-infiltrating CD4* T eells. In contrast to healthy
TCRMOG and IgHMOC single-transgenic animals, which yielded
only very few inflammatory cells, large numbers of inflammatory
cells were recovered from the spinal cords of sick O8E mice. Percoll
gradient-separated infiltrate cells were predominantly CD4*CD3*
T lymphocytes, along witha CD11b* macrophage/monocyte com-
ponent (Figure 3). The CD4* T cells were stained by antibodies
directed against V3.2 and V11 (Figure 3F), the V region speci-
ficities of the transgenic TCRMO® mouse.

Of note, CD4*CD3* T lymphocytes from the CNS of sick OSE
mice showed a highly activated phenotype indicated by the mark-
ers CD69 and CD 25 (Figure 31 as well as CD44 (data not shown).
In contrast, CD 3 and CD62L (data not shown) were partly down-
regulated. Splenic T cells from the same sick OSE animals were not
activated (Figure 3B).
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Cytokine and chemokine expression in CNS lesions. Quantitative
real-time PCR was used to compare the transcription of cytokines
and chemokines in the spinal cords of OSE animals with spon-
taneous EAE and WT CS57BL/6 mice with actively induced EAE.
Both profiles were almost identical. The cytokine genes IFN-y and
TNF-o. were substantially enhanced, while IL4, IL-S, IL-10, IL-13,
and IL-17 transcripts remained practically undetectable (Figure
4). In healthy single-transgenic TCRMOG and IgHMOC littermates,
none of these transcriptsa were found.

The chemokines IP-10 and eotaxin were transcribed at similar
high levels in sick OSE animals and C57BL/6 mice with MOG aa
35-55-induced EAE (Figure 4).

Enbanced anti-MOG response and cytokine production by lymphocytes
from OSE mice. Spleen cells from OSE mice responded to recom-
binant MOG aa 1-125 (rMOG) much more efficiently than did
TCRMOG single-transgenic control cells (Figure SA). Antigen doses

Figure 4

Cytokine milieu in the spinal cords of sick OSE mice. Relative expression
level of various cytokine and chemokine genes was assessed by quanti-
tative PCR in the spinal cords of sick OSE mice (n = 5; clinical score =3),
healthy IgHMOG mice (n = 3), healthy TCRMOG mice (n = 3), and C57BL/6
mice immunized with MOG aa 35-55 (n = 3; clinical score =3). Error
bars represent SEM from the measurement of individual animals within
each experimental group. ND, no gene expression was detectable.
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Figure 3

Activated pathogenic CD4+ T cells infiltrate the spinal cord of OSE
mice. (A-D) Living splenocytes (A and B) and CNS mononuclear cells
(C and D) isolated by Percoll gradient centrifugation from a sick OSE
mouse were stained with CD4 and CD3 (A and C), and CD25 and
CD69 expression was analyzed among gated CD4+CD3+ double-posi-
tive T cells (B and D). (E) Gated CD4-CD3- CNS cells were stained
with anti-CD11b and anti-B220 in a separate reaction. (F) CD4+CD3+
T cells infiltrating the CNS of sick OSE mice predominantly expressed
the pathogenic TCR composed of Va3.2 and VB11 chains. Numbers
indicate the percentage of stained cells in the respective quadrant.
Flow cytometric data are representative of 7 sick OSE animals ana-
lyzed in 4 independent experiments.

of 0.02 ng/ml caused massive proliferation of double-transgenic
splenocytes, while TCRMOG single-transgenic cells required more
than 100-fold protein concentrations. IgHMOG single-transgenic
splenocytes scarcely or only weakly responded to rMOG, even at
high concentrations (Figure SA).

In sharp contrast, the immunodominant peptide MOG aa 35-55
was recognized equally by OSE and single-transgenic TCRMOS mice
(Figure 5B). Both required relatively high peptide concentrations for
measurable activation, whereas spleen cells from single-transgenic
IgHMOG mice completely failed to respond to MOG aa 35-55.

In an initial atctempt to elucidate the relative contribution of
MOG-reactive T and B cells to the enhanced reactivity of OSE
spleen cells, single-transgenic IgHMOC splenocytes were mixed
with cells from single-transgenic TCRMOG spleens. The combi-
nation of both single-transgenic populations potentiated rMOG
reactivity (see Supplemental Figure SA). A similar supra-addi-
tive effect was produced by combining B and T cells purified
(>90% by fluorescence-activated cell sorting [FACS] analysis)
from single-transgenic TCRMOG and IgHMOS spleens. Figure 5C
shows that the combination of MOG-reactive T and B cells from
single-transgenic TCRMOS and IgHMOG mice fully reproduced the
high reactivity of unseparated double-transgenic OSE mouse
splenocytes. In contrast, transgenic T cells from TCRMOG mice
combined with nontransgenic B cells and transgenic B cells from
IgHMOC mice together with nontransgenic T cells showed com-
parable proliferative responses (Figure SC). Finally, the mixing of
highly purified transgenic T and B cells from OSE mice restored
the enhanced proliferation kinetics of unseparated OSE spleno-
cytes (Supplemental Figure SB).

The contribution of transgenic T or B lymphocytes to the pro-
liferative response of rMOG was determined by labeling OSE sple-
nocytes with CFSE and exposing them to optimal antigen doses in
vitro. Both T and B cells were driven to proliferate (Figure 5D). In
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kinetics and expression of T and B cell
activation markers as well as the quan-
tity and quality of cytokines secreted
by transgenic splenocytes in response
to rMOG remained unaffected by the
clinical status of OSE animals (our
unpublished observarions).

However, OSE mice differed strik-
ingly from age-matched single-trans-

MOG aa 35-55 (ug/ml)

1 10 100 genic IgHMOS or double-transgenic
TCROVAxIgHMOS mice by their high
titers of the IgG1 isotype of anti-MOG
autoantibody (Figure 7). While TCRMOG
single-transgenic mice did not spon-
taneously develop any anti-MOG
antibodies (Supplemental Figure 7),

most of the anti-MOG autoantibod-

ies in single-transgenic IgHM®G and in
TCROAXIgHMCG mice were IgM.

The onset of clinical EAE did not
affect the level or narure of anti-MOG
IgG1 antibodies (Figure 7). Further-
more, longitudinal srudies of indi-
vidual OSE mice showed constant
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Enhanced autoreactivity of lymphocytes from OSE mice to rMOG. (A and B) Preliferation of spleno-
cytes from OSE, TCRMOG single-transgenic, and IgHMCG single-transgenic mice in response to increas-
ing concentrations of (A) rMOG and (B) MOG aa 35-55 peptide. (C) Proliferation of CD4+ T cells and
B cells isolated from IgHMOG and TCRMOG single-transgenic mice that were combined as indicated
after their purification (>90% purity) and stimulated with increasing amounts of rMOG. Note that the
combination of MOG-reactive T and B cells caused a substantial increase in proliferation in response
to rMOG, comparable to that of OSE splenocytes. (D) Splenocytes from an OSE mouse were labeled

10° 10? ) 10°
CFSE fluorescence

10°

amounts of MOG-specific IgM, IgG1,
and IgG2 antibodies (see Supplemental
Figure 7). Finally, OSE mice that lacked
MOG antigen (i.e., triple-transgenic
TCRMOSXIgHMOGxMOG~/~ animals)
exhibited increased amounts of anti-
MOG IgG1 serum antibodies, indicat-
ing that their generation occurred inde-
pendently of MOG antigen (Figure 7).

with CFSE and stimulated with optimal concentrations of rMOG in vitro. The dilution of cellular CFSE

due to proliferation of live-gated CD4+CD3+ T lymphocytes (top) and live-gated CD18*+ B lymphocytes
(bottom) is shown. Splenocytes that remained without stimulus are represented by dotted lines. In
A-C, each data point was run in triplicate, and error bars indicate SEM. Expetiments in A and B were
replicated on multiple occasions (>10), those in C and D were repeated twice.

addition, both responding lymphocyre populations were activat-
ed. T cells expressed CD25, and B cells CD86, as activation markers
(Supplemental Figure 6).

The cytokines secreted by MOG-stimulated splenocytes from
OSE mice in vitro were measured by ELISA. Predominantly, the
cytokines IL-2, IFN-y, and 1L-17 (albeit to a lesser extent) were
released from OSE and TCRMOC T cells in the dose-response pat-
tern previously found in proliferation assays. In contrast, IL-4 was
only marginally detectable in the supernatants, while low levels
of IL-5 were seen in responding OSE but not TCRMYC T cell cul-
tures (Figure 6A). While stimularion with high doses of MOG aa
35-55 pepride released IL-2, IFN-y, IL-17, and IL-5 cyrokines from
OSE splenocyrtes, low pepride doses did not trigger any detectable
cytokine secretion (Figure 6B).

Production of anti-MOG asntoantibodies. OSE mice, either with or
without EAE, did not visibly differ in absolute number and cel-
lular composition of splenocytes (Supplemental Table 1) or in
cellular function (data not shown). In particular, the capability
of MOG-specific transgenic B cells to bind tMOG was unaltered
during disease onset and progression. Finally, the proliferation
2388
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Discussion

The OSE double-transgenic mouse
EAE model described here stands out
in several respects. The inflammatory
demyelinaring disease developed spon-
taneously, it resulted from pathogenic
interaction between myelin autoimmune T and B cells, and the
distribution and cellular composition of its lesions resembled that
of Devic disease, a variant of human MS.

Spontaneously developing organ-specific autormmune dis-
ease models in rodents are rare. Most notably, the NOD mouse
develops type 1 diabetes mellitus at variable frequency within 40
weeks (4). Spontaneous autoimmune disease was also reported
in the CNS. Spontaneous EAE was seen in transgenic mice with
a TCR specific for myelin basic protein (MBP) in the context of
[-A4 (11, 12) at low frequency: <15% under conventional and 0%
under SPF conditions (11). Higher frequencies were observed
in the absence of regularory lymphocyres in double-transgenic
MBP-specific TCR rransgenic mice on a B10.PL background
(TCRMPP) crossed wirh recombinase activaring gene-deficient
mice (TCRMPPXRAG- mice; ref. 12). Of interest, these transgen-
1c mice, very similar to our double-transgenic model, showed
activated antigen-specific T cells only in the CNS that remained
undetectable in peripheral organs (12).

OSE mice developed the disease at rates of about 50% within the
first 10 weeks of age, although neither of the 2 parental T and B
Number @
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Cytokine production by transgenic splenocytes in vitro. (A and B) Splenocytes from OSE, TCRMOG, and IgHYO¢ mice were stimulated with increasing
amounts of (A) rMOG or (B) MOG aa 35-55 peptide, and secreted IFN-y, IL-2, IL-4, IL-5, and IL-17 cytokines were detected by ELISA. Representa-
tive results of a total of 7 OSE, 3 TCRMOG, and 3 IgHYO¢ animals analyzed during 3 independent experiments are shown. Error bars indicate SEM.

cell transgenic strains did. The question arises as to which events
trigger EAE in OSE mice. In principle, both positive and negative
triggers could be envisaged that weaken downregulatory control
mechanisms. In human autoimmune disease the triggering events
are commonly related to the inflammatory responses surround-
ing infection. The signals may include molecular mimicry among
microbial and autoimmune determinants (13), microbial superan-
tigens (14), and inflammatory milieus created by innate immune
responses (15). The data from experimental models of spontane-
ous autoimmunity are, however, contradictory. Thus in transgenic
mice with T cell receptors for MBP, spontaneous EAE was fre-
quently noted in colonies with low hygienic standards, while mice
of the same strain remained healthy when kept clean (11). In strik-
ing contrast, spontaneous type 1 diabetes mellitcus in NOD mice
arose more frequently in “clean” than in “dirty” colonies (4, 16).
OSE mice from our colony, raised under either SPF or conventional
conditions, developed spontaneous EAE at very similar rates.

EAE bouts have been elicited by signals of innate immune
responses that mostly act on local APCs. For example, treatment of
proteolipid protein-reactive, TCR transgenic mice with bacterial
CpG or Bordetella pertussis toxin strikingly enhanced the incidence
of spontaneous EAE (17). These stimuli did not affect EAE devel-
opment in OSE mice (data not shown).

Alternatively, autoimmune disease has been precipitated in animals
after weakening their regulatory T cell populations (18). Depletion of
putative regulatory T cells from partly resistant B10.S mice increased
the inducibility of EAE (19) or exacerbated established EAE in SJL/J
mice (20). Applying current depletion protocols using anti-IL-2R
and anti-GITR antibodies, we were unable to influence the occur-
rence of spontaneous Devic disease in our mouse colony. However,
we noted a low frequency (<2%) of CD4°CD25*CD69- T cells in the
mice (Supplemental Figure 8). Furthermore, we were unable to detect
differences in the frequency of Foxp3 regulatory cell in healthy versus
sick OSE mice (see Supplemental Figure 8 for details).
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Relative concentrations of MOG-specific serum Ig antibodies in transgenic mice. MOG-binding antibodies wers detectad by ELISA in serially diluted
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Human organ-specific autoimmune diseases like rheumatoid
arthritis (21) and myasthenia gravis (22) seem to be the result of
pathogenic interactions between autoreactive T and B lympho-
cytes. There is emerging evidence that, at least in a subset of b8
cases, B and T cells cooperate to produce disease (2), Indeed, B cells
and plasma cells are quite common components of M5 lesions (23,
24). Further, the cerebrospinal fluid characteristically contains
B cell products, the oligoclonal Ig bands, which seem to be the
results of an antigen-driven immune response (25, 26). Finally,
immunotherapies targeted to B cells and their products have been
successful in classical MS (27) and Devic disease (28).

While to date EAE models have been used mainly to study the
role of T cells in CNS autoimmunity, there are still only a few stud-
ies on autoimmune B cells. Several studies explored the contribu-
tion of B cells to the pathogenesis of BAE, either by depletion (29,
30Yor by using transgenic mice with crippled Ig genes (31-33), but
the role of autoantigen-specific B cells has been largely neglected.

The double-transgenic mouse strain described here, which we
believe to be novel, fills this gap. O5E mice are double-transgenic
for T and B cell receptors specific for the same myelin autoanti-
gen, MOG. Autoimmune T and B cells thus may interact on several
levels to create disease. First, antigen-specific B cells are known to
efficiently capture even highly diluted protein antigen via their sur-
face Ig receptors, to process the antigen, and then to present it to
specific T cells in the context of appropriate MHC determinants
{34). This is definitely the case in OSE mice. The transgenic B cells
have receptors that bind only conformational epitopes formed by
1 OG protein (8) and fail to bind MO G aa 35-55 peptide. Conse-
quently, in these mice, the MOG-specific B cells were able to pick
up and concentrate rMOG presentat enormous dilutions and pres-
ent it efficiently to specific T cells. However, the same B cells failed
to concentrate MOG peptide.

The role of MO G-specific B cells is, however, not restricted to
antigen presentation. We have shown that in double-transgenic
spleen cultures, both T and B cells responded to MOG by activa-
tion and proliferation. Furthermore, MGG-specific T cells, acti-
vated by MOG, can drive their B cell partners into differentiation
pathways, toward either Ig-producing plasma cells or long-lived
memory B cells. Further, these T cell/B cell interactions control
Ig affinity maturation and isotype switching, as indicated by our
finding that anti-MOG Igs underwent a class switch from Ight
to IgG1 — a switch pattern commonly related to Th2 responses

— in OSE mice. This did not occur in IgHM®S mice or in double-
transgenic TCR®¥x [gHMC mice. Remarkably, however, OSE mice
showed a cytokine pattern (high levels of IFN -y and IL-2, low lev-
els of IL-§ and IL-17, and no detectable IL-4) that dominated the
transgenic T cells both in vitro and in the CNS miliew. Factors
other than the known switch cytokines must have contributed to
the IgG 1 isotype switch of anti-MOG autoantibodies.

Following conventional concepts, the Ig switch to IgG 1 should
be the consequence of presentation and recognition of the nominal
autoantigen, MOG, betwsen both partner cells. It is thus another
major surprise that the IgG1 switch of anti-ddOG autcantibodies
was seent in OSE mice not only on abdOG** background butalso on
aMOG- background. This raises the question of the fautajantigen
linking T and B cells in vivo. In a previous study of double-trans-
genic mice expressing the IgHMO® gene replacement plus the light
chain from the donor hybridoma, Litzenburger et al. observed B cell
receptor editing (38), a phenomenon invelving B cell contact with
self antigen (36). MO Greactive B cells showed evidence of receptor
editing in both MOG** and MOG mice,a finding that suggestsa
non-MOG self protein mimicking MOG epitopes (35).

In OSE mice, the particular localization of lesions in the optic
nerve and in the spinal cord differs from most actively induced or
passively transferred EAE variants. Presumably, lesion distribution
depends both on the nature of the target antoantigen and on genet-
ic factors. While classic EAE induced in Lewis rats by MBP-specific
T cells affects the spinal cord in a caudocranial gradient of inten-
sity, other CINS autcantigens produce very different patterns in the
same strain (37), Conversely, immunization of BN rats with tMOG
produces EAE with distribution like that in OSE mice, while sensi-
tization of DA rats results in inflammation throughout the CINS
{38). Furthermore, single-transgenic TCRM2% mice frequently show
isolated optic neuritis, but rarely spinal cord lesions (3).

The distribution of the demyelinating lesions within the optic
nerve and the spinal cord along with their particular cellular com-
position in our transgenic rmice are similar to that in Devic disease.
However, TCRMOGx g HMOG double-transgenic OSE mice were not
able to replicate all aspects of the complex clinical and pathologi-
cal patterns observed in human Devic disease. Most importantly,
in Devic disease long monofocal lesions are observed that are pre-
dominantly located in the cervical spinal cord segments. Highly
destructive and necrotic lesions are symrmetrical and mainly affect
the central portions of the spinal cord over several segments. Despite
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impressive and severe pathology in OSE mice, we were unable to see
such devastating pachology (Figure 2), probably due in pare to the
fact thar affecred animals rapidly developed severe clinical symp-
toms after onset of disease, often requiring the early scarification
of such animals (see Supplemental Figure 2). Furthermore, human
Devic disease seems to be associated with massive perivascular I[gh,
IgG, and complement deposition, which are not specifically locared
on myelin sheaths. We, however, were unable to detect comparable
complement deposition within the CNS of sick OSE mice {dara not
shown). Antibodies binding to aquaporin-4, which have been recent-
ly described in the sera of Devic disease patients (39), seemed to be
absent in OSE mice {data not shown). This discrepancy may, how-
ever, be of limired importance, as anti-aquaporin antibodies were
missing in about 30% of Devic patient sera. Moreover, the distribu-
tion of aquaporin within the human CNS does not coincide with
the distribution of demyelinating lesions in Devic disease (39, 40).
OSE mice offer important new features, which will make them
of use for a number of purposes. Most interestingly, they may lend
themselves ro the study of mechanisms thar precipitare spontane-
ous autoimmune disease. OSE mice may also be useful for exploring
facrors that determine the localization of lesions and their cellular
composition. Finally, as a model of spontaneous, non-adjuvant-
induced autoimmunity, OSE mice may be helpfulin the preclinical
validarion of novel therapies of auroimmune CNS disease.

Methods

Andmals and disease scoring. The transgenic IgHYS (also referred to as Thy
ref. 8}, TCRMO% {alsoreferred to as 2D2; ref. 5}, and MOG~~ mice {10} along
with (C57BL/6 mice were bred in the animal facilities of the Max Planck
Institute of Biochemistry. TCRMO% mice were generated directly on the
C57BL/6 genetic background {5). IgHMO% and MOG-" mice were origi-
nally made using 129-derived ES cells but were backcrossed against the
(C57BL/6 strain for more than 12 and 8 generations, respectively. Homouy-
gous TCRY™ mice {# = &) were purchased from Jackson Laboratory.

F1 animals resulring from the intercross of IgHMO% wirh TCRMOG or
TCROYA mice were weighed and examined every 2 3 days for clinical signs
of disease. Clinical scoring of animals was according to the classic EAE dis-
ease determination: 0, healthy animal; 1, animal with a flaccid tail; 2, ani-
mal with impaired righting reflex and/or gait; 3, animal with 1 paralyzed
hind leg; 4, animal with both hind legs paralyzed; 5, moribund animal or
death of the animal after preceding clinical disease.

Allanimal procedures used in this report were inaccordance with guidelines
of the committee on animals of the Max Planck Instinute for Neuvrobiology
and with the license of the Regierung von Oberbayern (Munich, Germany).

Antigens. tMOG was purified from bacterial inclusion bodies {(41). MOG
aa 35 55 peptide was synthesized at BioTrend, Germany.

Imwmunization of antmals. Mice were injecred s.c. ar the tail base with an emul-
sion of equal amounts of CFA and 260 pg MOG aa 35 55 in PBS. CFA was
supplemented with 5 mg/ml Myeobactevinm tuberveslosis (strain H37Ra). Pertus-
sis toxin {400 ng} was injecred Lp. on days 0 and 2 relative to immunization.

Histological analysis. Animals were perfused with 4% paraformaldehyde in
PBS, stored in the same fixarive for 24 hours, and then washed twice with
PBS. Brainand spinal cord tissite was dissected and in part embedded in par-
affin or smap frozen for immunocytochemistry. Adjacent serial secrions were
stained with H&E, luxol fast blue, or Bielschowsky silver impregnation.

Immunobistochemistry. Immumnohistochemical stainings were performed
as described previously {42). Tissue sections {8 12 pm} were incubared
with primary rat antibodies recognizing mouse CD4, CD11b, CD8a, IgM,
D19, or B220 (all obtained from BD Biosciences  Pharmingen). A sec-
ondary biotinylated anti-rat antibody, a streptavidin-HRP complex (both
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from Vecror Laboratories), and diaminobenzidine {Zymed) allowed the cell
type specific detection of mononuclear cells. Slides were counterstained
with Meyer's hemartoxylin and embedded in AquabMount {Fisher Scientific)
prior to microscopic analysis.

Flow cytometric analysis. Mononuclear cells were isolared from the CNS
by Percoll gradient centrifugarion. For the detection of cell surface mark-
ers by FACS analysis, cells were stained with fluorochrome-labeled anti-
bodies (BD Biosciences  Pharmingen; see Supplemental Methods for
derails). MOG-binding cells were detected with biotinylared tMOG pro-
tein {41} and a streptavidin-allophycocyanin complex (BD Biosciences

Pharmingen). Intracellular Foxp3 staining was performed according to
the manufacturer’s instructions {eBioscience}). Data acquisition was done
with a PACSCalibur system and CellQuest software {BD). For data analysis
CellQuest software and WinMDI software (version 2.8; http://facs.seripps.
edu/software.hrml) were used.

In pitro proliferation assay. Single-cell suspensions from spleens were pre-
pared, and 2 x 107 cells/well were seeded in 96-well, round-bottomed plates
in a rotal volume of 200 pl complete RPMI medium conraining 10% FCS
(Invitrogen). After a culture period of 48 hours, 1 pCi H-labeled thymidine
was added per well. Samples were harvested 16 hours later, and trititm
incorporation was measured. Bach sample was run in triplicate.

Cell purification. Lymphocyte subpopulations were purified from the
spleens of transgenic mice using B cell or T cell Negative Selection kirs
(Dynal}. Their viability and purity were evaluared by FACS analysis. The
cell purification procedure generally resulred in cell populations that were
more than 90% pure.

CISE labeling of ymphocytes. Cells {2 % 107y were incubated at 37°C for 10
minutes with 1% FCS/PBS containing 5 pM CFSE {Invitrogen) and were
subsequently washed extensively with cold PBS.

ELISA. Cells were plated and stimulared as described for proliferation
assays. Afrer 72 hours cell supernatants were collecred. Cytokine concen-
trations were determined using matching antibody pairs for mouse IL-2,
1FN-y, IL-4, IL-5 {BD Biosciences  Pharmingen}, and IL-17 (R&D Sys-
rems). For colorimetric cyrokine determination, 2,2 -azino-bis (3-ethyl-
benzthiazoline-6-sulphoenic acid (ABTS; Sigma-Aldrich) was used as a sub-
strate, and plares were read at 405 nm.

Determination of serwm titers of MOG-specific antiboelies. Serially diluted serium
collected from transgenic mice were transferred to 96-well ELISA plates
{Nunc} precoared with rMOG. After extensive washes, bound Ig was detecred
by a sandwich consisting of a biotinylated allotype- and isotype-specific anti-
motuse Ig (all BD Biosciences  Pharmingen; see Supplemental Methods for
details} and a streptavidin-HRP complex (BD Biosciences  Pharmingen).
ABTS was used as a color substrate that was measuted at 405 nm.

Quantitative veal-time TaqMan PCR analysis. Toral RNA was isolated
from the spinal cord and optic nerves by TRI Reagent extraction {Sigma-
Aldrich) and, following DNase I treatment, was converted into ¢DNA
using either hexanucleotide or oligo-dT primers and SuperSeripr 11
Reverse Transcriptase (Invitrogen). Sense and antisense primers in com-
bination with FAM/TAMRA TaqMan probes and gene-specific prim-
ers {synthesized at Merabion} were used for PCR analysis. A list of used
primer sequences for the IFN-y, TNF-¢1, IL-4, IL-5, IL-10, IL-13, IP-10,
eotaxin, Foxp3, and GAPDH genes is provided in Supplemental Meth-
ods. Where possible the primer/probe sequence combinations spanned
contact sequences of subsequent exons. For amplification the ABsolute
QPCR mix was used (ABgene). Each reaction was run in triplicare on an
ABI 5700 machine {Applied Biosystems} and was normalized to house-
keeping gene GAPDH transcripts. Primary dara was analyzed with Gene-
Amp SDS 5700 software {Applied Biosystems).

Statistics. Descriprive staristical analysis was performed using Excel
2003 {Microsoft) and Prism version 4 {GraphPad} software. Differential
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EAEincidence was analyzed by log-rank test (by an in-built survival curve
analysis from Prism version 4). P values less than 0.05 were considered
to be significant.
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Spontaneous relapsing-remitting EAE
in the SJL/J mouse: MOG-reactive
transgenic T cells recruit endogenous

MOG-specific B cells

Bernadette Pollinger," Gurumoorthy Krishnamoorthy,! Kerstin Berer,!
Hans Lassmann,® Michael R. Bésl,? Robert Dunn,* Helena S. Domingues,’
Andreas Holz,! Florian C. Kurschus,! and Hartmut Wekerle!

"Department of Neuroimmunology and 2Transgenic Service, Max Planck Institute of Neurobiology, D-82152 Martinsried, Germany
*Center for Brain Research, Medical University of Vienna, A-1090 Vienna, Austria

*Department of Immunclogy, Biogen Idec, San Diega, CA 92122

We describe new T cell receptor (TCR) transgenic mice (relapsing-remitting [RR] mice)
carrying a TCR specific for myelin oligodendrocyte glycoprotein (MOG) peptide 92-106 in
the context of I-As Backerossed to the SJL/) background, most RR mice spontaneously
develop RR experimental autoimmune encephalomyelitis (EAE) with episodes often altering
between different central nervous system tissues like the cerebellum, optic nerve, and
spinal cord. Development of spontaneous EAE depends on the presence of an intact B cell
compartment and on the expression of MOG autoantigen. There is no spontaneous EAE
development in B cell-depleted mice or in transgenic mice lacking MOG. Transgenic T cells
seem to expand MOG autoreactive B cells from the endogenous repertoire. The expanded
autoreactive B cells produce autoantibodies binding to a conformational epitope on the
native MOG protein while ignoring the T cell target peptide. The secreted autoantibodies
are pathogenic, enhancing demyelinating EAE episodes. RR mice constitute the first spon-
taneous animal model for the most common form of multiple sclerosis (MS), RR MS.

Autoimmune diseases can affect most organs of
the body including liver, heart, the endocrine
system, the musculoskeletal apparatus, and the
central nervous system (CNS). They commonly
start off at a young age and then last throughout
life, often resulting in severe disability. The fac-
tors that trigger the onset, modulate the course,
and determine the clinical character of autoim-
mune diseases have remained obscure, a deficit
of knowledge which sets limits to the design of
specific and efficient therapies.

Yet there is increasing evidence that organ-
specific autormmune diseases, such as rtheumna-
toid arthritis, type 1 diabetes mellitus, and multiple

A. Holz's present address is Department of Cellular and Mo-
lecular Biclogy, Technical University of Braunshweig,
D-38106 Brannschweig, Germany.

B. Pllinger’s present address is Nowvartis Pharma AG,
CH-4056 Bagel, Switzerland.

F.C. Kurschug's present address is [ Medizinische Klinik
und Poliklinik, Johannes Gutenberg Universitit, D-55131
Mainz, Germany.

sclerosis (MS), are the result of a pathogenic inter-
action of autoimmune T and B cells. There 1s
substantial information on the role of T cells in
organ-specific autoimmunity. Some act as ef~
fector cells attacking self tissues, either directly
or via recruiting accessory cells like macrophages.
Other T cells regulate the time course of the
response and still others provide help to auto-
antibody-producing B cells. The contribution of
autoimmune B cells to the inflammatory patho-
genesis seems to be complex as well. Beyond
producing humoral autoantibodies, B cells serve
as APCs activating pathogenic T cells, and,
through their capacity of releasing cytokines,
B cells are involved in shaping local microenvi-
ronments favorable to evolving cellular auto-
immune responses.
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orgflicensesfby-nc-saf3.0f)
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Deciphering the interactions between T and B cells in the
spontancous development of organ-specific autoimmune re-
sponses requires suitable animal models. Naturally occurring
models are available for type 1 diabetes mellitus and systemic
lupus erythematosus but not for autoimmunity in the CNS
(1). Recently, we and others described a double-transgenic
mouse model, which simulates opticospinal MS {(OSMS) re-
markably well, a variant of which is also known as Devic’s
disease (2, 3). These mice, termed opticospinal experimental
autoimmune encephalomyelitis (EAE [OSE]) mice, express
myelin oligodendrocyte glycoprotein (MOG)—specific recep-
tors on T and B cells and spontaneously develop demyelinat-
ing inflammatory disease at frequencies »50%. Like in human
QSMS (4), the lesions in affected mice are restricted to optic
nerve and spinal cord, and, in most cases, the disease takes a
chronic progressive course without remissions and marked re-
lapses. It should, however, be noted that the type of MS that
most prevalently affects Caucasian populations differs funda-
mentally from OSMS (5). Typically, MS starts out with a re-
lapsing-remitting {(RR) course, where discase episodes may
completely resolve only to be followed by a subsequent re-
lapse. In this disease variant, the pathogenic lesions, demyelin-
ating plaques, may be located throughout the CNS, thus
causing the nototriously varied neurological defect patterns.

In this paper, we describe a new transgenic mouse model
that spontaneously develops RR-EAFE and, thus, recapitulates
the “Western”” vaniant of MS. Furthermore, and most impor-
tantly, we found that in these mice transgenic autoimmune
T cells expand autoimmune B cells from the endogenous
immune repertoire and guide them to produce antibodies
against conformational epitopes of the MOG protein, which,
together with complement, may initiate the destruction of
MOG-expressing target cells.

RESULTS

New MOG-specific TCR transgenic SJL/J mice

We generated transgenic mice expressing a TCR. specific for
the rat/mouse MOG peptide 92-106 in the context of [-A®.
This TCR, which uses V8.3 and VB4 genes, was derived
from a MOG-specific encephalitogenic Th1-CD4* T cell clone
wsolated from a WT SJL/] mouse immunized against recom-
binant rat MOG (rMOG; Fig. $1). We selected three founder
lines differing in markedly distinct proportions of transgenic
Va8.34/VR4" CD4" T cells in central and peripheral immune
repertoires (Fig. 1 A and Fig. $2). In low frequency TCR!5%
mice, 18% of single-positive CD47CD8~ thymocytes ex-
pressed the transgenic TCR. The proportion was 75% in

medium frequency TCR** mice and 99% in high frequency
TCR™ mice (Fig. 1 A). In all three transgenic mouse lines,
transgene expression levels in the peripheral immune system
were proportional to the ones in the central thymic reper-
toires (Fig. 52).

The density of the transgenic TCR on the surface of ma-
ture CD4* T cells in the spleen varied markedly (Fig. S2).
Especially in high frequency TCR¥ spleens, T cells could
be distinguished based on the low and high densities of sur-
face TCR. (dim and bright TCR)). The dim TCR population
expressed higher levels of CD25 and CD69 and lower levels
of CIX62L (unpublished data).

Stamulation of nommmunized transgenic spleen cells with
™MOG or MOGg, ;o peptide in vitro led to dose-dependent pro-
liferative responses (Fig. 1 B). Concomitant cytokine responses
largely followed the proliferation pattemn. Although the secretion
of promflammatory IFN-v, 11.-17, and antiinflammatory [1-10
was similar in TCR%40 and TCRY* lines, IL-2 secretion was
higher in TCR! T ¢ells. The Th2-related cytokines IL-4 and
IL-5 were absent m nearly all samples tested (Fig. 1 C).

Spontaneous EAE in single- and double-transgenic SJL/J
anti-MOG mice: RR course with varied clinical syndromes
While continuously backcrossing the line TCR!%? into the
SJL/] background, we noted spontancous EAE-like disease de-
veloping at a high frequency (Fig. 2 A and Table S1). In the
eighth backcross generation, >80% of all females developed
EAE within 160 d. During the same period, the EAE rate in
males was >60%. EAE was rare in transgenic SJL/] mice with
low frequency TCR!%¢ and surprisingly absent in medium fre-
quency TCR* mice and in Meg-deficient TCR!* (TCR&#
X Mog™'™) mice (Table S1).

‘We and others previously described a double-transgenic
mouse strain, OSE mice (2, 3), which expressed a MOG-
specific TCR. transgene, 2D2 (specific for MOG peptide
35-55 in context of I-AY), along with the gene coding for the
rearranged [gH variable chain of the classical anti-MOG
monaoclonal antibody, 8.18-C5 (IgHM®C mice) (6). We have
now created similar double-transgenic mice by mating
TCR™ STL/] mice to IgHM®% on SJL/] background. Dou-
ble-transgenic TCR!*? < [gHM®% mice developed sponta-
neous BEAE very similar to TCR!#¥ single transgenics, with
some apparently minor differences. Almost all double-trans-
genic females came down with disease by 120 d of age,
whereas males of the same age showed an EAE rate of </40%.
This gender gap was highly significant but narrowed during
the subsequent weeks (Fig. 2 A).

Figure 1.

Characterization of a new MOG-specific TCR transgenic SIL/J mouse. (&) Thymocytes fram 8-10-wk-old TCR transgenic mice or NTLs

were stained with antibodies to CD4, CD8, TCR-VR4, and TCR-Va8.3 and cells were analyzed by flow cytometry. Representative figures of three ta seven
analyzed mice are shown. Transgenic Va8.3 and V4 are shown on cells gated as indicated, either CD4+/CD8~ or CD4~{ CD8*. (B) Proliferative response to
recombinant MOG protein (MAOG) or MOG peptide 82-106 measured as *H-thymidine incorporation. Splenacytes fram TCR transgenic mice (8-10-wlk-old
healthy) were cultured with indicated concentrations of rMOG (top) and MOGg,. g (hottom). [C) Cytokine responses to rMOG. Indicated cytokines were
measured in supernatants harvested 48 h after MOG activation by ELISA. Pooled data from three independent experiments are shown. Error bars indicate

SEM. Band C: TCR™#®, n=3; TCR™, n= 3, TCR™S n=3;NTL, n=2.
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Table I.

Spontaneous EAE in TCR transgenic SJI/J mice: course of disease

Mice (gender) RR (n)

Progressive (n)

With full remission

With partial remission

%
TCR18% (f) 714 (5/7)

TCR54 (m) 353 (6/17)
TCR184 x |gHMOG (f) 437 (7/16)
TCR'5% x [gHMOS (m) 6.2 (1/16)
rMOG imm. SIL/J (f) 10.0 (1/10)

% %
143 (1/7) 143 (1/7)
1.7 (2/17) 53 (9/17)
25.0 (4/186) 31.2 (5/18)
25.0 (4/16) 68.8 (11/16)
700 (7/10) 20 (2/10)

f, female; m, male; imm., immunized.

We also crossed [gHMOC mice to the medium and low fre-
quency lines TCR '3 and TCR! respectively. Only 1 out
of 17 medium frequency TCR!'%¥ x IgHMOC mice displayed
EAE and none of the low frequency TCR 38 X [gHMOC showed
any clinical symptoms (Table S1).

A 100+

L,

TCR164D (f)

. TCR'™4 (m) n.s p=0.304
o T 1640 =
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§ 604
[
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£ 404
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0-

T[T rrr[rrr[rrr[rrrrrrr]
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The CNS disease spontaneously developing in TCR. trans-
genic SJL/] mice differed dramatically from spontancous OSE
seen in OSE mice (2, 3). In TCR transgenic SJL/] mice, single-
transgenic TCR!'™ mice, and double-transgenic TCR X
IgHMOS mice, disease was extremely variable both in course and

100+
TCR40x IgHNOS f)

80 TCR'®4%x IgHM®%(m) Q
= *** p=0.0004
X
§ 60 0‘
b=}

g 40+
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i
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Figure 2. Spontaneous RR-EAE in TCR transgenic SIL/J mice. (A] Male and female single-transgenic TCR'*° compared with double-transgenic
TCR'&4 x IgH"® mice. Shown is the spontaneous incidence of first signs of ataxia or classical EAE-like symptoms in TCR'®* (left] and double-transgenic
TCR'&4 x IgHM " (right] mice. TCR'® females (f], n = 12; males (m], n = 27; TCR'™ x IgHY°¢ females, n = 20; males, n = 26; TCR'™® x Mag '~ mice,

n = 6. Disease kinetic of genders in TCR'®*® mice was not statistically significant (P = 0.304) but differed significantly between sexes of TCR'%% x IghM06
mice (P = 0.0004). (B) Histological analysis of cerebellum and spinal cord from a sick TCR'™® mouse (RR mouse) with ataxia and classical paralysis. Cer-
ebellum (I-IV) and spinal cord (V-VIII] showed severe infiltration, demyelination, and axonal damage as visualized by immunohistochemistry using anti-
CD3 (I and V) and anti-Mac3 antibodies (Il and V1), Luxol fast blue staining (/I and VIIj, and Bielschowsky silver impregnation (IV and VIII). |, 11, V, and V|
were counterstained by hematoxylin and eosin (H&E]. Magnification: x17 (cerebellum] and x30 (spinal cord). Bars, 1 mm. Data are representative of at
least twa independent experiments consisting of more than three mice per group.
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Figure 3. Inflammatory cell infiltrates in RR-EAE lesions.

{A-C) Cellular infiltrate into the CNS of sick TCR'54° mice (score 3} is com-
posed of macrophages, T cells, and B cells. CNS mononuclear cells were
isolated from a sick TCR' mouse and stained against CD11b and CD45.1
(A), together with CD8 and CD4 (B) or together with CD19 and B220

(C). Cells in B and C were analyzed among gated CD45.1*CD11b~ cells (red
region as indicated). (D-F) Activation and Th1{Th17 cytokine expression of
infiltrating CD4* T cells. (D) CNS infiltrate cells express CD25, but not
CD62L, and partially down-modulate their TCR (V8.3 and VB4). Activa-
tion status and TCR expression was compared between splenocytes (left)
and CNS-isolated cells (right). (E) CD4*CD3* T cells infiltrating the CNS of
sick TCR'**° mice predominantly expressed the pathogenic TCR composed
of Va8.3 and V34 chains in a low expression level (TCR*") compared with
the spleen. Numbers indicate the percentage of stained cells in the re-

JEMVOL. 206, June 8, 2009

ARTICLE

clinical nature. Typically, in females EAE started with an RIX
course. Often, the first attacks resolved completely but were
tollowed by further bouts. Intriguingly, individual EAE bouts
often differed radically in their neurological defects. In a sub-
stantial number of cases, the initial bout was dominated by
ataxia rather than by classical EAE defects. Affected mice
were unable to walk along a straight line, deviating and fall-
ing to the side, but did not show limb weakness or paralysis
(Video 1). In many cases, the mice recovered completely un-
til a turst relapse, which commonly showed a completely dif-
ferent clinical picture, for example, hind limb paralysis as seen
in typical EAE. Again, this second disease episode subsided,
giving way to partial remission. Later disease episodes mostly
showed classical paralytic EAE (Table I and Fig. S3).

Although there was no clear distinction between single- and
double-transgenic S|L/] mice, EAE course differed between
females and males. As detailed in Table I, RIR disease was more
common in females. A minority of female mice developed pro-
gressive EAE from the beginning, but more than half of the
males developed primary progressive EAE.

CNS changes representing different clinical EAE episodes
The clinical deficiencies developing in affected mice were
reflected by the location and character of underlying CNS
lesions. Ataxic mice displayed large mflammatory and demy-
elinated lesions in cerebellum and brain stem (Fig. 2 B). In
contrast, in mice suffering from conventional EAE, lesions
were distributed throughout the spinal cord, brain stem, and
optic nerve (Table S2).

Iirespective of their location within the CNS, the inflam-
matory lesions were characterized by numerous CD3 7 T cells
in the middle ot a plethora of Mac3-positive activated macro-
phage-like cells (Fig. 2 B). The inflammatory infiltrates were
embedded 1n large areas ot demyelination and axon destruc-
tion. In ine with their comparable clinical score, the histolog-
ical patterns were similar between TCR4 single-transgenic
and TCR'# x [gHMOC double-transgenic mice (Table S2).

Cytofluorimetric analyses confirmed that, within the CNS,
the major infiltrating inflammatory lymphocytes were CD4*
T cells and B cells together with a minor population of mac-
rophages and CD8" T cells (Fig. 3. A-C), with only minor
contributions from CD8" T cells. Notably, most transgenic
CD4* T cells infiltrating the CNS were activated. Many cells
expressed the activation marker CD25 and were CD62L nega-
tive (Fig. 3 D). Additionally, infiltrating CD4~ T cells ex-
pressed the activation markers CD44, VLA4, and ICOS
(unpublished data). Furthermore, a lgh proportion (>65%)
of CNS-intiltrating transgenic 1" cells partly down-modulated

spective quadrant or region. (F) Intracellular cytokine staining after stimu-
lation with PMAfionomycin in brefeldin A. Th1 (IFN=y*/IL-17-) and Th17
(IFN-y~JIL-17+) cells are enriched in CNS infiltrates of sick TCR'® {score
3.5) mice compared with splenocytes. D-F were analyzed among gated
CD45.1+CD4 cells. Flow cytometry data are representative of three to five
sick TCR'% mice analyzed in three to five independent experiments.
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their transgenic VP4 and V8.3 determinants, which is in
contrast to peripheral splenic populations, where the modu-
lated subpopulations comprised less than half of the entire
transgenic CD4% T cell subset (Fig. 3 E).

In agreement with previous EAE studies (7-10), we found
CNS-infiltrating Th1 (IFN-y'/IL-17") and Th17 (IFN-y /
IL-177) cells. Compared with spleen, Th17 cells were enriched
in CNS threefold and Th1 cells more than twofold (Fig. 3 F).
A substantial part of the activated CD4'CD25" infiltrate T cells
express transcription factor Foxp3, a marker of regulatory
T cells (not depicted) (11).

Next, we measured the cytokine milieu in brain and spinal
cord of TCR'" mice in different disease stages by real-time
PCR in comparison to tMOG immunized SJL/J mice (Fig. S4).
Maost cytokines followed an infiltration pattern proportional to
CID4 expression. As expected from our infiltrate analysis (Fig. 3),
we found expression of both IFN-y and IL-17 in diseased mice.
In accordance with this, TNF-« and IFN-y inducible protein
10 (IP-10/CXCL10) were strongly up-regulated during disease.
Of the Th2 cytokines analyzed (IL-4, IL-5, and IL-13), only
I1-5 was at measurable levels, This cytokine may support B cell
proliferation, differentiation, and antibody secretion (12). The
levels of the regulatory cytokine IL-10 and of the T reg cell
transcription factor FoxP3 paralleled the observed expression of

A

Figure 4.
using anti-lg antibodies shows deposition of lg in sick TCR™* x IgH"%® (A and B} and TCR'**° (C and D) mice (B and D show magnifications of marked
areas in A and C, respectively). (E) Anti-B220 staining revealed some B cells among cellular infiltrates in sick TCR'* mice. (F) Deposition of complement
C9neo within CNS lesions of TCR'®° mice. Mononuclear cells were stained with H&E. Magnifications: A and C, x50; B, x425; D and E, x200; F, x450. Bars:
{A and C) 1 mm; (B and D-F) 100 um. Data are representative of at least two independent experiments consisting of more than three mice per group.
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CD4 in diseased mice. Interestingly, we found no major differ-
ences between immunized WT SJL/] mice and TCR'** mice,
which suffered from classical paralytic EAE. In line with their
clinical picture, ataxic mice showed higher expression levels of
the analyzed genes in brain (which also includes cerebellum and
brain stem) than did paralytic relapsed mice. Conversely, expres-
sion in spinal cord was higher in paralytic relapsed mice than in
ataxic mice. Intriguingly, most analyzed factors were elevated
even in healthy TCR'** mice (score 0) as compared with
healthy nontransgenic littermare (NTL) mice, likely indicating
subclinical inflammation. Finally, during the remission phase,
expression of all analyzed genes dropped down to similar values
as in score O—-TCR'**" mice (Fig. S4).

Expansion of MOG-specific B cells in TCR'840
single-transgenic SJL/J mice

Single-transgenic TCR!** mice showed evidence of a strong
MOG-specitic B cell response. Spontaneous EAE lesions of sin-
gle-transgenic TCR!" animals displayed prominent deposits of
Ig and some activated complement (Fig. 4). Furthermore, the
inflamed CNS tissue contained, besides CD4™ and CD8* lym-
phocytes, substantial numbers of B cells (5-40% of infiltrated
lymphocytes) expressing CD19 or B220 as revealed by immuno-
cytochemistry and flow cytometry (Fig. 3 and Fig. 4 E).

Ig deposition and B cell infiltrates in spinal cord of sick TCR'8% x IgHMO% and TCR'4° mice. (A-D) Histological analysis of spinal cord
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Figure 5. MOG-specific antibodies in double-transgenic TCR'64¢ x
IgHMOE and single TCR transgenic mice. (A] MOG binding allotype o
autoantibodies were detected by ELISA in sera of indicated groups (each
five to six mice]. (B) Spontaneous anti-MOG IgG1 allotype b antibodies in
TCR™* and TCR'®% x IgHY"% but not in NTL (1 = 5 for each group). Sera
at the indicated dilutions were incubated with plates precoated with
rMOG. Bound anti-MOG Ig was detected by allotype-specific antibodies as
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Double-transgenic TCR!'™ x IgHMOS animals showed an
anti-MOG antibody response dominated by the transgene-
specific allotype Ieh?. In addition, however, a minor part of the
MOG-specific antibodies expressed the endogenous nontrans-
genic Igh® allotype (Fig. 5 B). Both antibody species were
switched from IgM to IgG1 (Fig. 5, A and B).

Single-transgenic TCR!'™" mice also produced anti-MOG
autoantibodies (of endogenous Igh’-allotype) reaching titers sim-
ilar to those from WT mice immunized with rMOG (Fig. 6 A).
The and-MOG Igs were mainly of IgG1 and IgG2a/b sotypes,
with very little I[gM. The spontaneously appearing anti-MOG
transgenic high frequency TCR'** mice formed autoantibodies
irrespective of their EAE status. This contrasted with low fre-
quency single-transgenic TCR¥® where anti-MOG autoanti-
bodies were noted solely in the few animals with spontaneous
EAE but not in resistant mice (Fig. 6 B). Also, mice of the EAE-
resistant medium frequency line TCR %% did not produce spon-
tancous MOG-specific antibodies. Development of spontancous
MOG antibodies was dependent on the presence of the autoan-
tigen. Sera of MOG-deficient TCR% mice (bred on the Mog-
deficient [Mog /] background [reference 13]) did not contain
any MOG-specific antibodies (Fig. 6 B). The B cell response in
TCR!* mice was specific to MOG and did not extend to other
autcantigens (Fig. 6 C). In single-transgenic TCR'** mice, au-
toantibodies became demonstrable from 5 wk of life and, in our
series of measurements, persisted up to 910 wk, but very young
mice, up o 4 wk of age, had no and-MOG Igs (IgG1 and
1g(G2a/b isotypes) (Fig. 6 D).

Contribution of endogenous B cells and anti-MOG
autoantibodies to RR spontaneous EAE

There is evidence that only autoantibodies directed against
conformational epitopes, not linear epitopes, are involved in
the pathogenesis of BAE (14) and that SJL/] mice, but not
C57BL/6 mice, are able to produce such antibodies upon im-
munization with rMOG in CFA (15). The anti-MOG auto-
antibodies formed spontancously in TCR!** mice also bound
to correctly folded MOG expressed on the surface of trans-
duced EL4 cells and, thus, behaved like the classical anticon-
formational MOG mAb 8.18-C5 and its H chain transgene in
TCR™0 % [gHMOC mice (16) (Fig. 7 A). Binding of autoan-
tibodies from TCR'" and sick TCR'%# mice to EL4-MOG
cells (dilutions of 1:20 and 1:200) followed by rabbit comple-
ment (Fig. 7 B} resulted in the specific lysis of the target cells.
Sera from healthy TCR™% and TCR'* or Mog-deficient
TCR'** did not support lysis (unpublished data).

We confirmed the pathogenic potential of antibodies, in
vivo. We immunized W'T' SJL/] mice with a low dose of PLP
139-151 and with incipient clinical EAE symptoms (between
scores (.5 and 1), we transferred serum either from TCR!04
mice (high titers of anti-MOG antibodies documented by
ELISA) or NTLs, and compared the effects with the standard

indicated. Mean absorbance at 0D 405 nm is shown. Error bars indicate
SEM. Data are representative of two to three independent experiments.
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anti-MOG monoclonal anabody 8.18C-5. In mice that had re-
ceived TCR'™" serum, we noted a statistically significant increase
in EAE severity similar to that of 8.18C-5 mAb (Fig. 8 A).

To examine the importance of B cells in the develop-
ment of spontaneous EAE, we depleted B cells in TCR!**"
mice using a monoclonal mouse anti-mouse CD20 antibody.

TCR™ mice were treated with ant-CD20 or isotype con-
trol (mouse IgG2a) every 2 wk starting on day 3. This proto-
col removed the B cells from peripheral blood, as well as
spleen and lymph nodes, but left significant numbers of B cells
in the bone marrow (Fig. S5, A and B). B cell depletion went
along with either complete or partial loss of anti-MOG IgG1
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Figure 6. MOG-specific antibodies in single TCR transgenic mice. (A) Endogenous MOG binding antibodies of allotype b were measured by ELISA in
sera of NTLs, healthy and sick TCR'**®, and rMOG-immunized WT SIL/J (n = & for each group). (B) Anti-MOG lgs of IgG 1" isotype are formed in TCR'* and sick
TCR'®% but not in TCR'%% or TCR'** mice. Control NTLs, as well as TCR'®* mice deficient for MOG (Mag—/-), are devoid of MOG binding autoantibodies (each
three to five mice per group). (C] Autoantibodies in sera from TCR'*" mice are specific for MOG. Anti-MOG Ig antibodies, but not anti-MBP or anti-DNA-
specific antibodies, were detected by ELISA in sera fraom TCR'%* mice {1/50 diluted) using lgG1°-specific antibodies {n = 5). D) Appearance of anti-MOG IgG1°
and lgG2a/b® in TCR'% mice by 5 wk of age. MOG binding antibodies were measured in 1/100 diluted sera from mice of different ages, each with three to five
mice per group. Sera at the indicated dilutions were incubated with plates precoated with rMOG. Bound anti-MOG lg was detected by allotype-specific anti-
bodies as indicated. Mean absorbance at OD 405 nm is shown. Error bars indicate SEM. Data are representative of two independent experiments.
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serum autoantibodies (Fig. S5 C). Within an observation pe-
riod of up to 30 wk, only one out of nine anti-CD20—treated
mice presented mild and transient EAE symptoms, whereas in
mice receiving control antibody, spontaneous EAL was noted
in >85% of the cases (Fig. 8 B and Table §3).

DISCUSSION

The RR mouse, as described in this paper, is the first transgenic
mouse model that recapitulates the major features of RR-MS,
the most prevalent type of human inflammatory demyelination.
The disease starts spontaneously and, in contrast to OSE mice
described previously (2, 3), in most cases takes an RR course,
with clinical signs differing between individual bouts. Impor-
tantly, development of spontaneous disease goes along with the
expansion of myelin autoimmune B cells from the endogenous
LInune repertoire.

Spontaneous RR-EAE

RR mice are transgenic SJL/] mice expressing at high frequency
a TCR speaific for MOG peptide 92-106 in the context of I-As.
RR mice differ substantially from previously created transgenic
SJL/J mice expressing TCRs recognizing a dominant peptide of
PLP (17). These animals, kept under specific pathogen-free con-
ditions, developed spontaneous disease but, in contrast to RR
mice, the disease was mostly progressive without remissions and
subsequent relapses.
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The course and clinical expression of autoimmune dis-
cases are determined by diverse factors, both genetic and en-
vironmental. Indeed, SJL/] mice are predisposed to develop
fluctuating disease. Depending on the protocol applied, active
immunization against encephalitogenic proteins may trigger
RR disease (18). Clearly, this response pattern is facilitated by
distinet regulatory genes (19), which may also influence spon-
taneous EAE developing in RR mice. So far, our breeding
results suggest that B10.S mice, which have a distinct genetic
background but share the MHC and the TCR transgene with
SJL/] RR mice, very rarely develop spontaneous EAE, and in
the few cases observed, the disease took a chronic rather than
RR course (unpublished data).

Most vartants of induced EAE present a stereotypical clim-
cal syndrome with motor deficiencies starting at tail and hind
Limbs and progressing cranially with ongoing disease. Histolog-
ically, this clinical picture is reflected by a caudocranial gradient
of inflammatory lesions (20). In a few models, however, addi-
tional parts of the CNS are affected. For example, in C57BL/6
mice, MOG-induced EAE has a predilection to affect the optic
nerve (2, 3), and cerebellar disease was noted in further anti-
gen/mouse combinations (21, 22). Our RR mouse models are
the first to show immune attacks against different CNS parts in
subsequent inflammatory relapses. They thus provide a unique
paradigm to study the mechanisms underlying the targeting of
MS lesions within the CNS during ongoing disease.
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MOG-specific autoantibodies bind MOG-expressing cells and activate complement. [A] Binding of anti-MOG Ig from indicated mice to

correctly conformed MOG on the cell surface of transduced EL4 cells (EL4-MOG) shown by flow cytometry. EL4 cells (top) and MOG-expressing EL4-MOG
cells {bottom) were incubated with 1/200 diluted sera obtained from the indicated mice or 0.5 pg/ml 8.18-C5 mAb. Bound antibodies were detected by
FACS using biotinylated anti-lgG1-specific antibody (allotype unspecific) and streptavidin-PE (SA-PE). A representative plot of three independent experi-
ments is shown. (B) Complement activating capability of MOG binding antibodies in sera from transgenic mice. EL4 and EL4-MOG cells were incubated
with sera {1/20 and 1/200 diluted) obtained from the indicated mice, each with three to five per group. Complement activating capability was measured
by cell lysis using propidium iodide (PI) staining after incubation of sera-bound EL4 cells with rabbit complement. Background values were subtracted,
and shown are mean values with the SEM of one experiment representative of three similar experiments.
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Several investigators reported that in RR-EAE actively
induced by immunization with encephalitogenic peptides,
relapses went along with the T cell reactivity against new epi-
topes (23), a phenomenon termed “determinant spreading”
by Lehmann et al. (24). Recent work by McMahon et al. (25)
suggests that in actively induced chronic EAE, initial bouts of
CNS inflaimmation result in the induction of professional
APCs within or near the affected CNS target tissue. By taking
up myelin antigens and presenting crucial epitope compo-
nents to newly arrived naive autoreactive T cells, the reper-
toire of target autoantigens spreads (25). It should, however,
be mentioned that determinant spreading, i.e., recruitment of
potentially encephalitogenic ‘T cells specific for epitopes other

than MOG p92-106, has not been patent in spontaneous dis-
ease of our RR mice.

Expansion of MOG-specific B cells
from endogenous repertoire
As described recently, in the C57BL/6 OSE model, MOG-
reactive TCR transgenic T cells require the presence of MOG-
specific B cells to kindle spontaneous EAE at high frequency.
In this model, the MOG-specific B cells were transgenic with
their germline Ig] region replaced by the rearranged H chain of
a MOG-specific mAb (2, 3).

Based on these previous observations, we initially created
double-transgenic mice by crossing our new MOG TCR
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Figure 8. B cells and anti-MOG antibodies are essential for spontaneous EAE. (A} Spontaneously developed MOG-specific autoantibodies from
TCR'%4 mice have pathogenic potential. EAE was induced in WT SIL/J mice by low-dose PLP 139-151 immunization. Serum from TCR'®4 mice, NTL mice,
or 8.18¢5 mAb were transferred after mice showed first clinical symptoms. Serum from TCR'®® mice significantly increased disease severity in recipient
mice compared with serum from NTL mice. Error bars indicate SEM. *, P < 0.05;* P < 0.01; ™, P < 0.001. Data were pooled from two independent ex-
periments, each six to seven per group. (B) B cell depletion protects TCR'** mice from spontaneous EAE. B cells were depleted from TCR'™** mice by twice
weekly injections of anti-CD20 antibodies from day 3 after birth, and control mice received mouse IgG2a antibodies. The development of spontaneous
EAE was monitored regularly. Although 85% of isotype control antibody-treated mice developed spontaneous EAE, treatment with CD20 antibody pro-
tected TCR'™ mice from disease development. Shown are the disease course (left) and the spontaneous EAE incidence (right) of TCR'™9 mice treated with
these antibodies. Data were pooled from two independent experiments, each with six to seven per group.
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transgenic SJL/] strain with MOG-specific B cell knock-in
SJL/] mice. These mice presented with spontancous RR-EAE
at high frequency. Less expected spontanecus EAE was noted
also in TCR single-transgenic SJL/| mice with a high propor-
tion of MOG-reactive CID4 T cells but without transgenic B
cells. It turned out that in these TCR single-transgenic mice,
MOG-specific B cells were expanded from the endogenous
B cell compartment. Substantial numbers of B cells were ob-
served to invade the inflammatory lesions, and there were
heavy local deposits of [z along with some activated comple-
ment. Most importantly, TCR. single transgenics produced
high titers of anti-MOG autoantibodies of IgG1 and 1gG2 iso-
types, which bound to correctly conformed membrane bound
autoantigen, destroyed MOG-expressing target cells, and, thus,
have demyelinating potential (16).

MOG-reactive B cells are essential for the spontaneous
development of RR-EAE. Depletion of B cells by treatment
with anti-CD20 mAb profoundly suppressed RR-FAE when
started at young age. Treatment of adult mice produced much
more inconsistent results, 2 phenomenon which was recently
noted in other investigations in actively induced EAE (26).

B cells contribute to immune and autoimmune responses by
secreting humoral antibodies, by acting as APCs, and by releas-
ing cytokines. RR mice, both single and double transgenic, pro-
duce MOG-specific autoantibodies that share their dominant
sotype, 12G1, with the onginal demyelmating anti-MOG mAb
8.18-C5 and that, m vivo, aggravate EAE when transterred i.v.
(27). Importantly, we found large Ig deposits in the demyelinat-
ing lesions of single- and double-transgenic RIX mice. At least
patt of these antibodies may have been produced by local infil-
trating B cells. In fact, B cells isolated from CINS infiltrates were
found to secrete anti-MOG antibodies at high levels.

Beyond autoantibody secretion, MOG-specific B cells pro-
foundly influence autoimmune responses by directly interacting
with autoimmune T cells. In OSE mice, as well as in TCR!%
< IgHM“% mice (unpublished data), MOG-specific B cells con-
centrate highly diluted MOG and present the antigen to MOG-
reactive T cells. Hence, antigen-presenting B cells may contrbute
to the initiation and progression of spontaneous EAE. But, in
addition, B cells may act into the opposite direction; they were
shown to limit EAF by releasing IL-10 (28) and by influencing
function of regulatory T cells (29).

The spontaneous recruitment and expansion of autoim-
mune B cells from the endogenous repertoire by organ-specific
autoimmune T cells in the absence of exogenous autoantigen
represents a mechanism of autoimmunity that has not yet been
described. The MOG-specific B cell expansion process criti-
cally requires the presence of the endogenous target autoanti-
gen, as Mog-deficient TCR transgenic SJL/] mice never
produced anti-MOG autoantibodies, nor did they develop
spontaneous RR-EAE.

The role of endogenous MOG is intriguing, considering
that this target autoantigen is predominantly confined to the
CNS tissues, which are largely inaccessible to circulating T
and B cells. This hidden localization distinguishes the RIR

mouse paradigm from transgenic mice, where activation of
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virus-specific B cell was noted in the presence of high num-
bers of wirus-specific transgenic CD4" T cells and a viral
pseudo-autoantigen expressed throughout the organism in
cell types including DCs and macrophages (30).

Several mechanisms could be involved in MOG-specific
B cell expansion. MOG-specific T cells could intrude into the
naive CNS and create immunogenic conditions that allow the
activation and expansion of naive B cells in the local milieu.
This scenario has been forwarded recently as an explanation of
epitope spreading in actively induced EAE (25). Alternatively,
mmunogenic MOG and/or myelin debris could be trans-
ported to local lymph nodes, either as cell-free material or by
phagocytes, to be presented there to autoreacave B cells (31).
Although MOG is predominantly expressed in the CNS, its
messenger RINA was also found in some non-CNS organs,
such as thymus, spleen, and liver (13, 32, 33), and low protein
levels were found in the peripheral nervous system (34). Pre-
sentation of very low amounts of peripherally available MOG
remains, at least in theory, an alternative mechanism of B cell
expansion in RR mice.

Finally, animal models with spontancously developing EAE
show promise for the discovery of new drugs and the validation
of existing medications. Thus, the opticospinal type of EAE de-
scribed previously may represent essential features of human
QOSMS/Devic's disease (2), a disease variant which 1s rarely found
in high prevalence populations. The spontancous RR-EAE,
with its conspicuous variation of neurological deficiencies, will
provide a model for the most frequent type of MS, as it is seen
typically in early phases of the disease.

MATERIALS AND METHQODS

Mice. SJL/] mice were purchased from Charles River Laboratories, Mog KO
mice (13) were backerassed into S]L/T for seven generations, crossed with
TCR transgenic 5]L/] mice, and then intercrossed to generate TCR 1940
transgenic Mog KO mice. All mouse strains were bred in the animal facilities
of the Max Planck Institute of Neurobiclogy {Martinsried, Germany).

Generation of TCR transgenic mice. TCR donor clone (C3) was
selected from a panel of MOG-specific T cell clones (series SL48) derived
from a SJL/] mouse immumnized with tMOG in CFA. The encephalitogenic
clone C3 uses V8.3 along with VP4 and recognizes MOG,y, 4 bound
to I-A% Total RNA of clone C3 was isolated by TRI reagent extraction
(Sigma-Aldrich) and, after DNase I treatment, was converted into comple-
mentary DNA (cDNA) using hexanucleotide primers and Superscript IT re-
verse trarscription (Invitrogen). The rearranged cDNA of TCR-08.3 and
TCR.-p4 chains were amplified with the following primer pairs: TCR-08.3
sense with Sall restriction site, 5’ -AGGTCGTCGCACCTTCCATGAACAT-
GCGTCCTGACACC-3"; TCR-a¢ C terminus with BamHI restriction
ste, 5 -ATAGGATCCTCAACTGGACCACAGCCTCAGC 3", TCR -4
sense with Sall restriction site, 5’ -AGGTGTCGACTGACACTGCTATGG-
GCTCCATTTTCCTC-3; and TCR-B C2 terminus with BarnHI restriction
ste, 5" -ATAGGATCCGGGTGAAGAACGGCTCAGGATGC-3" (all syn-
thesized at Metabion). The rearranged TCR-08.3 and TCR-P4 chains from
C3 cDNA were verified by sequencing. To eliminate a Xhol restriction
ste (CTC GAG) in TCR-B4 at aa 116, GAG was changed into GAA, both
coding for glutamate, using a site-directed mutagenesis kit {Agilent Tech-
nologies) with the following primer pair; VB4 Xhol-Mut sense, 5 -CCAGA-
CTGACTGTTCTCGAAGATCTGAGAAATGTG-3; and VP4 Xhol-Mut,
B -CACATTTCTCAGATCTTCGAGAACAGTCAGCTGG-3'. The
amino acid sequence of the CDR3 regions is as follows: TCa8.3, LYY
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CALSGGNNAFPR. FG (V8.3]4); and TCR-B4, CASS QERT DSAE TLY
(V4D1]2.3C2). The complete rearranged TCR chains were cloned into
the pHSE3' wector (35, leading to expression under the control of the transgenic
MHC class I H2-K® promoter. Xhol-linearized TCR ~containing plasmids were
coinjected into the pronuclei of fertilized FVE oocytes. Transgenic founders
were identified by PCR. using a specific primer for C3 Va-Jo or VBB in
combination with a pHSE3 =specific primer (TCR-ot chain: mTCR-Vad.3-
CDR3 semse, 5'-CTCCATAAGAGCAGCAGCTCC-%, and hu B-globin
antisense, 5'-CGTCTGTTTCCCATTCTAAACT GTACC-3"; TCRA chain:
PH-2Kb sense, 5 -CTGGATATAAAGTCCACGCAGCC-3', and TCR.-
VP4-CDR3 antisense, 5 -CAATCTCTGCTTTTGATGGCTCAAAC-3").
Transgenic mice were backcrossed for at least eight generations into the

SJL/] background.

EAE induction and scoring. Mice were injected s.c. at the back with 200 pl
of recombinant MOG (200 pg), which was emulsified in Freund’s adjuvant and
supplemented with 3 mg/ml Mycobacterium tuberanlosis (strain H37Raj. 200 ng
of pertussis toxin was injected i.p, on days 0 and 2 after immunization. Clinical
scoring of classical paralytic BEAE was performed as follows: score O, healthy; 1,
flaceid tail; 1.5, flaccid tail and impaired righting refless; 2, impaired righting re-
flex and hind limb weakness; 2.5, one hind leg paralyzed; 3, both hind legs par-
ayzed with residual mebdity in both legs; 3.5, both hind legs completely
paralyzed; 4, both hind legs completely paralyzed and beginning front imb par-
alysis; and 5, moribund or death of the animal after preceding clinical disease,
Ataxde scoring was as follows: score 0, healthy; 1, mouse partly tilted, feet fall
into cage fence; 2, tilted and tumbles; 3, mouse heavily tilted and mowves in cir-
cles; 4, inability to walk, is only rolling. and 5, moribund. All animal procedures
used were in accordance with guidelines of the committee on arimals of the
Max Planck Institute of Neurobiology and with the license of the Reglerung
von Oberbayern (Munich, Germany).

Antigens. Recombinant histidine-tagged rat MOG protein (aa 1-125) was pu-
rified{rom bacteralinclusion bodies (36). MOG peptide 90-110(SDEGGY TCE-
FRIDHSY QEEAA), MOG 1-26 (GQFRVIGPGYFIR ALVGDEAELPCRI),
and MOG 92-106 (DEGGY T CFFR.DHSY Q) were synthesized at the core fa-
cility of the Max Planck Institute of Biochermnistry (Martinsried, Germany) or
BicTrend (Kéln, Germany). All antigens used in the study were of =95% purity,
analyzed by slver staining of PAGE (proteins) or HPLC analysis {peptides).

In vitro proliferation assay. Proliferation assays were performed as previ-
ously described (2). Each sample was runin triplicates, the proliferative re-
sponse of which is represented by the mean + SEM. All assays were replicated
at least three times.

ELISA. Cytokine measurements and determination of serum titers of MOG-
specific antibodies was performed as previously described (2). Antibodies were
obtained from BD, except the anti-IL-17 which was obtained from R.&D
Systems, Each assay was repeated at least three times,

How cytometric analysis. Single cell suspensions were prepared from spleen,
lymph node, thymus, or CNGS tissue by mecharical disruption via forcing trough
40-pm cell strainers (BD). BErythrocytes of spleen cell suspensions were lysed by
hypotonic treatment. CNS infiltrate cells were purified by Percall gradient cen-
trifugation. Cells were resuspended in Percoll (GE Healthcare) at a density of
1.035 g/ml and centrifuged over Percoll of a 1.08-g/ml density for 30 min at
20°C. The interphase was recovered and subjected to FACS analysis. For detec-
tion of cell surface markers by flow cytometric analysis, cells were stained in
FACS medium (PBS containing 1% BSA and 0.1% NalN,) with different fluo-
rochrome-labeled MAbs. For cytofluorometry, we used the FACSCalibur sys-
tern with CellQuest software (BD), and for analysis we used WinMDI 2.9
software (Joe Trotter, The Scripps Institute, La Jolla, CA) was used. Forintracel-
lular cytokine staining, cells were first surface stained and then fieed and permea-
bilizedin 4% PEA/Q 1% saporin in Hepes-buffered HBSS, stainedintracellularly,
and washed. Before staining, cells were activated with 50 ng/ml PMA/500 ng/
ml ionomycin in the presence of 5 pg/ml brefeldin A for 4 h. The following
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fluorochrome-labeled antibodies were purchased from BD or eBioscience:
CD3 (1452011, CD4 (RM4-5), CD8 (53-6.7), Vas.3 (B21.14), Vf4
(KT4), CD11b (M1/70), CD45.1 (A20), CD1% (1D3), B220 (RA3-6B2),
CD&2L (MEL-14), CD25 (PC61), IFN-y (XMG1.2), 1L-17 (TCl1-
18H10), and [gG1 (A85-1),

Histological analysis. Brain and spinal cord tissue from mice fixed by perfu-
ston with 4% phosphate buffered paraformaldehyde were embedded in paraf-
fin, Paraffin sections were stained with H&E, with Luxol fast blue for myelin,
and by Bielschowsky silver impregnation for visualization of neurons and ax-
ons. Adjacent serial sections were stained by immunocytochemistry, using pri-
mary antibodies directed against CD3, B220, Mac-3, mouse Ig, and rat/mouse
complement C9 neoantigen. Immunocytochemistry was performed with a bi-
otin avidin techrigue.

Quantitative real-time TaqMan PCR analysis. Real time quantitative
P CR. analysis was performed as previously described (2). Quantification of the
expression of mouse immune and housekeeping genes was performed by
Tagman PCER. using the following primer/probe combinations: GAPDH
serse, 5 -TCACCACCATGGAGAAGGC-3"; GAPDH antiserse, 5 -GCT-
AAGCAGTTGGTGGTGCA-3"; GAPDH probe, 5'-ATGCCCCCATG-
TTTGTGATGGGTGT-3"; mIL-5 sense, 5'-CCGCTCACCGAGCTCT-
GTT-3"; mIL-5 antisense, 5 -AGATTTCTCCAATGCATAGCTGG-3;
IL-5 probe, 5'-CAGGAAGCCTCATCGTCTCATTGCTTGT-3"; mlL-
10 semse, 5 -CAGAGAAGCATGGCCCAGAA-3"; mIL-10 antiserse, 5'-
TGCTCCACTGCCTTGCTCTT-3'; mIL-10 probe, 5'-TGAGGCGCT-
GTCATCGATTTCTCCC-3"; mIL-17 semse, 5'-AACTCCCTTGGCG-
CAAAAGT-3"; mIL-17 antisense, 5'-GGCACTGAGCTTCCCAGATC-
3, mlIL-17 probe, 5'-CCACGTCACCCTGGACTCTCCACC-3" , mCD4
sense, B -COGTTTCCTCTCATCATCAATAAACTTA-3, mCD4 antisense,
5 -GGCTGGTACCCGGACTGAAG-3"; mCD4 probe, 5'-CACTTTG-
AACACCCACAACTCCACCTCCT-3"; TCR-Va8.3 sense, 5'-CCAC-
GCCACTCTCCATAAGAG-3"; TCR-VaB.3 antisense, 5'-CAGTAG-
TACAGGCCAGAGTCTGACA-3"; TCR-Va8.3 probe, 5 -CCTGAGC-
CAAAATACAGCGTTT-3'; TCR-VE serse, 5 -TGATGACTCGGCC-
ACATACTTC-3"; TCR-VB4 antisense, 5 -AGCAGCTCCTTCCATCT-
GCAGAAGTCC-3'; TCR-VP4 probe, 5'-TGCCAGCAGCCAAGAACG-
GACAGAT-3; mPoxP3 semse, 5'-AGGAGAAGCTGGGAGCTATGC-3;
mPoxP3 antisense, 5 -TGGCTACGATGCAGCAAGAG-3"; and mPoxP3
probe, 5'-AAGGCTCCATCTGTGGCCTCAATGGA-3" IFN-y, TNF-a,
IL-4, IL-13, and IP-10 Tagman probes were synthesized as described in
Giulietti et al. (37).

Cell surface serum binding and complement assay. For EL4-MOG cells,
the mouse Mog cDNA was cloned into the retroviral vector pL2(SN (Clontech
Laboratories, Inc.) and transformed into a GPTE-86 packaging cell line. Virus-
containing supernatant was used to stably transduce the mouse EL4 lymphoma
cell line. EL4 and MOG-transduced BL4 cells (EL4-MOG; 2 X 107/ well) were
incubated with sera at the indicated dilutions far 30—45 min at 4°C, washed in-
tersively, and thereafter either stained with biotinylated anti—mouse IgG1 (BD)
and streptavidin-PE diluted at 1/150 and PI at 1 pg/ml or incubated with
LOW-TCOX-M rabbit complement (Cedarlane Laboratories) at a 1/10 dilution
for 90 min at 37°C and thereafter analyzed for lysis by staiming with PI. For
analysis of binding only live (PI7) cells are gated for the histograms.

Depletion of B cells. For B cell depletiorn, 20 pg of mouse anti-mouse CD20
(18B12; IgG2a; Biogen Idec) (38) or IgG2a control antibody (Sigma-Aldrich)
was injected s.c. into 3-d-old TCR*®mice, 2 wk later, pups were injected with
80 pg and, at 4 wk old, with 250 pg of respective antibodies. Injections were re-
peated thereafter at 2-wk intervals with 250 pg of respective antibodies.

Serum transfer. Sera were obtained through retroorbital bleeding from T CR 1440
or NTL, WT SJL/] mice were immunized with 100 pg PLP139-151 in 5 mg/ml
CFA, 200 ng of Pertussis toxin was injected on days 0 and 2. When mice showed
clirical BAE signs (score ~~1.0), they received i.p. imjections of 250 pl T CR840
serum or NTL serum or 8.18c¢h mAD three times at 48-h intervals.

SPONTANEOUS RELAPSING-REMITTING EAE | Pollinger et al.

42



Published June 1, 2009

Statistics. Differential spontanecus BAE incidence of female to males was
analyzed by logrank test (by an in-built survival curve analysis function from
Prism 4 [Graph Pad Software, Inc.]), and the effect of serum transfer on EAB
development was analyzed by two-way ANOVA. P-values < 0.05 were
considered to be significant.

Online supplemental material. Fig. 51 shows the nature and encephalito-
genicity of TCR donor clone C3. Fig. S2 shows the TCR. expression in
TCR™0 transpenic mice splenocytes, Fig, 53 illustrates the spontanecus dis-
ease course of individual transgenic TCRM40 animals. Fig. 54 shows the CINS
messenger RINA expression analysis of spontaneous EAE- and MOG-mmu-
nized mice. Fig, 55 shows the efficiency of B cell depletion in TCR¥® mice.
Video 51 shows one diseased double-transgenic mouse in different EATE stages.
Table S1 shows a summary of spontaneous EAE in TCR. transgenic S]L/]
mice. Table 52 shows a summary of histological analysis of representative indi-
vidual mice with spontanecus EAE. Table 53 summarizes spontanecus EAE
incidence and mortality in TCR* mice treated with anti-CD20 and control
isotype antibodies. Online supplemental material is available at http://www
Jem.org/cgi/content/full/jem. 20090299/DC1.

We are grateful to Irene Arnald-Ammer, Lydia Penner, Iris Jarsch, Michaela Krug,
Marianne Leiszer, and Ulrike Kock for excellent technical support.

This project was supported by the Deutsche Forschungsgemeinschaft (SFB 571,
Project B6) and the Max Planck society, S.H. Domingues is supported by a PhD
Tellowship [Portuguese FCT program SFRH/BDf15885/2005).

The authors have no conflicting financial interests.

Submitted: 6 February 2009
Accepted: 3 May 2009

REFERENCES

1. Krishnamoorthy, G, A. Holz, and H. Wekerle. 2007, Experimental
models of spontaneous antoimmune disease in the central nervous sys-
em. J. Mol Med. 85:1161-1173.

2. Krishnamoorthy, G., H. Lassmann, H. Wekerle, and A Holz. 2006,
Spontaneous opticospinal encephalomyelitis in a double-transgenic
mouse model of autoimmune T cell/B cell cooperation. J. Clin. Invest.
116:2385-23592,

3. Bettelli, E, D. Baeten, A. Jager, RLA. Sobel and V.K. Kuchroo. 2008.
Myelin oligodendrocyte glycoprotein-specific T and B cells cooperate to
induce a Devic-like disease in mice. J. Clin. Invest. 116:2393-2402.

4. Kira, J. 2003, Multiple sclerosis in the Japanese population. Lancet Newrel.
2117127,

5. Compston, A, 2004, ‘“The marvellous harmony of the nervous parts™:
The origing of multiple sclerosis, Clin, Med. 4346354,

6. Litzenburger, T., R Fassler, J. Bauer, H. Lassmann, C. Linington, H.
Wekerle, and A. Iglesias. 1998. B lymphocytes producing demyelinating
autcantibodies: development and function in gene-targeted transgeric
mice. J. Hxp, Med. 138:165-180.

7. Chen, Y., CL. Langrish, B. McKenzie, B. Joyce-Shaikh, .S, Stumhofer,
T. McClanahan, W. Blumenschein, T. Churakowva, ]. Low, L. Presta, et al.
2006. Anti-IL-23 therapyinhibits multiple inflammatory pathways and ame-
liorates autoimumune encephalomyelitis, J. Clin, Iwest. 116:1317-1326,

8. Veldhoen, M, R.]. Hocking, R.A. Flavell, and B. Stockinger. 2008.

Signals mediated by transforming growth factor-f initiate autoimmune en-

cephalomyelitis, but chronic inflammation is needed to sustain disease. IVai.
Tmrnunol. 7:1151-1156,

9. Bettelli, E., ¥. Carrier, W. Gao, T. Korn, T.B. Stram, M. Oukka, H.L.
Weiner, and V.K. Kuchroo, 2006, Reeciprocal developmental pathweays for
the generation of pathogenic effector TH17 and regulatory T cells. MNafure.
441:235-238.

10, Bailey, 3L., B. Schreiner, E]. McMahon, and 5.D. Miller, 2007, CNS my-
eloid D Cs presenting endogenous myelin peptides “preferentially’ polarize
CD4" TH-17 cells in relapsing EAB, Nat, Inmuncl, 3:172-180,

11, Hori, 5., T. Nomura, and S. Sakaguchi. 2003, Control of regulatory T cell
developrment by the transcription factor Foxp3. Sdence. 299:1057-1061.

JEM VOL. 206, June 8, 2009

12,

14,

15.

16,

17.

18

19.

20.

21

22.

23.

24,

25,

26,

27.

28.

29,

Kishimoto, T, and T. Hirano. 1933, Molecular regulation of B Iym-
phocyte response. Annu. Rev. Immunol. 6:485-512,

. Delaragse, C., P. Daubas, L.T. Mars, C, Vizler, T, Litzenburger, A,

Iglesias, ]. Bauer, B. Della Gaspera, A, Schubart, L. Decker, et al, 2003,
Myelin/cligodendrocyte glycoprotein-deficient (MOG-deficient) mice
reveal lack of immune tolerance to MOG in wild-type mice. J. Clin
Tnvest, 112:544-553,

von Bidingen, H.C., SL. Hauser, A. Fuhrmann, C.B. Nabavi, J.I. Lee,
and C.P. Genain. 2002. Molecular characterization of antibody specificities
against myelin/oligodendrocyte glycoprotein in autoimmune demyelin-
ation. Proc. Natl. Aad. Sii. USA. 99:8207-8212.

Bourquir, C., A. Schubart, 5. Tobollik, I. Mather, S. Ogg, B.. Liblau,
and C. Linington, 2003, Selective unresponsiveness to conformational B
cell epitopes of the myelin oligodendrocyte glycoprotein in H-2% mice.
J. Immunol. 171:455-461,

Brehm, U, 5] Piddlesden, M.V. Gardirier, and C. Linington. 1999,
Epitope specificity of demyelinating monoclonal autoantibodies directed
against the human myelin oligodendrocyte glycoprotein. J. MNeumimmunol
97015,

Waldner, H., M.]. Whitters, R.A. Sobel, M. Collins, and V.K. Kuchroo.
2000, Pulminant spontaneous autoimmunity of the central nervous sys-
tem in mice transgenic for the myelin proteclipid protein-specific T cell
receptor. Proc. Natl. Acad, Sei. USA. 97:3412-3417.

Moaore, G.R., B.M. McCarron, D.E. McFarlin, and C.5. Raine. 1987,
Chronic relapsing necrotizing encephalomyelitis produced by myelin
basic protein. Lab. Invest. 57:157-167.

Butterfield, R.J., EP. Blankenhorn, R.J. Roper, J.F. Zachary, R
Doerge, ].D. Sudweeks, . Rose, and C. Teuscher. 199%, Genetic anal-
ysis of disease subtypes and sexual dimorphisms in mouse experimental
allergic encephalomyelitis (EAE): Reelapsing/remitting and monophasic
remitting/nonrelapsing EAE are immunogenetically distinct. J. Immunal,
162:3006-3102.

Wekerle, H., and H. Lassmann. 2006, The immunoclogy of inflam-
matory demyelinating disease. In McAlpine’s Multiple Sclerosis. A,
Compston, C. Confavreux, H. Lassmann, I. McDonald, D. Miller, |
Noseworthy, K. Smith, and H. Wekerle, editors. Churchill Livingstone,
Cadord. 491-546.

Abromson-Leeman, S, R. Bronson, Y. Luo, M. Berman, R. Leeman, ],
Leeman, and M. Dorf. 2004, T-cell properties determine disease site, clirm-
cal presentation, and cellular pathology of experimental antoimmune en-
cephalomyelitis. Am. J. Pathel 165:1519-1533,

Muller, D.M., M.P. Pender, and ].M. Greer. 2005. Blood-brain barrier
disruption and lesion localization in experimental antoimmune enceph-
alomyelitis with predominant cerebellar and brainstem involvement.
J. Neuroimmunol. 160:162-165.

MeCarron, RLM., R.J. Fallis, and D.E. McFarlin. 1990, Alterations in T
cell antigen specificity and class IT restriction during the course of chroric
relapsing experimental allergic encephalomyelitis. J. MNewroimmunol,
297379,

Lehmann, PV, T. Forsthuber, A, Miller, and BE.E. Sercarz. 1992, Spreading
of T-cell autoimrmurity to cryptic determinants of an autoantigen. MNafure,
258:155-157.

McMahon, EJ., S.L. Bailey, C.L. Vandedugt-Castaneda, H. Waldner, and
5.D. Miller. 2005, Epitope spreading initiates in the CNS in two mouse
models of multiple sclerosis. Nai. Med. 11:335-338,

Matsushita, T., K. Yanaba, ].-D. Bouaziz, M. Fujimoto, and T.F, Tedder,
2008, Regulatory B cells inhibit EAE initiation in mice while other
B cells promote disease progression. J. Clin. Tnvest. 118:3420-3430.
Gunn, C., AJ. Suckling, and C. Linington. 1989. Identification of a com-
mon idiotype of myelin cligodendrocyte glycoprotein-specific autoarti-
bodies in chronic relapsing experimental allergic encephalomyelitis.
J. Neumstmmunol. 23:101-108,

Fillatrean, S., C.H. Sweenie, MJ. McGeachy, D. Gray, and 5.M. Anderton.
2002. B cells regulate autoimmurity by provision of IL-10. MNat, Immuncl
2:544-050.

Mann, M.K., K. Maresz, L.P. Shriver, Y.P. Tan, and B.N. Dittel. 2007,
B cell regulation of CD4YCD25% T regulatory cells and IL-10 via B7 is
essential {or recovery ffom experimental antoimmune encephalomyelitis,
J. Immunol. 178:3447-3456,

1315

43



Published June 1, 2009

JEM

30.

31,

32.

33.

34

Guay, H M., ]. Larkin, C. Cozzo Picca, L. Panarey, and A J. Caton. 2007,
Spontaneous autoreactive memory B cell formation driven by a high
frequency of autoreactive CD4Y T cells. | Immunol, 178:4793-4802.
De Vos, A.F., M. Van Meurs, H.F. Brok, L.A. Boven, R..Q. Hintzen,
P. Van der Valk, R.. Ravid, S. Rensing, L. Boon, B.A. ‘t Hart, and ].D.
Laman. 2002, Transfer of central nervous system autoantigens and pre-
sentation in secondary lymphoid organs. J. Immuncl. 169:5415-5423.
Derbinski, J., A. Schulte, B. Kyewski, and L. Klein. 2001, Promiscuous
gene expression in medullary thymic epithelid cells mirrors the periph-
eral self. Wat. Immunol. 2:1032-1039.

Pagany, M., M. Jagodic, C. Bourquin, T. Clsson, and C. Linington.
2003, Genetic variation in myelin oligodendrocyte glycoprotein expres-
sion and susceptibility to experimental autoimmune encephalomyelitis.
J. Neuroimmunol. 139:1-8.

Pagany, M., M. Jagodic, A. Schubart, D. Pham-Dinh, C. Bachelin,
AB. van Evercooren, F. Lachapelle, T. Olsson, and C. Linington. 2003.
Myelin oligodendrocyte glycoprotein is expressed in the peripheral ner-
vous system of rodents and primates. Newrosei, Lett. 350:165-168.

13186

35.

36.

37.

38,

Pircher, H, T W. Mak, B.. Lang, W. Ballhansen, E. Rijedi, H.
Hengartner, R.M. Zinkernagel, and K. Biirki. 1989, T cell wolerance to
Ml encoded antigens in T cell receptor V8.1 chain transgenic mice,
EMBOJ, 8:719-727.

Adelmarnn, M., . Wood, I. Benzel, P. Fiori, H. Lassmann, J.-M.
Matthieu, M.V. Gardinier, K. Dornmair, and C. Linington. 1995. The
N-terminal domain of the myelin oligodendrocyte glycoprotein (MOG)
induces acute demyelinating experimental autoimmune encephalomy-
elitis in the Lewis rat. J. Newrofmmunol. 63:17-27.

Giuletti, A., L. Overbergh, D. Valckx, B. Decallonee, E. Bouillon,
and C. Mathieu. 2001. An overview of real-time quantitative
PCR.: Applications to guantify cytokine gene expression. Methods.
25:386-401.

Hamel, K., P. Doodes, Y.X. Cao, Y.M. Wang, ]. Martinson, R.. Dunn,
M.R.. Kehry, B. Farkas, and A. Finnegan. 2008. Suppression of pro-
teoglycan-induced arthritis by anti-CD20 B cell depletion therapy is
mediated by reduction in autoantibodies and CD4% T cell reactivity.
J. Immunol. 180:4994-5003.

SPONTANEOUS RELAPSING-REMITTING EAE | Pallinger et al.

44



Publication 3

45



© 2009 Nature America, Inc. All rights reserved.

ARTICLES

46

natmre,, .
medicine

Myelin-specific T cells also recognize neuronal
autoantigen in a transgenic mouse model of

multiple sclerosis

Gurumoorthy Krishnamoorthy', Amit Saxena?, Lennart T Mars?, Helena S Domingues’?, Reinhard Mentele*>,
Avraham Ben-Nun®, Hans Lassmann’, Klaus Dornmair®®, Florian C Kurschus'®°, Roland § Liblau®® &

Hartmut Wekerle!

We describe here the paradoxical development of spontaneous experimental autoimmune encephalomyelitis (EAE) in transgenic
mice expressing a myelin oligodendrocyte glycoprotein (MOG)-specific T cell antigen receptor (TCR) in the absence of MOG. We
report that in Mog-deficient mice (Mog™-), the autoimmune response by transgenic T cells is redirected to a neuronal cytoskeletal
self antigen, neurofilament-M (NF-M). Although components of radically different protein classes, the cross-reacting major
histocompatibility complex I-AP-restricted epitope sequences of MOGas_s5 and NF-Mqg_30 share essential TCR contact positions.
This pattern of cross-reaction is not specific to the transgenic TCR but is also commonly seen in MOG35_55-1-AP-reactive T cells.
We propose that in the C57BL/6 mouse, MOG and NF-M response components add up to overcome the general resistance of this
strain to experimental induction of autoimmunity. Similar cumulative responses against more than one autoantigen may have a role

in spentaneously developing human autoimmune diseases.

Organ-specific autoimmune disease is a key group of inflammatory
disorders that includes rheumatoid arthritis, type 1 diabetes mellitus,
thyreiditis and multiple sclerosis. The prevailing thinking is that the
pathogenic changes are typically initiated and driven by T cells, which
express receptors for autcantigens restricted to, or enriched within, the
particular target tissues.

Unfortunately, it has been impessible se far to identify, with
certainty, which autoantigens are the targets in individual humans.
One reasen for this limitation is the complexity of the human
autoimmune response. Indeed, there is evidence that in one person
more than one self antigen may be the target of the autoimmune
attack and that, in addition, the profile of target autcantigens may
fluctuate over time!. Furthermore, the peripheral immune repertoire
of healthy humans contains a large number of T cells specific for
many, if not all, autoantigens potentially related to autoimmune
diseases’. There is no practical assay to distinguish T cells with high
pathogenic potential from nonpathogenic counterparts and, more-
over, to identify in humans the T cells participating in the patho-
genesis from those that are uninvolved.

We report here a new mechanism of autoimmunity, ‘cumulative
auteimmunity, that may provide a selution to this dilemma.
Cumulative autoimmunity designates an autoimmune response that

targets more than one particular cognate autcantigenic target at the
same time, and the accumulation of these responses results in a tissue
attack of enhanced vigor.

We observed a cumulative autoimmune response in transgenic mice
with a TCR selected for reactivity to MOG peptidess_ss, who develop
spontaneous FAE in the presence of MOG and, unexpectedly, also in
its absence. We found that in Mog-deficient mice, the transgenic T cells
recognize a peptide fragment of the medium-sized neurofilament NF-M.

RESULTS

Spontaneous EAE in the absence of MOG

In an experiment designed to detail the role of the autoantigen in
spontaneous autoimmunity, we bred transgenes encoding the MOG-
specific TCR 2D2 (ref. 3) and immuneglobulin heavy chain specific
for MOG (IgHMOY) (ref. 4) either separately or together into Mag™™
mice’ (Fig. 1}. To our surprise, spontanecus EAE developed in Mog-
deficient 2D2 transgenic mice (2D2 x Mog™") with incidence and
kinetics indistinguishable from these of wild-type (WT) counterparts.
Between 15% and 20% of 2D2 x Mog™'~ mice developed spontaneous
EAE (Fig. 1a and Supplementary Table 1 online). Mog™~ mice and
the Mog-deficient IgHMOG mice (IgHMOC »x Mog), whose B cells,
but not T cells, are specific for MOG, remained healthy (Fig. la
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and Supplementary Table 1). Fifty percent of double-transgenic
2D2 x 1gHMOS mice (also known as OSE/Devic mice®) spontaneously
develop opticospinal myelitis®®, but, in a limited cohort of
MOG-deficient 2D2 x IgHMOG mice, fewer than 15% of the mice
developed spontaneous EAE, a proportion similar to the one seen
with Mog-deficient 2D2 mice but substantially lower than that
in 2D2 x IgHMOS Mog-sufficient counterparts (Fig. la and
Supplementary Table 1).

Clinically, spontaneous EAE was indistinguishable between Mog-
sufficient and Mog-deficient transgenic mice. In all groups, disease
started between 7 and 10 weeks of age, with classical paralytic EAE
signs and, in a minority of cases, with a spastic component (Supple-
mentary Table 1 and Supplementary Movies 1-6 online).

The lesions in Mog-sufficient and Mog-deficient groups were indis-
tinguishable (data not shown), and they were restricted to the optic
nerve and spinal cord®. In addition, we have now observed inflam-
matory infiltrates in the trigeminal ganglia, spinal ganglia, spinal roots
and peripheral nerves, despite the absence of MOG within these
tissues (Fig. 1¢ and Supplementary Table 2 online). However, in
mice immunized with MOGgs;_s5, the acute EAE lesions were present
only in the central nervous system (CNS) and not in the peripheral
nervous system (PNS; Fig. 1d).

2D2-transgenic T cells recognize a non-MOG CNS autoantigen

EAE in the Mog™"~ mice might be explained by the incomplete deletion
of Mog. The Mog knockout strain initially used in this study was
created by the insertion of a cassette containing the LacZ and
neomycin resistance genes behind the Mog promoter, leaving the
MOG coding sequence intact’, which could leave some aberrant
MOG expression in 2D2 x Mog”~ mice. However, in line with the
original description of the Mog™~ mice’, western blot analyses with
monoclonal as well as polyclonal antibodies did not detect any
residual MOG protein expression in Mog”~ mice (Supplementary
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Figure 1 Paradoxical development of spontaneous EAE in MOG-specific 2D2
TCR-transgenic mice in two different Mog-deficient strains. (a) Spontaneous
incidence of EAE-like disease observed in transgenic mice carrying MOG-
specific TCR (2D2), B cell receptor (IgHMOG) or both, on Meg-sufficient and
Mog-deficient C57BL/6 backgrounds. Shown is the survival curve analysis of
the mice that were observed for a minimum of 7 weeks after birth. 2D2,

n = 440; 2D2 x Mog™, n = 218; 2D2 » IgHMCG, n = 258; 2D2 »
1gHMOG « Mog™-, n = 48; IgHMOG « Mog”, n = 63; Mog™, n = 279.

{(b) Incidence of spontaneous EAE in MOG-specific 2D2-transgenic mice

on a Mog-deficient background (different than in a). 2D2, n = 199;

2D2 » MogteCe, n — 140; Mogt®Ce, n — 23. (c) Nervous system
pathology of 2D2-transgenic mice with spontaneous EAE. Infiltration,
demyelination and axonal damage in trigeminal ganglia were revealed by
H&E, luxol fast blue (LFB) and Bielschowsky silver impregnation (Biel),
respectively. The infiltrates are composed of macrophages (Mac3) as well

as CD3* Tcells. Scale bars, 100 um. (d) Nervous system pathology of
C57BL/6 mice immunized with MOGzs s5. The acute EAE lesions of CNS
and PNS parts of the trigeminal nerve and ganglion were visualized by
staining for macrophages (Mac3) and CD3* T cells. The bottom images
show the respective isotype control antibedy staining. Scale bars, 100 pm.

Fig. 1 online). To further exclude faulty MOG expression, we bred
2D2 TCR—transgenic mice with another line of Mog-knockout mice in
which the 5 end of MOG exon 2 encoding the immunodominant
MOG;s 55 epitope was deleted and replaced by the Cre recombinase
gene (Mogt®/“r)8 (Supplementary Fig. 2 online). 2D2-transgenic
mice crossed onto the Mog™™/**® background also developed sponta-
neous EAE at the same rate as 2D2-transgenic mice (Fig. 1b).

Spontaneous EAE in 2D2 x Mog™ mice could also have been
caused by T cells recruited from the endogenous repertoire or by
T cells with dual TCR expression—expressing both 2D2 and endo-
genous receptor chains. Indeed, whereas in 2D2-transgenic mice most
CD4" T cells use the transgenic TCR, there is also a considerable
population with endogenous receptors (data not shown). In the
absence of MOG, alternative TCRs might be stimulated to mount
an attack against an alternative CNS target autoantigen. However,
FACS analysis of 2D2 and 2D2 x Mog ™~ thymus and spleen did not
reveal any considerable differences in cell number or in activation
markers such as CD25, CD44 and CDé62 ligand (Supplementary
Fig. 3 online) or MOG-specific forkhead box P3—positive T regulatory
cells (Supplementary Fig. 4 online). In addition, the CNS infiltrates
were predominantly composed of transgenic T cells with only a minor
population of endogenous T cells (Supplementary Fig. 5 online).
Furthermore, we noted spontaneous EAE in two out of six triple-
transgenic Rag2-deficient 2D2 x Mog™™ mice (2D2 x Mog”’™ x
Rag2"), whose T cells express exclusively the transgenic TCR,
indicating that transgenic T cells, not endogenous T cells, are the
principal agents in the observed EAE.

Finally, the transgenic TCR might recognize an endogenous cross-
reactive epitope. We tested some of the known encephalitogenic
proteins and peptides such as myelin basic protein (MBP), S-100
calcium-binding protein, beta chain (S1008) and proteolipid protein
(PLP) amino acids 139-151, but none of them activated the
2D2-expressing T cells (Fig. 2a). Then we compared crude myelin
preparations from Mog"t and Mog”?~ CNS isolated by classical
protocols®!?. Both preparations activated MOG-specific 2D2-expres-
sing cells to a comparable degree when presented by syngeneic bone
marrow—derived dendritic cells (BMDCs) (Fig. 2a) but did not
stimulate ovalbumin-specific OT-II TCR transgenic T cells, which
we used as negative controls. Furthermore, myelin-induced prolifera-
tion of 2D2-transgenic T cells was blocked by antibodies to CD4 and
major histocompatibility complex (MHC) class II but not by antibody
to CD1d or control rat antibodies (Fig. 2b).
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NF-M peptide cross-reacts with MOG-specific T cells

We systematically fractionated CNS tissue from Mog™~ mice (Fig. 3).
We employed a purification regime composed of homogenization,
lipid extraction and purification of the urea-dissolved proteins by ion-
exchange and gel chromatography (Supplementary Fig. 6 online).
Among the chromatography fractions presented to 2D2-expressing
T cells by syngeneic antigen-presenting cells (BMDCs), we eluted
several antigenic fractions from the anion-exchange column (Fig. 3a).
Fractionation of Mog-sufficient CNS tissue led to a similar profile
(Fig. 3b). Parallel fractionation of extracts from WT and Mog™~ CNS
with the cation exchange column yielded similar results (Supplemen-
tary Fig. 7a,b online).

Gel filtration chromatography of both pooled positive fractions
(fractions 16 and 17} from the anion exchange column resulted in one
fraction (fraction 9) that was recognized by 2D2-expressing T cells
(Fig. 4a). SDS-PAGE analysis revealed two prominent bands with
molecular masses of approximately 68 kDa and 150 kDa (Fig. 4b}. We
excised both bands from the gel, in-gel digested them with trypsin
and subjected them to matrix-assisted laser desorption-ionization—
time-of-flight mass spectrometry. We identified the 68-kDa protein as
the light chain of mouse neurofilament (NF-L) and the 150-kDa
protein as NF-M.

Figure 3 Fractionation of CNS proteins from Mog !, WT and Nefm/ mice.
(a—c) Proliferation, as measured by 3H-thymidine incorparation assay,

of 2D2 spleen cells in response to anion exchange column fractions of
CNS tissue extracts fram Mog’ {a), WT C57BL/6 (b) and Nefm ' (¢) mice.
3H-thymidine incorporation was measured during the last 16 h of the 72-h
assay. Shown is the mean = s.e.m. of triplicate measurements. Shown is a
representative of two individual protein purifications (with different poals of
Mog ' mice, WT mice or Nefm ' mice) and stimulation experiments. The
narrow elution profile of the Mog’ CNS extract is due to the use of Mono Q
column matetial instead of Source Q material, which was used far WT and
Nefm ! experiments.

48

Figure 2 MOG-specific T cells respond to myelin from Mog’ mice.

(a) Proliferation, as measured by JH-thymidine incorporation assay, of spleen
cells from 2D2-transgenic or control OT-11 mice (2 x 107 cells per well)
together with BMDCs {5 x 10% cells per well} cultured with the indicated
proteins, peptides (20 ug ml 1) or myelin preparations {1 pl per well} from
Mog’ and WT mice. pC1, rat MBPgg g4; pC2, guinea pig MBPas 57; p81,
guinea pig MBPgq g3. (b} Praliferation, as measured by 3H-thymidine
incorparation assay, of 2D2-transgenic spleen cells together with BMDCs
incubated with rat MOG (20 g ml 1} or myelin suspension (1 pl per well}
preparations from Mog/ and WT mice. The antibodies to MHC || (Anti-MHC
11}, CD1d (Anti-CD1d) or CD4 (Anti-CD4) or contrel rat 1gG2a and rat 1gG2b
antibodies were added at 10 pg ml 1. Proliferation of Tcells from a and b
was measured by labeling with 3H-thymidine during the last 16 h of a 72-h
assay. Shown is the mean + s.e.m. of triplicate measurements. Statistical
significance was analyzed by analysis of variance. ***P < 0.001.

We tested the exclusive cross-reactivity of the NF-M with MOG-
specific 2D2-transgenic T cells by an analysis of CNS proteins from
NTF-M-deficient (Nefri'=) mice. None of the ion-exchange chroma-
tography fractions from Nefrr™™ mice activated 2D2-transgenic T cells
(Fig. 3c and Supplementary Fig. 7c). In addition, we alse found that
the crude myelin preparations from both Mog™™ and WT mice that
contained abundant amounts of NF-M (Supplementary Fig. 8a
online), and not those from the Mog‘/‘ % Neﬁn‘/‘ mice, activated
2D2-transgenic T cells (Fig. 2a and Supplementary Fig. 9 online).
Full-length MOG, which is highly hydrophobic owing to its three
membrane-spanning helices, was found mainly in the urea-insoluble
fraction (data not shown). We detected only trace amounts of
MOG in the urea-soluble extract but not in any of the 2D2-transgenic
T cell-activating fractions from Mog-sufficient mice (Supplementary
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Fig. 8b). Hence, MOG is lost quantitatively during lipid extraction
and urea solubilization, and these data exclude the presence of
additional cross-reactive antigens, at least in the urea-soluble fraction
we examined.

An in silico search identified a seven—amino acid peptide of NF-M
nearly identical to the core region of the antigenic peptide MOG35 59
(Fig. 4c), which spans from Tyr40 to Vald7

and contains the amino acids Argdl, Phed4, a 40000
Argd6 and Val47, which are known to be the z
crucial contact amino acids for the 2D2 TCR 4 30,000
and other MOG-specific T cell lines!b12, =
These amino acids are completely preserved § 20000
at identical positions in NF-M g 34 that is, g
positions Arg2l, Phe24, Arg26 and Val27. = 1009
Another candidate peptide, NF-Mas 237 ° o

also showed some homology to MOG but 01 1
lacked the essential residues of the core

region (Fig. 4c). Cc 20000 :E;:EA head
2D2 T cells responded vigorously to the -~ Rat MOG

synthetic peptide NF-Mg 30 but not to
NF-Mas 237 (Fig.  5a). In  addition,
NF-M,g 39 induced strong proliferation of
2D2 x Rag2™ transgenic T cells, indicating
that the cross-reactivity is intrinsic to the 0 o2
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transgenic 2D2 TCR (Fig. 5b). This cross-

reactivity is not limited to the synthetic 1,000
MOG and NF-M peptides. 2D2 T cells also 800
recognized the naturally processed recombi- :Em 600
nant MOG and NF-M proteins produced in = a0
E. coli (Fig. 5a,b). Notably, NF-M and MOG TR

peptides mixed in a 1:1 ratio induced pro- =%
liferation and cytokine secretion of 2D2- 0 02
expressing T cells isolated either from the
spleen or from the CNS of mice with
spontaneous EAE without any signs of toler-
ance or anergy (Fig. 5a and Supplementary
Fig. 10 online).

2D2-transgenic T cell responses to MOG
and NE-M peptides were similar but not
identical. In dose-dependent proliferation
tests, NF-M;g 30 peptide was superior to
MOG35_55 and MOG33_50 peptides in indu-
cing proliferation (Fig. 5a,b). We confirmed
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Figure 4 I|dentification of a protein that cross-reacts with MOG-specific
2D2-transgenic T cells. {a) Proliferation, as measured by *H-thymidine
incorporation assay, of 2D2 spleen cells in response to the T cell-activating
fractions (fractions 16 and 17 from Fig. 3a) from Mog™~ mice. The fractions
were pooled and further separated by gel filtration chromatography.
Proliferation was measured during the last 16 h of the 72-h assay. Shown is
the mean + s.e.m. of triplicate measurements. (b) Silver staining of a 2D2
T cell-activating fraction from Mog™ mice. T cell-activating fraction (fraction
9) from several similar gel filtrations were pooled and concentrated by re-
chromatography with a Mono Q column. These fractions were resolved on a
10% Tris-glycine gel and stained by silver staining. F9, gel filtration fraction
before concentration. {c) Amino acid alignment of the immunodominant
epitopes of MOG and NF-M. MOGzs 55 and the minimal epitope MOGag_50
were aligned with NF-M. Shown in red and underlined is the amino acid
identity of MOG and NF-M peptides.

this finding in cytokine assays, in which NF-M stimulated larger
interferon-y (IFN-y), interleukin-17 (IL-17}, IL-2 and IL-10 releases
than did MOG (Fig. 5¢).

To clarify whether the cross-reactivity of 2D2-expressing T cells with
NE-M reflects a ‘private’ clonotypic response (a response by a single
T-cell clone) or represents a more general cross-reactivity between
MOGs5_55- and NF-M-specific T cells, we isolated fresh MOGs5 55-
specific T cells from C57BL/6 mice, expanded them and tested them
for reactivity with NF-M. Indeed, a polyclonal MOGs;s ss-specific
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Figure 5 NF-M reacts specifically with 2D2-transgenic T cells, (a) Proliferation, as measured by
3H-thymidine incorporation assay, of 2D2 splenccytes cultured with increasing concentrations of the
indicated proteins, peptides or mixtures. Shown is a representative of more than three individual
experiments consisting of more than six mice. (b) Proliferation, as measured by 3H-thymidine
incorporation assay, of splenocytes from 2D2 x Rag2™~ mice cultured with the indicated proteins and
peptides. Means + s.e.m. of triplicate measurements are shown. (c) Quantification of cytokines released
by MOG-specific 2D2-transgenic T cells in response to cross-reactive NF-M peptide and protein. 2D2
splenocytes were cultured for 3 d with the indicated peptides and proteins in a dose-dependent fashion.
The concentrations of the cytokines secreted by the T cells were measured in the supernatants in a
sandwich ELISA composed of specific antibody pairs. The data were combined from three independent
experiments. Each data point represents two to seven mice per group. Means + s.e.m. are shown.
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Figure 6 [n vitro and in vivo cross-reactivity between NF-M— and MOG-specific T cells. (a,b) Proli-
feration, as measured by 3H-thymidine incorporation assay, of MOG- and NF-M-specific T cell lines.

A MOGsz5_s5-specific T cell line (a) and NF-M-specific T cell line {b) generated from WT mice primed
with its respective antigen were tested with the indicated protein and peptides (20 ug ml~Y). The
proliferation was measured during last 16 h of the 72-h assay. Shown is the mean + s.e.m. of triplicate
measurements. (¢) Clinical course of EAE induced by the NF-M-specific T-cell line. Naive WT C57BL/6
mice were lightly irradiated (400 rad) and injected intravenously with 12 x 105 (n = 3 mice) or

6 » 10° (n = 7 mice) activated T cells specific for NF-M15_35 peptide. The T-cell line was derived
fram NF-M;5 ss—immunized WT C57BL/6 mice. Shown is the mean clinical score of mice from

three experiments. Histopathology analysis of spinal cords (right) shows typical EAE pathology, with
inflammatory infiltrates comprised of polymorphonuclear cells, T cells and macrophages or activated
microglia. Scale bars, 100 um. (d) EAE induced by 2D2 T cells in WT C57BL/6 and Mog” but not in
Mog™= » Nefar* double-knockout mice. We transferred 15 » 108 2D2 Rag2™ T helper type 1 cells
into lightly irradiated (300 rad) syngenic WT (n = 15), Mog” {(n = 15) and Mog” » Nefar’~ double-
knockout (n = 9) C57BL/6 mice. Left, EAE clinical score of mice from three (WT, Mag™") or two
(Mog?~ = Nefm™) independent experiments. EAE frequency is significantly lower in double-knockout
recipients as compared to either of the two other groups (X%; P < 1 x 10-9). Kinetics of EAE differs
significantly (Log-rank test; P < 10~%) between WT and Mog”’~ mice. Data represent mean + s.e.m.
Right, representative images comprising inflammatory infiltrates in the spinal cord of Mog” and

Mog” » Nefm mice revealed by H&E, CD3 and Mac3 staining. Scale bars, 1 mm.

T cell line, which used V,, and Vp regions distinct from the 2D2 TCR
(Supplementary Fig. 11a online), readily responded to NF-M,g 39 but
not to NF-Mjz; 237 or ovalbumin (Ova) amino acids 323-339
(Fig. 6a). Conversely, T cell lines from NE-M-immunized mice,
also with Vj; and Vj gene segments different from those in the 2D2
TCR (Supplementary Fig. 11b), cross-reacted with MOG protein and
peptides (Fig. 6b).

In vivo recognition of NF-M by MOG-specific T cells

To determine whether 2D2-transgenic T cells find their alternative
target (that is, NF-M) in vivo during EAE, we transferred MOG
peptide—activated, 2D2-transgenic CD4* T cells to Rag2”’ or
Rag2™ x Mog™"~ mice. Whereas both recipient groups developed
EAE, in Mog-deficient Rag2 "~ mice the discase was delayed (Supple-
mentary Fig. 12 online).

We next examined whether NF-M-activated 2D2-T cells can also
induce EAE. NF-M-activated 2D2-expressing T cells triggered EAE in
WT hosts, which by incidence and kinetics was comparable to EAE
caused by MOG-activated 2D2-expressing T cells (Supplementary

Mog’f’ « Nefmi™~

50

Fig. 13a,b online). To assess the impact
of soluble MOG peptide tolerization, we
transferred in vitro MOG peptide—activated
2D2-transgenic T cells into irradiated WT
or Mﬂg"' mice and injected Ovasys 339 Or
MOGs5 55 peptides  intravenously. We
observed that treatment with MOG peptide
delayed the onset of EAE in WT C57BL/6
recipients and, more notably, also in Mog ™/
mice (Supplementary Fig. 13a). Similarly,
MOG peptide tolerization lowered the
- encephalitogenic activity of 2D2-expressing
T cells activated in vitro with NF-M peptide
(Supplementary Fig. 13b).

Ty H&E
e Furthermore, we tested the encephalito-
genic potential of ‘genuine’ NF-M-specific
cD3 T cell lines, that is, CD4" T cells isolated

from NF-M-primed C57BL/6 mice and pro-
pagated by serial NF-M—specific activation.
T cells from an NF-M-specific line trans-
ferred to C57BL/6 mice induced severe EAE
(Fig. 6c). The pathology in these mice was
closely similar to that seen after transfer of
2D2-expressing cells in MOG-deficient mice.
Lesions were most pronounced in the spinal
cord and featured inflammation by T cells
and macrophages (Fig. 6¢}, confluent demye-
lination and severe axonal loss (data not
shown). We transferred NF-M peptide—
activated transgenic T cells derived from
2D2 x RagZ " mice into both Mog™ and
WT mice. These monoclonal 2102 x Rag2™~
T cells induced EAE in Mog‘/‘ mice, albeit
with a delayed onset as compared to WT
recipients, confirming the autonomous cap-
ability of 2D2-expressing T cells to recognize
the alternative target, NF-M (Fig. 6d).

The lesions developing in Mog™~ recipient
mice injected with 2D2 x Rag2” T cells
were severe, with large infiltrates in the spinal
cord and cerebellum (Fig. 6d) and, remark-
ably, also in the trigeminal ganglia and in
peripheral nerves (data now shown). These findings are reminiscent of
the pathology seen in the spontaneous EAE of 2D2 x Mog ™ mice.

To confirm that the 2D2-transgenic T cell-mediated lesions in
the Mog* recipient mice are due to in vive recognition of NF-M,
we transferred activated 2D2 x Rag2™™ T cells into Mog™™ x Nefi ™/
double-knockout mice. None of the double-knockout mice showed
any clinical signs of EAE, and there were no lesions in the CNS
(Fig. 6d).

DISCUSSION

C57BL/6 mice are resistant to the induction of most T cell-mediated
organ-specific autoimmune diseases. In these mice, immunization
with classical autoantigens elicits vigorous T cell responses but
commonly fails to produce a clinical autoimmune disease. In contrast,
immunization with MOGs35_s5 peptide reliably induces clinical EAE,
thus overcoming resistance of C57BL/6 mice'. Our observations may
provide an unexpected clue explaining the unusual autoimmune
potential of MOGas_55. We show that CD4" T cells selected from
C57BL/6 mice for reactivity to MOG3s_ss5 also respond to an epitope
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of the medium-sized neurcfilament, NE-M. We propose that the
combined response to the two target structures may overcome the
innate resistance of C57BL/6 mice to autoimmune diseases.

It has previously been reported that the 2D2-transgenic C57BL/6
mice that harbor large populations of MOG-specific CD4" T cells tend
to spontaneously develop optic neuritis and EAE®. This trend
is markedly increased in the presence of MOG-specific transgenic
B lymphocytes®”. Paradoxically, however, as reported here, 2D2 mice
develop spontaneous EAE also in the absence of MOG, the primary
encephalitogenic target.

This was discovered in mice with disrupted exon 1 of the Mog
gene”, and it was confirmed in another cohort of Mog-deficient 2D2-
transgenic mice, whose Mog gene was deleted by an independent
knock-in strategy®, excluding residual, atypical MOG material in these
knockout animals as a possible encephalitogenic target.

We fractionated CNS tissue from Mog-knockeout mice and found
material that was presented to and recognized by 2D2-transgenic
T cells. We identified the autoantigenic component, by classical
biochemical methods and subsequent mass spectrometry, as NE-M.
The salient target epitope of NF-M was finally determined by an
in silico search for sequences related to the MOGss_s5 motif recognized
by the 2D2 clone'l. Given the marked degeneracy of peptide recogni-
tion by T cells', cross-reaction of NF-M by 2D2 at the peptide level
may not be very unexpected. However, less trivially, we confirmed NF-
M as the stimulatory autoantigen at the protein level using both CNS
white matter protein extracts and recombinant proteins.

Neurofilaments, including NE-M, are produced by neurons and
also by some glial cells'®. They were characterized recently as auto-
antigens in actively induced EAE and as possible targets in multiple
sclerosis, too. Immunization of Biezzi ABH (antibody high, AB/H,
ABH) mice with the light form of neurofilament, NF-L, causes EAE in
a moderate proportion of treated animals'®, Also, autoantibodies to
NE-M have been detected in the cerebrospinal fluid of some indivi-
duals with multiple sclerosist”.

The CD4* T cell repertoire of 2D2-transgenic mice is dominated by
the transgenic, MOG-reactive TCR but is by no means monoclonal.
The NF-M-specific response could have been effected either by T cells
from the residual endogenous repertoire or by T cells that escaped
allelic exclusion and use endogenous TCR chains along with the
transgenic one. We ruled out both possibilities, as 2D2-expressing
T cells from Rag2-knockout mice showed a similar heteroclitic
(stronger) cross-recognition of NE-M in vitre and in vive, indistin-
guishable from their Rag2-sufficient counterparts. Furthermore, we
observed spontaneous EAE in 2D2 x RagZ2”™ x Mog~™ mice, suggest-
ing the autonomous role of transgenic T cells in the cross-tecognition.

EAE was readily mediated by T cell lines selected for reactivity to
either MOG (2D2) or NF-M and by 2D2-expressing T cells activated
by NF-M. In contrast, we were unable to induce disease by immuniza-
tion with NF-M using protocols that allow active disease induction by
MOGs; 55 (data not shown). This discrepancy between active and
passive BEAE induction is, however, not exceptional. It has been
previously described for other models, including EAE induced in
Lewis rats by glial fibrillary acidic protein'® and $100-f° and
MBP-induced EAE in BALB/c mice®.

Autoimmune cross-reactivity between MOG and NF-M has been
discovered and analyzed in one clonal model, 2D2-transgenic T cells,
but has been confirmed in other I-Ab-restricted MOG- and
NF-M-specific CD4" T cells. MOG- or NF-M-—primed polyclonal
T cell populations isolated from WT C57BL/6 mice show extensive
cross-reactivity between NF-M and MOG proteins and their salient
epitopes, respectively. Of note, these populations rarely use V3 5 and
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Vi the variable chains used by the 2D2 clone, indicating that MOG
and NF-M cross-reactivity is not limited to the 2D2 TCR.

Our in vitro results formally establish the cross-reactivity of 2D2 and
other MOGss 55 peptide—specific T cells with NE-M, but do these
T cells respond to NF-M in vive, and might there be additional cross-
recognized auteantigens? In vivo NF-M-specific responses are suggested
by several lines of evidence. We found lesions in trigeminal and spinal
ganglia, tissues which even in WT mice are deveid of MOG autoantigen
but contain NF-M. Furthermore, 2D2 % Rag2™ T cells transferred into
Mog™~ »x Nefm™~ double-knockout recipients failed to develop EAE.
This latter observation, together with the loss of autoantigenic potential
of myelin from double-knockout white matter, also rules cut unknown
autoantigens acting in addition to MOG and NF-M.

How would cross-reactive T cells respond to the simultanecus
presence of both MOG and NF-M? Would the response compenents
add up or would there be tolerization? Several cbservations suggest
that MOGgs_ss-specific T cells respond both te the MOG epitopes as
well as to the cross-reactive NF-M epitopes at the same time. I vitro,
T cells isolated from CNS and spleen respend to both antigens in an
additive fashion. In vivo, transfer of activated 2D2-expressing T cells
caused substantially earlier appearance of EAE in Mog-suffident mice
compared to Mag™~ mice. Also, the clinical picture of Mog-sufficient
and Mog-deficient 2D2-transgenic mice is very similar. However, a
selective anti-MOG response component seems to prevail in trans-
genic mice with transgenic TCRs plus B cell receptors. In the presence
of MOG, in T-B double-transgenic mice the incidence of spontanecus
EAE rises to rates of 50% and more. In the absence of MOG,
these double-transgenic mice develop FAE at proportions similar
te their single-TCR transgenic counterparts. The MOG-dependent
elevation of spontaneous EAE frequency, noted in double-transgenic
2D2 % IgHMOG mice®, is not seen in the absence of MOG.

To our knewledge, this is the first description of immunological
self- mimicry, that is, the response of one T cell population to two
independent target autoantigens in the same tissue, MOG and NF-M.
Is such a response an exception to the norm or is it common? As
mentioned, the MOG and NF-M response does not seem to be unique
to the MOG-reactive 2D2 clone studied here but is also noted in
polydonal MOG- and NF-M-reactive T cell populations from C57BL/6
mice. Furthermore, another case of self mimicry, though between
structures from different tissues was reported by another group, who
described in the Dark Agouti (DA) rat cross-reaction between MOG-
specific T cells and an epitope of the milk protein butyrophilin?!,

The dual response of T cells against two target autoantigens expressed
within the same target tissue could have major implications for organ-
specific autoimmune disease. It could have an additive role in deter-
minant spreading (development of an immune response distinct from
the initial disease-causing epitope) in the course of an autcimmune
response. Beyond this, we propose that in C57BL/6 mice auteimmune
respense components directed against MOG and NF-M may accumu-
late to overcome the general resistance of these mice to induction of
EAE. T cells with similar cumulative double self-reactivity could act as
dominant pathogens in human multiple sclerosis, and genetic factors
favoring bireactive T cells would enhance susceptibility to the disease.
This study should provide a way te identify such T cells in humans and
appreciate their role in the pathogenesis of multiple sclerosis.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Transgenic mice. We bred MOG-specific TCR transgenic mice (2D2)° and
B cell knock-in IgHMOG (also known as Th)* on a C57BL/6 background into
Mog™~ mice® to obtain 2D2 x Mog™”~ and IgHMOS x Mog”™ and 2D2 x
[gHMOS 5 Mog”?™ mice. We obtained WT C57BL/6 mice from the animal
facility of the Max Planck Institute of Biochemistry. We bred Rag2~~ mice and
OT-1I mice (Jackson Laboratories) in the conventional animal fadlities along
with other transgenic mice. We bred a second Mog™'~ strain (Mog=re/Cre)
harbering the insertion of the gene encoding Cre recombinase in the first
exon of Mog® with the 2D2-transgenic mice in the spedfic pathogen—free
animal facility of Institut Fédératif de Recherche (IFR30). We also maintained
Nefin™™ mice?? in the specific pathogen—free animal facility of [FR30.

‘We routinely monitored a cohort of transgenic mice of the above genotypes
at least one or two times a week for clinical EAE signs. The EAE disease scores
were according to the classic scale®. To determine other neurological abnorm-
alities, we lifted the mice by their tail and allowed them to grab the grid of a
cage by their front limbs (see Supplementary Movies 1-6). We noted the
clasping and hyperextension of hind limbs within 10-30 s of holding them by
the tail.

All animal procedures were in accordance with guidelines of the Committee
on Animals of the Max Planck Institute of Neurcbiology or the Midi-Pyrénées
Ethic Committee on Animal Experimentation and with the license of the
Regierung von Oberbayern {or from the French Ministry of Agriculture).

Peptides and proteins. Mouse MOGss 55 (MEVGWYRSPFSRVVHLYRNGK),
mouse MOGg oy (GWYRSPESRVVHL), mouse NF-M,4 5, (TETRSSFSRVSGS),
mouse PLP 50 15, (HSIGKWLGHPDKE), Cvass 330 (ISOAVHAAHABINEAGR),
mouse MOGgg_y1o (SDEGGYTCFFRDHSYQEEAA), rat MBP pCl (MBPg g)
(HYGSLPQKSPRSQDENPY), guinea pig MBP pC2 (MBP.s ;) (GSDRAAP
KRGSGKDSHHAARTT) or guinea pig MBP ps1 (MBPgs_g5) (YGSLPQKSQR
SQDEN) were synthesized either by BioTrend or by the core facility of Max
Planck Institute of Biochemistry. We obtained mouse NFE-Myys 5y, (LODEVA
FLRSNHE) from Metabion. We purified the peptides by HPLC to =95%
purity and analyzed them by mass spectrometry.

We purified recombinant soluble rat MOG protein {(MOG|_j;5)?%, mouse
full-length NF-L and mouse head domain fragment of NF-M (NF-M ‘head’;
NF-M;_y02) (Supplementary Methods online) from bactetial inclusion bedies.
‘We putchased S100p and ovalbumin from Sigma. We purified guinea pig MBP
and rat MBP using standard protocols.

Histology. We perfused mice with 4% paraformaldehyde in PBS and stored
them in the same fixative for 24 h. We stained adjacent serial sections of CNS
and PNS with H&E, luxol fast blue or Bielschowsky silver impregnation. We
also stained some sections with CD3-specific (Serotec) and Mac3-specific {BD
Biosdences) antibodies. We stained adjacent sections with the respective
isotype controls.

Adoptive transfer EAE. For 2D2 » Rag2"~ T cell transfer, we purified CD4*
T cells from 2D2 x Rag2 mice and stimulated them in vitro with 20 pg ml-!
of NF-Mjs_s5 peptide in the presence of 20 ng mI™! 1-12 and 1 ng ml' IL-2

53

(both from R&D Systems) and irradiated syngeneic splenccytes. On day 6, we
re-stimulated viable cells with splenocytes and 20 pg ml™! of NFE-M;s 35 in
the presence of 20 pg mI! T1-12 and 1 pg mi! IL-2. On day 9, we
injected Ficoll-putified T helper type 1 cells into lightly irradiated (300 rad)
syngeneic recipients.

Myelin purification. We purified crude myelin from Mog™, WT CS7BL/6 or
Mog™~ x Neprr/= CNS tissues according to previously published protocols®10.
Briefly, we pooled brain and spinal cord and homogenized it in 032 M sucrose
in 10 mM Tris HCl, pH 7.4. Then we centrifuged at 15,000¢ and washed the
pellet twice with 0.32 M sucrose solution. Finally, we suspended the pellet in
0.32 M sucrose and overlaid on to 0.85 M sucrose and centrifuged at 26,000g.
‘We collected the myelin at the interface, washed it twice and suspended it in
1 ml of sterile PBS.

Proliferation assay. For the analysis of fractions from biochemical separations,
we mixed spleen cells from 2D2 or OT-1I mice (2 x 10° cells) with
LPS-activated BMDCs from WT C57BL/6 mice (5 x 10* cells) together with
1 in 50-diluted fractions.

Unless otherwise mentioned, in all other T cell proliferation experiments, we
cultured 2 x 10° spleen cells with 20 pg ml™! peptides and proteins. ‘We
petformed all proliferation assays in triplicate. We measured the T cell
proliferation by the incorporation of *H-labeled thymidine during the last
6 h of a 48-h culture or the last 16 h of a 72-h culture.

Enzyme-linked immunosorbent assay. ‘We assayed cell culture supernatants
with antibody pairs or kits for IFN-y, IL-2 (both from BD Biosciences), TNF-o.
(Peprotech), IL-10 (R&D Systems) or IL-17 (eBioscience) according to the
manufacturer’s instructions.

T cell lines. We established antigen-specific T cell lines from C57BL/6 mice
immunized with MOGss_ss, NF-M;s 35 of NF-M ‘head’ in complete Freund’s
adjuvant supplemented with 5 mg ml™! Mycobacterium tuberculosis (strain
H37Ra) using established protocols. We collected spleen and draining lymph
nodes 10-12 d after immunization and stimulated them with respective antigen
at 20 pg mi-l. We supplemented T cell cultures with recombinant mouse I1-2
(Peprotech) and supernatant from concanavalin A-stimulated mouse spleen
cells on days 0, 3 and 5. 'We purified live T cells by Nycoprep gradient (Progen
Biotechnik) and repeated stimulation every 7-10 d.

Statistical analyses. We analyzed spontaneous EAF incidence by Kaplan-Meier
survival curve analysis, and we analyzed adoptive transfer EAE data and
proliferation assays by analysis of variance. We used GraphPad Prism for all
statistical analyses. We considered P values less than 0.05 to be significant.
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Commensal microbiota and myelin autoantigen
cooperate to trigger autoimmune demyelination

Kerstin Berer!, Marsilius Mues!, Michail Koutrelos!, Zakeya Al Rasbi!, Marina Boziki, Caroline Johner?, Hartmut Welkerle!

& Gurumoorthy Krishnamoorthy1

Active multiple sclerosis lesions show inflammatory changes sug-
gestive of a combined attack by autoreactive T and B lymphocytes
against brain white matter'. These pathogenic immune cells derive
from progenitors that are normal, innocuous components of the
healthy immune repertoire but become autoaggressive upon patho-
logical activation. The stimuli triggering this autoimmune conver-
sion have been commonly attributed to environmental factors, in
particular microbial infection®. However, using the relapsing-
remitting mouse model of spontaneously developing experimental
autoimmune encephalomyelitis’, here we show that the commensal
gut flora—in the absence of pathogenic agents—is essential in trig-
gering immune processes, leading to a relapsing-remitting auto-
immune disease driven by myelin-specific CD4" T cells. We show
further that recruitment and activation of autoantibody-producing
B cells from the endogenous immune repertoire depends on avail-
ability of the target autoantigen, myelin oligodendrocyte glyco-
protein (MOG), and commensal microbiota. OQur observations
identify a sequence of events triggering organ-specific autoimmune
disease and these processes may offer novel therapeutic targets.

The relapsing-remitting (RR) mouse model uses transgenic SJL/J
mice expressing, in a large proportion of their CD4" T cells, a trans-
genic T-cell antigen receptor (TCR) recognizing MOG peptide 92-106
inthe context of MHC class IL, I- A®. These mice spontaneously develop
experimental auteimmune encephalomyelitis (EAE) with successive
disease bouts that often affect different central nervous system (CNS)
tissues. The disease is initiated by the transgenic CD4™ T cells, which
first infiltrate the CNS, and by MOG-auteantibody-producing B cells
rectuited from the natural immune repertoire®.

Whereas in our facility close to 80% of RR mice developed spen-
taneous EAE within 3-8 months of age, the rate was variable in other
institutions, with spontaneous EAE incidences ranging from 35-90%
(unpublished data). This recalled previous investigations that alse
observed that the frequency of spontaneous EAE in myelin-specific
TCR transgenic mice varied in different breeding centres®. Because our
mice were reared under specific pathegen-free (SPF) conditions, we
tested the possible contributions of the non-pathogenic commensal
flora to the triggering of a spontanecus CNS-specific autoimmune
disease.

We first compared the incidence of spontaneous EAE between RR
mice housed under SPF and completely germ-free conditions. The
differences were marked. Whereas, as reported before, most SPE-bred
RR mice came down with EAE within 3-8 months?, germ-free RR mice
remained fully protected througheut their life (Fig. 1a). As the com-
mensal microbiota have a central function in driving the correct
development of the immune system®, the absence of spontaneous
EAE in germ-free RR mice may have reflected a general immune defi-
ciency due to missing microbial stimuli. However, two observations
argue against a profound and irreversible non-reactivity. First, RR mice,
which had been germ free (and disease free) for 6-12 weeks, promptly
developed EAE when re-colonized with conventional commensal
microbiota (Fig. 1b). Mone-celenization with segmented filamentous

bacteria (SFB), which restored autoimmunity in another mouse model,
was of low efficiency (unpublished data). This suggests that the
immune system of germ-free mice had grown efficient enough to
mount a full autoimmune attack within a relatively brief period of time.
Second, the basic immune competence of germ-free animals was con-
firmed by active immunization of germ-free wild-type SJL/] mice with
recombinant MOG (rMOG) in complete Freund’s adjuvant (CFA). In
accord with one previous report®, although not with another more
recent one’, all immunized germ-free mice developed EAE like their
SPF counterparts, although with some delay (Fig. 1¢), and transfer of
pre-activated T cells induced comparable EAE in both germ-free and
SPF mice (Supplementary Table 1). Moreover, germ-free and SPE SJL/J
mice immunized with tMOG produced comparable levels of anti-
MOG antibodies in their serum (Fig. 1d).

Recent studies established that components of the commensal micro-
biota profoundly shape the gut-associated lymphatic tissue (GALT),
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Figure 1 | Commensal microbiota are required for the development of
spontaneous EAE. a, Incidence of spontaneous EAE in a cohort of RR mice
housed in germ-free (GF; n = 35) or SPF (n = 41) conditions. b, Incidence of
spentanecus EAFE in germ-free RR mice (# = 10} re-colonized with
conventional flora from SPF mice. ¢, Delayed EAE cnset in germ-free wild-type
(GFWT) SJL/] mice immunized with rMOG/CFA. Mean EAE scores (+ s.e.m.)
of germ-free (n = 7) and SPF (n = 8) SJL/] mice are shown. *P <2 0.05;

¥¥4P < 0.01 (two-way ANOVA). d, Germ-free and SPF wild-type SJL/] mice
produce similar levels of anti-MOG antibodies after immunization. Each circle
represents an individual mouse and bars depict mean * s.em. Panels ¢ and

d represent two individual experiments.
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some supporting differentiation of interleukin (IL)-17-producing
Tyl7 cells** and others the generation of regulatory T lymphocytes
(Tiep)'"'?. We also found a marked deficit of Ty17-like cells in germ-
free mice (Fig. 2a), which was most pronounced in T cells intimately
connected to the intestinal wall, lamina propria T cells and in Peyer’s
patch but not in mesenteric lymph node populations. There were no
notable changes in remote organs, such as spleen or pooled inguinal
and axillary lymph nodes (Fig. 2a). Frequencies of IFN-y-, TNF-o- and
IL-10-producing CD4™ T cells were comparable between germ-free
and SPF RR mice (Fig. 2a and Supplementary Fig. 1). Apart from a
minor increase in the frequency of CD4™ T cells in the spleen of germ-
free RR mice and a reduction of the T cells expressing lower levels of
T-cell receptor (TCRap'") (activated T cells) in the lamina propria
(Supplementary Figs 2 and 3), the proportions of most lymphoid cell
types examined, including Foxp_’*’fr Tieg cells, CD8" T cells, TCR«/S+
cells, B cells, CD11b" macrophages, CD11c" dendritic cells, natural
killer (NK) cells and Gr1" granulocytes were unchanged (Supplemen-
tary Fig. 2). Of note, although in the spleen the microbial colonization
status did not affect cellular composition, it definitely impinged on
cytokine production of splenic immune cells. As in MOG-immunized
germ-free C57BL/6 mice’, germ-free RR mouse spleen cells released
lower levels of IL-17 than their SPF counterparts upon MOG antigen
or anti-CD3 monoclonal antibody stimulation, and in addition they
showed reduced secretion of IFN-7. Re-colonization of germ-free mice
not only restored T-cell cytokine production capacity but even led to
overshooting reactions (Supplementary Fig. 4).

The commensal microbiota could act on MOG-specific T cells
either via microbial structures mimicking MOG epitopes'® or through
innate immune signals creating a particular inflammatory milieu'"".
In an attempt to probe a potential MOG-specific mimicry response, we
transferred carboxyfluorescein succinimidyl ester (CFSE)-labelled
TCR transgenic or wild-type T cells into SPF wild-type mice and tested
their proliferative responses in the gut. Proliferation rates of transgenic
and polyspecific wild-type T cells in the GALT were equally high,
whereas in the remote spleen of the same recipients the responses
remained hardly detectable (Fig. 2b). Further, the microbial signals
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seem to act persistently on local T cells. Transient depletion of gut
flora by short-term antibiotic treatment significantly reduced the pro-
liferation of T cells in the lamina propria, but not in spleen, pooled
lymph nodes, mesenteric lymph nodes and Peyer’s patches (Sup-
plementary Fig. 5).

Activation of MOG-specific T cells in the GALT is necessary for the
development of EAE in RR mice, but not sufficient. Full clinical EAE
requires the participation of MOG-reactive B lymphocytes. We pro-
posed that in RR mice, transgenic pathogenic T cells select the auto-
immune B cells from the native B-cell repertoire and drive them to
proliferate and release autoantibodies of IgG classes®. Indeed, we now
found that germ-free RR mice, which, owing to missing microbial
stimuli, lack activated autoimmune T cells, produced only low doses
of anti-MOG autoantibodies. The autoantibody production was
promptly increased in germ-free mice upon re-colonization (Fig. 3a).
This response could involve antigenic mimicry at the B-cell level
between MOG and epitopes on commensal microbes, reminiscent of
Sydenham’s chorea—the CNS manifestation of rheumatic fever—in
which streptococcal antigens mimic neuronal B-cell epitopes'.
However, this was not the case in spontaneous RR mouse EAE. We
discovered that production of demyelinating autoantibodies critically
depended on the expression of the target myelin autoantigen, MOG.
RR mice deficient in MOG (RR X MOG™/7), due to a transgenic
mutation of the Mog gene', failed to develop anti-MOG autoantibody
titres despite their normal microbial status (Fig. 3a). Importantly, our
data show that exogenous MOG injected into SPF RR X MOG '~
mice via MOG in CFA readily induced anti-MOG antibodies
(Supplementary Fig. 6).

Recruitment and activation of antigen-specific B cells involves signals
by local helper T cells and surrounding stroma cells, which together
drive the resting B cell into a germinal centre, where it undergoes
proliferation, immunoglobulin class switching and somatic hyper-
mutation'’. Binding of the cognate antigen to the B-cell receptor has
a central role in these processes. MOG-specific B cells could be
recruited either in the CNS tissue vialocally produced MOG material'é,
or in CNS draining peripheral lymph nodes (deep cervical lymph
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Figure 2 | Effect of microbiota on T-cell activation and their cytokine
profiles in the GALT. a, Impaired Ty17 differentiation in germ-free (GF) RR
mice. Frequencies of IL-17- or IFN-y-producing T cells from the indicated
organs of GF and SPFRR mice are shown. LP, lamina propria; mLN, mesenteric
lymph nodes; pLN, pooled inguinal and axillary lymph nodes; PP, Peyer’s
patches. n = 8-13 mice per group. Data were pooled from four independent

experiments. ***P = 0.0002; **P = 0.0025 (Mann-Whitney U test).

b, Activation of T cells by commensal flora. Shown are the frequencies of
CFSE" CD4" cells in the indicated organs of mice that received CFSE-labelled
CD4™ T cells. Each circle represents an individual mouse and bars depict
mean = s.e.m. # = 4-7 mice per group. Data represent two individual
experiments. *P < 0.05 (Mann-Whitney U test).
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nodes) with MOG imported from the CNS via lymphatic vessels'. Our
observations favour the latter alternative. Prior to the onset of clinical
symptoms in SPF RR mice we found some scattered B cells in CNS
infiltrates (Supplementary Fig. 7) but no follicle-like aggregates or
follicular markers (data not shown). However, there were conspicuous
changes in the cervical lymph nodes. Starting from the age of 3 weeks,
cervical lymph nodes contained clearly delineated germinal centres
(Fig. 3b). Furthermore, germinal centres and increased frequencies
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Figure 4 | MOG-specific B cells home to the germinal centre of brain
draining cervical lymph nodes. a, Schematic representation of experimental
set up. IHC, immunohistochemistry. b, MOG-specific B cells home to the
germinal centre of brain draining cervical lymph nodes. PNA (blue; germinal
centre) and B220 (red; B cells). Arrowheads indicate transferred GFP™ B cells.
Dotted lines define boundaries of germinal centre. Representative staining of
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Figure 3 | B-cell recruitment is impaired in germ-free RR mice. a, Reduced
production of MOG-specific IgG2a antibodies in sera of germ-free (GF) RR
mice. SPF (n = 15); germ-free (n = 24); germ-free mice re-colonized with
conventional commensal microbiota (Ex-GF; n = 7); or SPE-MOG ™/~

(n = 13) RR mice. Error bars indicate s.e.m. ¥***P << 0.001 (Kruskal-Wallis
test). b, ¢, Spontaneously formed germinal centre B cells are enriched in the
cervical lymph nodes (cLN) of RR mice. b, Immunofluorescence staining of
cervical lymph nodes or inguinal lymph node (iLN) sections of RR and NTL
mice. Peanut agglutinin (PNA) (green; germinal centre), B220 (red; B cells) and
4',6-diamidino-2-phenylindole (DAPI) (blue; cell nuclei). Representative data
of 4-5 individual mice are shown. Scale bars, 100 pm. ¢, Flow cytometric
analysis of GL7” Fas™ germinal centre B cells from spleen, cervical lymph
nodes, inguinal lymph nodes and bone marrow (BM). Each circle represents an
individual mouse and bars represent mean * s.e.m. n = 5-10 per group. Data
were pooled from three independent experiments. *P << 0.05 (Mann-Whitney
U test).

of GL7* and Fas™ germinal centre B cells were restricted to cervical
lymph nodes of RR mice, but were significantly reduced in age-
matched germ-free and non-transgenic littermates (NTL) (Fig. 3b, c).

Germinal centres are attractive milieus for B cells, provided they
contain appropriate antigenic material and competent T-helper cells™.
To investigate whether RR mouse cervical lymph nodes offer both
prerequisites to MOG-reactive B cells, we transferred GFP-labelled,
MOG-reactive B cells expressing the H chain of a MOG monoclonal
antibody (IgH™°%)?" into hosts with a distinct allotype and traced their
homing behaviour (Fig. 4a). When examined 14 days after transfer,
MOG-specific B cells were found densely packed within germinal
centres of cervical lymph nodes (Fig. 4b). Further, donor IgH™% B
cells switched anti-MOG antibodies to IgG2a isotypes (Fig. 4c).
However, GFP-labelled polyclonal wild-type B cells failed to accu-
mulate in any of the lymph nodes of RR mice (Fig. 4b), and IgH™®¢
B cells neither homed to the cervical lymph nodes of wild-type or RR X
MOG ™/~ mice (Fig. 4b and Supplementary Fig. 8) nor produced class-
switched anti-MOG antibodies (Fig. 4c and Supplementary Fig. 8c).
Collectively, these data indicate an ongoing MOG-specific germinal
centre reaction, which is critically dependent on the expression of
MOG, in the cervical lymph nodes of RR mice.

IgHMOG B cells WT B cells

RR x MOG™~ RR

two independent experiments are shown. n = 4-5 mice per group.
Magnification: X20. ¢, Transgenic MOG-specific B cells spontaneously switch
isotype in RR but not in RR X MOG ™~ mice. Titres of donor (a allotype) and
recipient (b allotype) anti-MOG antibodies were measured. Error bars
represent s.e.m. n = 4-5 mice per group. Data were pooled from three
independent experiments. *P < 0.05 (Mann-Whitney U test).
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This is the first report, to our knowledge, describing the sequential
roles of the intact commensal gut flora and of myelin autoantigen in
the initiation of a complex spontaneous demyelinating autoimmune
disease. We propose a two-phase scenario that starts out in the GALT
with expanding and activating CNS autoreactive T cells, which then
recruit autoantibody-producing B cells. Together the autoimmune T
and B cells trigger a demyelinating encephalomyelitis, which in the RR
SJL/T mouse takes a relapsing—remitting course, very similar to early
human multiple sclerosis.

Our findings are of direct relevance to multiple sclerosis, the patho-
genesis of which is presently hotly debated. Some propose primary
changes in the CNS target as the initiating process™, whereas others
suggest that pathogenesis originates in the immune system®. Our
present data support the latter concept. It is tempting to extend our
finding of the gut origin of experimental CNS autoimmunity to human
multiple sclerosis. There is now emerging evidence implicating gut
microbiota in the starting phase of human autoimmune diseases.
Besides inflammatory bowel diseases, in which bacteria may act on
local tissue directly as well as indirectly™, inflammatory diseases with
remote tissues affected seem to be modulated by the gut environment;
for example, in theumatoid arthritis and type 1 diabetes mellitus®. In
multiple sclerosis, evidence for commensal microbial contributions
has remained less clear, so far. Dietary risk factors have been suggested
to have a role”’, and may contribute to a conspicuous increase of
multiple sclerosis prevalence in Asian countries, like Japan, which
has been ascribed to the spreading of a ‘westernized” lifestyle®®. It will
be of interest now to search for the composition of intestinal micro-
biota associated with an increased susceptibility to multiple sclerosis,
and this may provide a conceptual basis for exploring new, non-invasive
treatment strategies.

METHODS SUMMARY

Mice. Germ-free animals were re-derived from SJL/T anti-MOG TCR transgenic
RR mice and kept germ free at the animal facility of the Max Planck Institute of
Immunobiology and Epigenetics. Mice were re-colonized by housing in bedding
material pre-conditioned by SPF mice.

Cell purification, flow cytometry and adoptive transfers. Single-cell suspensions
were prepared from spleen, lymph nodes, Peyer’s patches and lamina propria by
enzymatic digestion or mechanical disruption. Untouched T cells and B cells were
purified using negative isolation kits (R&D Systems). Cells were stained with
fluorochrome-labelled antibodies and acquired on FACSCalibur (BD
Biosciences). Data were analysed using FlowJo (TreeStar) software. CFSE-labelled
T cells or GFP™ B cells were injected intravenously into SPF mice. CFSE™ T cells
were quantified by FACS 3 days after transfer. Localization of GFP™ B cells was
documented by immunofluorescence after 2 weeks.

Immunofluorescence. Sections of immune organs were stained with PNA (Vector
Laboratories), anti-mouse B220 (BD Biosciences) and DAPI (Invitrogen). Images
were obtained with a fluorescence microscope (Axiovert 200M; Carl Zeiss) and
processed with MetaMorph 7.7 Software and Adobe Photoshop CS84.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Mice and colonization. Wild-type SJL/], RR and RR X MOG™"™ SJL/JJ and
IgHMOG X actin-GFP and actin-GFP 8JL/J mice were bred at the animal facility
of the Max Planck Institute of Neurobiology. Germ-free RR mice were obtained by
transferring embryos, isolated by sterile hysterectomy on embryonic day (E) 185,
to sterile breeding conditions and by fostering on germ-free foster mothers. They
were bred and maintained in positive-pressure plastic isolators and provided with
y-irradiated commercial rodent diet and autoclaved water at the animal facility of
the Max Planck Institute of Inmunobiology and Epigenetics. Fecal samples were
routinely cultured in standard I-Bouillon and examined for contamination. In
addition, mice from the colony were screened bi-annually according to FELASA
health monitoring recommendations. For re-colonization experiments, germ-free
mice were placed in cages with bedding material pre-conditioned by conventional
(SPF) mice. All animal procedures were in accordance with the guidelines of the
Committee on Animals of the Max Planck Institute of Neurobiology and with a
license from the Regierung von Oberbayern.

Active induction of EAE. Mice were immunized subcutaneously with 200 pug
tMOG emulsified in Freund’s adjuvant supplemented with 5mgml™"
Mycobacterium tuberculosis (strain H37Ra; Difco). On days 0 and 2 after immun-
izatior, 200 ng of pertussis toxin (List Biological Laboratories) were injected intra-
peritoneally. Clinical scoring of EAE was done as published’.

Antibiotic treatment. For short-term antibiotic treatment, 8-week-old wild-type
SJL/J mice were treated for 7 days with 117" of metronidazale (Sigma), 1g1" of
neomycin (Sigma) and 0.5g 1" of vancomycin (AppliChem) in their drinking water.
CFSE labelling and adoptive transfer. Splenocytes from RR or wild-type mice
were labelled at 37 °C for 10 min with 5 pM CFSE (Invitrogen) in PBS containing
1% fetal bovine serum (FBS). Cells were washed twice in ice-cold PBS and sub-
sequently CD4" T cells were isolated using a mouse CD4" T-cell isolation kit
(R&D Systems). 5 X 10° CFSE-labelled CD4™ T cells were injected intravenously
into wild-type SJL/J mice.

B-cell isolation and adoptive transfer. B cells were isolated from spleens using a
mouse B-cellisolation kit (R&D Systems). B cells were enriched to >90% putity, as
confirmed by flow cytometry. 10 X 10° purified IgHMOG—GFP or wild-type-GFP
B cells were intravenously injected into RR, wild-type or RR X MOG ™~ mice.
Proliferation assay. For the proliferation assay, 2 X 10° splenocytes were cultured
in the presence of various concentrations of rMOG or anti-CD3 antibody (BD
Pharmingen), as indicated. Proliferative response was measured by the incorpora-
tion of [*H]-thymidine (1 pCiwell ") during thelast 16 h of a 72 h culture period.
Proliferation assays were performed in triplicates.

Cell isolation and flow cytometry. Single-cell suspensions were prepared from
spleen, pooled peripheral lymph nodes (axillary plus inguinal), or individual
lymph nodes {cervical and inguinal), mesenteric lymph nodes or Peyer’s patches
by mechanical disruption via forcing through 40-pm cell strainers (BD
Biosciences). For the isolation of lamina propria lymphocytes, small intestine
was collected in ice-cold HBSS buffered with 15 mM HEPES. After careful removal

of Pever’s patches, fatty tissue and fecal contents, the intestine was opened
longitudinally and cut into small pieces. The intestinal fragments were washed
three times for 15 min with stirring (300 r.p.m.) in HBSS containing 5 mM EDTA,
15mM HEPES and 10% FBS. Next, intestinal pieces were washed once for 5 min
with stirring in RPMI containing 15 mM HEPES and 10% FBS, fallowed by an
incubation step at 37 °C with stirring (500 r.p.m.) in RPMI with 15 mM HEPES,
10% FBS and 100 Uml ™! Collagenase VII (Sigma). The digested tissue was washed
once in RPMI with 15mM HEPES and 10% FBS, before the lamina propria
Iymphocytes were subjected to FACS analysis. CNS infiltrating cells were purified
by Percoll gradient centrifugation as described®. For detection of cell surface
markers, cells were stained in FACS buffer (PBS containing 1% BSA and 0.1%
NaN,) with fluorochrome-labelled monoclonal antibodies: PerCP-conjugated
anti-CD4 (RM4-5), PerCP-Cy5.5-conjugated anti-B220 (RA3-6B2), PE- and
APC-conjugated anti-CD19 (1D3), APC-conjugated anti-CD8e (53-6.7), PE-
conjugated anti-TCRyd (eBioGL3), PE-conjugated anti-CD11b (M1/70),
APC-conjugated anti-NKp46 (29A1.4), FITC-conjugated anti-CD1lc (HL3),
biotin-conjugated anti-Grl (RB6-8C5), FITC-conjugated anti-CD45.1 (A20),
FITC-conjugated anti-V4 (KT4), PE-conjugated anti-Vu83 (B21.14),
FITC-conjugated anti-GL7, PB-conjugated anti-Fas (Jo2) and PE-conjugated
streptavidin. For intracellular cytokine staining, cells were activated with 50 ng
ml~! PMA (Sigma) and 500 ng ml™! ionomycin (Sigma) in the presence of 5 pg
ml™? brefeldin A (Sigma) for 4h at 37 °C. After surface staining, cells were fixed
and permeabilized in 4% paraformaldehyde/0.1% saponin in HEPES-buffered
HBSS and stained intracellularly using the following antibodies: PE-conjugated
anti-IL17 (TC11-18H10), APC-conjugated anti-IFN-y (XMG12), APC-
conjugated anti-TNF-o. (MP6-XT22), PE-conjugated anti-IL-10 (JES3-16E3)
and APC-conjugated anti-FoxP3 (FJK-16 s). All antibodies were purchased from
BD Tharmingen or eBioscience. Cells were acquired on a FACSCalibur (BD
Biosciences) and analysis was performed using FlowJo (TreeStar) software.
ELISA. Serum titres of anti-MOG antibodies were quantified as previously
described®. Cytokine levels in cell culture supernatants were determined with
antibody pairs for [FN-y (BD Biosciences) or IL-17 {eBioscience).
Immunofluorescence. Organs were fixed in PBS with 4% paraformaldehyde and
cryoprotected in PBS plus 30% sucrose before embedding in OCT medium (A.
Hartenstein). Cryostat sections (10um in thickness) of spleen, lymph nodes and
brains were fixed in acetone. Sections were blocked with PBS and 5% BSA before
being stained in a humidified chamber. The following antibodies were used for
staining: biotin-conjugated anti-CD4 (BD Pharmingen), purified anti-B220 (BD
Pharmingen), biotin-conjugated PNA (Vector Laboratories), Alexa Fluor 568-
conjugated anti-rat IgG (Invitrogen), Alexa Fluor 488-conjugated Streptavidin
(Invitrogen), APC-conjugated streptavidin (eBioscience) and DAPI (Invitrogen).
Images were obtained with a fluorescence microscope (Axiovert 200M; Carl Zeiss)
and processed with Metalorph 7.7 Software and Adobe Photoshop C84.
Statistical analysis. GraphPad Prism 5 (GraphPad Software) was used for all
statistical analysis. P values <0.05 were considered to be significant.
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