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Abstract

Multiple sclerosis (MS) is characterized by a dynamic inflammatory process in which CNS lesions
of distinct cellular composition coexist. In particular the formation of B cell plaques has been ascribed
an important role as predictor of disease progression. Here we show that the novel MBP-PLP fusion
protein (MP4)-induced experimental autoimmune encephalomyelitis (EAE) of C57BL/6 mice fulfils
these criteria inducing differential cellular infiltration of B cells, T cells, macrophages and
granulocytes and permitting the quantification and staging of the disease. On the contrary, both key
features — dynamic CNS inflammation and B cell infiltration — were absent in the classical MOG:
35-55-induced EAE of C57BL/6 mice, which was characterized by a static CD4* T cell and
macrophage-mediated CNS immunopathology throughout the disease. MP4-induced EAE may thus
provide a unique opportunity for studying immune-pathomechanims of the disease that have been
previously neglected due to experimental shortcomings in murine EAE.
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Introduction

Multiple sclerosis (MS) is thought to be a chronic autoimmune disease of the central nervous
system (CNS). The disease is primarily characterized by multifocal inflammation and
demyelination leading to severe deficits in motor, sensory, autonomic and neurocognitive
function. There is persuasive evidence that MS does not represent a single and uniform disease
entity, but that different subtypes of the disease could instead result from the involvement of
different target antigens and distinct immune effector pathways [1-7].
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Studies of the immune pathology of MS still largely depend on animal models, in particular
variants of experimental autoimmune encephalomyelitis (EAE) (reviewed in [8-11]). Here,
immunizations of susceptible animal strains with myelin antigens induce inflammatory CNS
lesions that are similar to those seen in MS [8,9,12,13]. However, no single EAE model known
so far can fully reproduce the spectrum of disease manifestations of MS. Instead hosts on
different genetic backgrounds need to be immunized with different neuroantigens in order to
mirror the different immuno-and histopathological aspects of the disease [5,14-24]. Yet, the
number of variables in such models is remarkable making it very difficult to experimentally
dissect and understand the respective contribution of genetic background, target antigen and
immune mechanism to the disease pathogenesis. To eliminate the variable of the host’s genetic
background it is desirable to study EAE in a single mouse strain, but such models are rare. For
example, the C57BL/6 (B6) mouse was originally considered to be EAE-resistant since
immunizations with the classic myelin basic protein (MBP) did not elicit the disease [25-28].
Also, immunizations with proteolipid protein (PLP) were found to be non-encephalitogenic
[23,28,29]. Only the discovery that the myelin oligodendrocyte glycoprotein (MOG) peptide
35-55 (MOGp) was able to trigger severe EAE in B6 mice made this strain join the EAE field
[30]. Recently it has been reported that PLP peptide 178-191 (PLPp) was also capable of
inducing EAE in the B6 mouse [31].

In previous work we set out to establish an alternative EAE model for B6 mice using the MBP-
PLP fusion protein MP4, which has originally been generated as a drug candidate for MS
[32]. MP4 proved to be capable of inducing aggressive EAE in B6 mice [33]. Our initial
characterization of the MP4 model showed fundamental differences to MOGp-induced EAE.
In particular, unlike the MOGp model, the MP4 model was dependent on CD8* T cells and B
cells. Moreover, the gross histopathological examination of the CNS showed that the two
models differed in the kinetics and topology of lesions suggesting involvement of different
immune mechanisms [34].

In the present study we set out to further investigate the histopathological differences between
the two models, in particular by comparing the dynamics of central nervous system (CNS)
lesion composition and development. While MOGp-induced EAE was characterized by a
uniform prevalence of CD4* T cells, macrophages and granulocytes within the lesions
throughout the disease, in the MP4 model the lesion composition was dynamic shifting from
CD4* T cell, macrophage and granulocyte predominance in acute EAE to additional
involvement of CD8* T cells, dendritic cells and substantial B cell infiltration as the disease
progressed.

Therefore, MOGp- versus MP4-induced EAE of B6 mice may be well-suited for modelling
different immune pathologies and manifestations of MS providing insights which a single
model would not cover. Finally, a major strength of working with these different EAE models
on the B6 background resides in the fact that this strain is ideally suited for mechanism-oriented
experimentation since gene-modified mice are typically created on this background.

Materials and Methods

Mice

60 female wild-type (WT) C57BL/6 mice (6-8 weeks old) were purchased from the Jackson
Laboratory (Bar Harbor, ME) and maintained at the animal facilities of Case Western Reserve
University, Cleveland, OH. All treatments complied with the institutional guidelines.
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Induction and clinical assessment of EAE

MP4/Apogen was obtained from Alexion Pharmaceuticals (Cheshire, CT). MOG:35-55
(MEVGWYRSPFSRVVHLYRNGK) and hen egg lysozyme (HEL) protein were purchased
from Princeton Biomolecules (Langhorne, PA). Incomplete Freund’s adjuvant (IFA) was
prepared as a mixture of Mannide Monooleate (Sigma-Aldrich, St. Louis, MO) and Paraffin
Oil (EMScience, Gibbstown, NJ), complete Freund’s adjuvant (CFA) was obtained by mixing
Mycobacterium tuberculosis H37RA (Difco Laboratories, Franklin Lakes, NJ) at 5 mg/ml into
IFA. For disease induction, mice were immunized subcutaneously in both sides of the flank
with either 150 pg MP4 or 100 ng MOG:35-55 in CFA. Mice immunized with 200 pg HEL
protein in CFA in addition to unimmunized mice served as negative controls. 200 ng pertussis
toxin (PTX; List Biological Laboratories, Hornby, ONT, Canada) in 500 pl sterile phosphate-
buffered saline (PBS) were given on the day of immunization and 48 h later. Clinical
assessment of EAE was performed daily according to the following criteria: (0), no disease;
(1), floppy tail; (2), hind limb weakness; (3), full hind limb paralysis; (4), quadriplegia; (5),
death. Mice that were in between the clear-cut gradations of clinical signs were scored
intermediate in increments of 0.5.

Tissue preparation

On the first day mice showed clinical symptoms of the disease (acute EAE) and on day 60 after
EAE induction when clinical scores had reached a stable plateau (chronic EAE), mice were
euthanized under deep anaesthesia. Brain, spinal cord and cerebellum/brainstem were
removed. Brains were placed into a mouse brain matrix (World Precision Instruments, Berlin,
Germany) and dissected. As a rostral border, we took the midpoint of the olfactory bulbs
(bregma 2.7 mm) and as dorsal border, the beginning of the vermis cerebelli (bregma — 4.2
mm). All specimens were snap-frozen in liquid nitrogen and kept at — 80°C until further
analysis.

Consecutively, 7 um thick sections were cut on a Reichert-Jung Cryocut CM1850 cryostat
(Leica, Deerfield, IL), mounted on SUPERFROST/Plus slides (Carl Roth, Karlsruhe,
Germany) and kept at — 80°C until staining. For each animal, coronal brain, longitudinal spinal
cord and coronal cerebellum/brainstem sections were obtained from the entire tissue. Sections
from CNS areas that showed infiltration were then used for immunohistochemistry.

Immunohistochemistry (IHC)

Immunohistochemistry was performed according to the following protocol. Designated
sections were air-dried for 2 h at room temperature. Consecutively, a hydrophobic barrier was
drawn around each section. The sections were rehydrated with 0.1 M PBS (pH 7.4) for 4 min
and fixed with 3.7 % paraformaldehyde in the dark for 15 min followed by four washes (3 min
each) with 0.1 M tris-buffered saline (TBS) at pH 7.6 and another wash with PBS for 3 min.
Sections were then incubated with 5% goat serum (Sigma) in PBS for 60 min at room
temperature, washed with PBS for 1 min before addition of the primary antibodies (all diluted
in 0.8% BSA) for 48 h incubation in a humid chamber at 4°C. Rat anti-mouse GK1.5 was used
at 1:500 dilution for the detection of CD4* T cells (eBioscience, San Diego, CA), rat anti-
mouse 53-6.7 at 1:500 for CD8* T cells (eBioscience), rat anti-mouse RA3-6B2 at 1:500 for
B cells (eBioscience), rat anti-mouse NLDC-145 at 1:25 for dendritic cells (Serotec,
Duesseldorf, Germany), rat anti-mouse BM8 at 1:500 for macrophages (eBioscience) and rat
anti-mouse RB6-8C5 at 1:200 for granulocytes (Molecular Probes/Invitrogen, Karlsruhe,
Germany). Sections were then washed four times with PBS for 3 min followed by 60 min of
incubation at 4°C with goat anti-rat Alexa Fluor 546-conjugated secondary antibodies
(Molecular Probes) diluted at 1:1000 in 0.8% BSA. Sections were washed with PBS and
Hoechst stain solution (bisbenzimide H; Sigma), diluted at 1:3000 in 0.8% BSA was added for
15 min of incubation at room temperature. Finally sections were washed with PBS as above,
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followed by two washes in deionized water for 10 min before air-drying and coverslipping
with Fluoromount-G (EMS, Fort Washington, USA). Specificity controls included the
omission of primary and/or secondary antibodies. The potency and reactivity of each
monoclonal antibody were regularly checked by testing on sections of mouse spleen tissue.

Fluorescence microscopy

Sections were observed with a Zeiss Axioskop 50 epifluorescence microscope through the
“rhodamine” filter (Nr. 15 of Carl Zeiss, excitation BP 546/12, beamsplitter FT 580, emission
LP 590), the “ultraviolet” filter (Nr. 1 of Carl Zeiss, excitation BP 365/12, Emission LP 397)
and through the “fluorescein” filter (Nr. 9 of Carl Zeiss, excitation BP 450490, beamsplitter
FT510, emission LP 520). Digital images of CNS infiltrates for each desired cell type were
acquired using a slow scan CCD camera (SPOT RT, Diagnostic Instruments, Sterling Heights,
USA) and software. The acquisition software ImagePro Plus (Media Cybernetics, Silver
Spring, USA) was used for consecutive image analysis (measurements of infiltrate sizes,
counting of cells).

Counting of cells

In each mouse, six brain, cerebellum and spinal cord sections were stained for each primary
antibody and analyzed by counting all marker positive cells with a visible cell nucleus (stained
with Hoechst stain solution). All counts were independently performed by two observers who
had no information about the respective treatment of the mice and the antibodies used. This
allowed us to evaluate the mean number of marker positive cells per mm? infiltrate as well as
the percentage of each particular cell type constituting the infiltrate in quantitative terms.

Statistical analysis

Results

SigmaStat software (Version 7.0; SPSS, Chicago, IL) was used to assess the strength of
correlation between clinical scores and the number of marker positive cells within CNS lesions
in MP4- and MOG:35-55-induced EAE. The coefficients of determination (r2-values) were
calculated to evaluate the percent of data closest to the line of best fit and thereby to show how
well the regression model described the data. Statistical significance of the differences in lesion
composition between two groups was assessed by Student’s t-test. Statistical significance was
setat P <0.05.

Our previous studies in which haematoxylin/eosin staining was performed only suggested that
the MP4 and MOGp model fundamentally differed in the topology and kinetics of
inflammatory lesions [34]. In order to further elucidate the immune reaction underlying these
differences between the models, in the present study we evaluated the cellular composition of
CNS lesions in acute and chronic EAE. A total of 30 mice was studied in each of the two EAE
models. 15 mice were sacrificed when displaying acute EAE and 15 in chronic EAE. The entire
CNS of each mouse was cut into 7 um thick sections, resulting in 250 coronal brain sections,
50 longitudinal spinal cord and 80 coronal cerebellar sections. According to the fractionator
selection strategy, Nissl staining was performed on every 25t brain, 5 spinal cord and 8t
cerebellar section to screen for the presence of infiltrates. Positive areas were then subjected
to detailed immune histological analysis, staining for CD4* and CD8* T cells, CD205*
dendritic cells, B220* B cells, F4/80* macrophages and Gr-1* granulocytes. The major findings
of this systematic study are outlined in the following.
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During acute EAE the overall cellular composition of CNS infiltrating cells is similar in both
MP4- and MOGp-induced EAE

Acute EAE (MP4- or MOGp-induced) was defined as the first day of paralytic symptoms
reaching a severity of at least a score of 1. Since the MP4 model showed a slightly earlier onset
(Fig. 1) sections for this model were obtained between days 6-16. Sections for the MOGp
model were obtained on days 10-16. Regions that scored positive for cellular infiltration via
Nissl staining were subjected to immune histological characterization. The mean number of
infiltrating cells per mm2 (irrespective of cell type, DAPI staining) was counted by ImagePro
software.

The results for all lesions analyzed (also irrespective of their location in brain, cerebellum and
spinal cord) are shown in Fig. 2A. This figure summarizes the results of 216 sections stained
in each model and delineates that the overall density of cellular infiltration was significantly
higher in acute MP4-induced lesions than in the MOGp model (P = 0.024).

The cellular composition of the infiltrates in brain, cerebellum and spinal cord is given in Fig.
3A, B and C, respectively. In these panels, the mean number of marker positive cells per
mm? (the density of these cells) is shown. As can be seen, the density of marker positive cells
showed model- and organ-specific differences. In the cerebellum, infiltrating cells were present
only in the MOGp model and these consisted of CD4* T cells, granulocytes and macrophages.
These data are in line with our previous observation that the cerebellum is targeted in MP4-
induced EAE at a late stage of the disease only (Kuerten et al., 2007). In the brain, macrophages
occurred in high and comparable densities in both models. In contrast, the number of CD4* T
cells (P = 0.006), B cells (P < 0.001) and granulocytes (P < 0.001) was higher in the MP4
model. In the spinal cord, the numbers of B cells and macrophages were comparable; however
the densities of CD4" T cells (P <0.001) and granulocytes (P < 0.001) were significantly higher
in the MP4 model. CD8* T cell and dendritic cell densities were low in all CNS regions.

Because we noted that the overall numbers of infiltrating cells differed between the two models
(Fig. 3A to C) we re-evaluated the density-based figures, now accounting for the mean
percentage of marker positive cells in each CNS infiltrate (Fig. 3D). While for brain, spinal
cord and cerebellum minor differences were seen comparing cellular densities, for all three
CNS regions analyzed the relative cellular composition of infiltrates was comparable for acute
EAE in both models.

In summary, the CNS histology showed a higher density of infiltration in acute MP4-induced
EAE that paralleled the more rapid onset of disease in this model [33]. No early targeting of
the cerebellum was seen in MP4-immunized mice unlike in the MOGp model. In the brain, but
not in the other tissues, there was a tendency for increased B cell numbers already early on
(which will be further accentuated in chronic EAE), but was not prevalent in spinal cord and
cerebellum yet. Overall, the cellular composition of infiltrates, however, was comparable in
both models with CD4™ T cells, granulocytes and macrophages each constituting 20-40% of
the infiltrates whereas CD8" T cells, B cells and dendritic cells each accounted for less than
10% of the infiltrating cells.

During chronic EAE B cells become codominant in MP4-, but not in MOGp-induced EAE

Chronic MP4- and MOGp-induced EAE were evaluated on day 60 after immunization. As
shown in Fig. 1 after the initial delay in onset, MOGp-induced EAE reached similar severity
and an overall comparable course as the MP4-induced disease. Animals in both categories
displayed a mean disease score of 1.85 when sacrificed. As described above for acute disease
the density and cellular composition of CNS infiltrates was assessed in brain, spinal cord and
cerebellum. The significantly higher density of infiltrating cells that was seen in the acute stage
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of MP4-induced EAE (Fig. 2A) was maintained in the chronic stage (P = 0.026; Fig. 2B). As
above the numbers reflect a total of 216 sections studied in each model. The immune
histological analysis of the lesions showed a major shift towards the prevalence of B cells in
the MP4 model, however (Fig. 4A to C). In the brain and spinal cord, B cells outnumbered
both CD4* T cells and macrophages. In the cerebellum, the density of infiltration was now
significantly higher for all cell types in MP4-induced EAE compared to the MOGp model (P
< 0.001 for all cell types). In this CNS region, the numbers of B cells also closely approximated
those of CD4* T cells (Fig. 4B). In all three regions, the densities of dendritic cells and
CD8* T cells were significantly higher in MP4-induced EAE than in the MOGp model (P <
0.001). When these results were expressed as mean percentage of each cell type within the
infiltrate (normalizing for the different densities of infiltration) and after pooling the data for
brain, spinal cord and cerebellum (Fig. 4D) the patterns of infiltration stayed unchanged in
chronic versus acute MOGp-induced disease - the only major change being the decrease in the
numbers of infiltrating granulocytes (P < 0.001). CD4* T cells and macrophages each
accounted for 25-40% of infiltrating cells with CD8* T cells, B cells and dendritic cells
representing less than 10% each. In contrast, while for the MP4 disease CD4* T cells and
macrophages still contributed more than 20% to the infiltrating cells each, a major participation
of other cell types was also evident in the aggregate numbers. In these mice the numbers of B
cells, macrophages and dendritic cells constituted about 46% of the infiltrates.

B cells are organized in a lymphoid tissue-like manner in CNS infiltrates of chronic MP4-
induced EAE

A striking difference between chronic MP4- and MOGp-induced disease resided in the fact
that in the former B cells occurred in cellular aggregates — reminiscent of lymphoid follicules
—while in the latter they showed random distribution within the infiltrate. This lymph-follicule
like organization of B cells was seen in 14/15 of the MP4-immunized mice and in 0/15 of the
MOGp mice. The lymph follicle-like structures in MP4 mice occurred in the spinal cord,
cerebellum and brain (Fig. 5A, C and D). In the brain the infiltration in MP4-induced disease
occurred in a single extended plaque located in the transition from the lateral to the third
ventricle. In the cerebellum the infiltrates frequently reached close to perfectly round shapes
and many times consisted close to entirely of B cells that were organized in a follicule-like
architecture (Fig. 5C) with the remaining cells representing mostly CD4* T cells, dendritic
cells and granulocytes (see Fig. 4B). In the spinal cord infiltrating B cells were predominantly
found in the submeningeal regions representing cuffs that occasionally extended into the
parenchyma. The rest of infiltrates in all CNS regions analyzed consisted primarily of
macrophages and CD4* T cells. Dendritic cells frequently showed colocalization with B cells
(data not shown).

Overall, the distribution and organization of cells suggests that in the case of MP4-induced
disease the infiltrating cells are organized in the form of actual lymphoid tissue with germinal
centers that may support ongoing immune T cell activation, proliferation and differentiation.
On the contrary, in the MOGp-induced disease this follicule-like structure of CNS infiltrations
was absent (Fig. 5B, D and F) being more consistent with plain effector functions asserted by
the T cells.

The cellular composition of infiltrates in MP4-, but not in MOGp-induced EAE allows the
staging of the disease into an acute and chronic phase

One of the primary criticisms on EAE models in general and the MOGp model in particular
has been that histological manifestations of the disease do not reflect the stage of the disease
as it progresses [35]. We studied whether in MP4-induced EAE changes in the cellular
composition of infiltrates would provide such information. Therefore, the density of marker
positive cells was compared in the acute and chronic stage of the disease. Fig. 6 shows that for
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MOGp-induced disease neither CD4* T cells (A), CD8* T cells (B), B cells (C) nor dendritic
cells (D) showed a significant difference in CNS lesion densities between the acute and chronic
stage of the disease. Only the densities of granulocytes (P < 0.001) and macrophages (P =
0.001) in the spinal cord reached significance (Fig 6E and F, respectively). On the contrary,
for MP4-induced EAE the numbers of CD4* T cells in the cerebellum (Fig. 7A), and of all
other cell types in all CNS regions studied (Fig. 7B to F) provided a significant difference
between the acute and chronic disease with P < 0.01 in all cases.

The cellular composition of CNS infiltrates correlates with the clinical score in MP4-induced
EAE, but not in the MOGp model

Another alleged weakness of the MOGp and other EAE models is that it does not show a
correlation between functional damage (i.e. the clinical score) and structural changes in the
CNS (i.e. size, density and composition of lesions) [34,35]. With this systematic histological
material at hand, we set out to study whether such differences could be seen in the MP4 model.
For both models and for all three CNS regions analyzed we correlated the density of each
particular cell type in each mouse with the clinical scores on the day of obtaining the CNS
material. The data are summarized in Table 1.

According to regression analysis, the cut-off for a high to perfect correlation can be set at r2 >
0.8. Taking this criterium, for the MOGp model only in two cases, i.e. for CD4* T cells in the
brain and for granulocytes in the spinal cord a relevant correlation with the clinical score was
achieved. For the MP4 model in contrast, 11 positive correlations were identified.

Discussion

There is increasing evidence that MS is not a single disease entity leading to the common
features of CNS inflammation and demyelination, but that different immune mechanisms drive
distinct and unique manifestations of the disease. Besides differences in the clinical
presentation, histological MS subtypes can be defined in which lesions bear signs of either
isolated T cell activity with downstream activation of microglia and macrophages, or antibody-
and complement-mediated demyelination is evident [5,7]. In EAE of rats and mice it has also
been shown that the very nature of the neuroantigen used for disease induction can result in
differences in lesion topology and kinetics [1,34]. Overall, the different clinical and histological
features of MS are more pronounced in one patient than in the other making it difficult to
understand the pathogenesis of the disease and develop therapeutic strategies.

When trying to study MS by using EAE as a model many of these differential disease
manifestations were reproduced by immunizing susceptible animals from different genetic
backgrounds. However, in addition to the immune pathology associated with the particular
neuroantigen itself and with the T cell differentiation pattern caused by the immunization these
genetic differences introduced further variables hampering clear-cut and “simple” studies of
the disease mechanisms. Moreover, when EAE models are compared in the literature, naturally
different mouse colonies were used for studying the disease. However, variable environmental
influences have been shown to profoundly affect the outcome of autoimmune processes [36—
38]. A major quest in the field should therefore be to consolidate models in a single mouse
strain (thereby avoiding the genetic variables) for comparative studies in a single laboratory
(thereby avoiding the environmental influences). Yet, single mouse strains have been shown
to be susceptible to disease induction with only one or few neuroantigens. This may be related
to Ir gene effects or reasons of self-tolerance. For example, the B6 mouse is notoriously
resistant to MBP-induced EAE. For yet poorly understood reasons the B6 mouse is also
resistant to PLP protein-induced EAE. Working with PLP protein itself is hardly a viable model
because of the difficulty of preparing the protein and its poor solubility. Strikingly however,
this mouse is highly susceptible to the MBP-PLP fusion protein (MP4)-induced disease [33].
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The reasons may reside in the fact that PLP is exon-shuffled excising the hydrophobic parts of
the molecule and thus increasing solubility. In addition, the associated changes in primary
sequence may result in unique antigenic determinants that are more immunogenic in the B6
mouse than native PLP, yet cross-reacting with antigenic PLP. As a consequence, a mouse
strain that is resistant to MBP and PLP individually has become susceptible to disease induced
by the fusion of both, thereby complimenting the classic MOGp-induced EAE on the B6
background. Only recently, a third model has been introduced for B6 mice using PLP:178—
191 as neuroantigen [31]. According to the initial characterization of this model [31,33] the
disease induced by this peptide may or may not represent a distinct pathogenic entity relative
to the MOGp-induced disease — beyond its initial description the PLP model has not been
studied in depth yet.

While it is important to establish MS models on a single background, among such backgrounds,
the B6 mouse indeed holds a unique place. Knock-out and knock-in mice are typically
generated on the 129 background and backcrossed to the B6 background and the use of gene-
modified mice is becoming increasingly indispensable for studies of the underlying
pathomechanisms of the disease. For example, depleting a cell type with an antibody is
technically not “clean”. The apparent depletion of the cells could result from (temporary)
downregulation of the molecule, from redistribution of the cells in the organism in addition to
the depletion itself. The depletion may work in tissues into which the antibodies readily
penetrate, but may not affect tissues into which the antibodies are not penetrating. Moreover,
massive cell destruction and depletions can induce cytokine storms and other inflammatory
reactions that fundamentally change the host’s immune biology beyond the actual cell depletion
itself. Therefore, it is much more effective to study a cell knock-out mouse in such a situation
with and without the adoptive transfer of that particular cell controlling for the actual
contribution of that cell type. Our follow-up studies will also need to focus on such experiments
and the B6 background will facilitate such progress.

Here we set out to provide a closer histopathological characterization of the MP4 versus the
MOGp model. Our initial observations showed that these models differed in the relative
contribution of B cells to the disease as shown by a less severe course of the disease and a later
disease onset in B cell KO mice immunized with MP4. B cells are thought to be key players
in the pathology of MS, however most EAE models including the MOGp peptide model do
not seem to include this component [39,40]. Therefore, we aimed at further gaining evidence
for B cell contribution in the MP4 model. Studying both, the MP4 and the MOGp model
systematically early and late after immunization, we indeed found that B cell infiltration was
a common feature of the MP4 model, but in MOGp-induced disease B cells were scarce within
the infiltrates. Moreover, it was striking that in chronic MP4-induced disease B cells showed
clustering reminiscent of follicular structures while in the MOGp-induced disease they were
scattered throughout the lesions. Remarkably, dendritic cells co-clustered with the B cells in
follicular-like structures in the MP4 model, but not in MOGp-induced EAE. Such lymphoid
organization of inflamed tissue can occur primarily in the setting of chronic immune pathology.
In one scenario infiltrating T cells release cytokines that attract and stimulate macrophages and
other cells of the immune system into the inflammatory process and eventually die [41]. This
scenario seems to apply for the MOGp-induced disease where many CD4* T cells and
macrophages, but only few dendritic cells and B cells in the absence of lymphoid organization
were seen. In the second scenario, the target organ itself and infiltrates within the target organ
are organized into so-called tertiary lymphoid tissues. In such settings, the germinal centers
are thought to facilitate the active immunological processes of proliferation and differentiation
converting the target organ into a primitive lymph node. Processes like determinant spreading,
the recruitment of other naive T cells into the effector cell repertoire and the differentiation of
the effector cells into subclasses such as TH1/TH17 or T2 are facilitated in such tissues. Recent
evidence provided by our group and others suggests that the inflamed CNS is indeed the site
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where determinant spreading first takes place in contrast to the draining lymph nodes of that
organ [42-46]. In MS patients it has been shown that meningeal B cell follicles in secondary
progressive MS are associated with early onset of disease and severe cortical pathology [47].
Lymphoid tissue organization is also regularly seen in rheumatoid arthritis [48] and Graves’
disease [49], possibly representing sites of ongoing immune sensitization, perpetuation and
differentiation. Our data suggest that indeed the MOGp and the MP4 model fundamentally
differ in this component; the CNS being primarily an end-organ for the MOGp model and
“germinal center” for ongoing autoimmunity in the MP4 model.

While this notion triggers an endless number of testable hypotheses at this time point, there is
evidence to support this notion. When we studied the immune repertoire induced by MP4 we
noted that an extremely diverse spectrum of determinants was recognized, reminiscent of a
repertoire induced by determinant spreading [33]. Immunizations with proteins such as MP4
— for reasons of antigen processing and presentation on MHC class Il molecules only — are
prone to induce CD4* T cell responses only. Yet, we noted that the MP4 disease — unlike
MOGp-induced disease — is also dependent on CD8* T cells [4,33,50,51] since CD8 KO mice
showed a late onset of disease with decreased severity. In our histological studies as described
here, CD8* T cell infiltration accounted for approximately 10% of the infiltrates in MP4-
induced EAE (see Fig. 4). Moreover, in the MP4 model CD8* T cells were frequently
significantly larger and expresses ruffled membrane extrusions relative to the rounder and
smaller CD8* T cells seen in MOGp-induced disease (data not shown) suggesting that in the
former, they were activated T cell blasts while in the latter they might be resting bystander
cells.

One of the difficulties in working with MS and EAE model has been that it was very difficult
to stage the disease, that is to conclude from histological lesions how long the disease has been
ongoing. In humans, studies have been further hampered by the fact that CNS material cannot
be obtained for longitudinal histological studies. In this way, differences seen between patients
could either represent different subtypes of MS or changes seen in the course of the disease.
In our case, MOGp-induced EAE appeared static with respect to localization and cellular
infiltration. In contrast, in the MP4 model histological changes throughout the disease allowed
its staging. In particular, early infiltrates did not include the cerebellum, late ones did. B cell
infiltration was scarce in the early disease while being prevalent in the chronic disease.
Similarly, numbers of CD8" T cells and dendritic cells increased towards the progression of
the disease. Therefore, these changes that are all consistent with the recruitment of lymphoid
cells into organisation of a tertiary lymphoid tissue provide criteria by which acute and chronic
disease can be distinguished.

In conclusion, the observations made in our systematic immune histological study suggest that
the MP4 model is not only an alternative to inducing EAE in B6 mice with MOGp, but
represents a distinct immune pathological entity, thereby enhancing the ability to model MS
while avoiding genetic background differences in different mouse strains.
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Figure 1.

The clinical course of disease in MP4- and MOG:35-55-induced EAE of B6 mice. B6 mice
were immunized with either MP4 (solid circles) or MOG:35-55 (open circles) in CFA. PTX
was injected on days 0 and 2 after immunization, as specified in the Materials and Methods.
The mean course of disease, assessed daily, is shown for eight individual mice in each group.
Mean + SD are given for each group and time point. Scoring of disease followed the 1-5
standard scale (see Materials and Methods). The data are shown for one representative
experiment out of three performed.
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Figure 2.

The density of cellular infiltrates in the CNS of MP4- and MOGp-immunized mice in acute
and chronic EAE. WT B6 mice were immunized with MP4 (solid bars) or MOGp (open bars)
as above. The CNS tissue was removed on the first day on which mice showed clinical
symptoms of the disease and DAPI staining was performed on 7 um thick cryostat sections.
The mean total number of cells/mm? + SD infiltrating the CNS is given in panel (A) for acute
EAE and for chronic EAE in panel (B). Results are shown for a total of 15 mice and 216 sections
in each model and for each time point.
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Figure 3.

The cellular composition of CNS infiltrates in acute MP4- and MOGp-induced EAE. The CNS
tissue was removed on the first day on which mice showed clinical symptoms of the disease
and IHC was conducted on 7 um thick cryostat sections to detect CD4* and CD8* T cells,
B220* B cells, CD205" dendritic cells, Gr-1* granulocytes and F4/80" macrophages within
the lesions. Solid bars refer to the MP4 model, open bars to MOGp-induced EAE. The mean
total numbers of marker positive cellsymm? + SD infiltrating the brain are given in panel (A),
for the cerebellum in panel (B) and for the spinal cord in panel (C). The mean percentage of
infiltrating cells £ SD in all acute lesions analyzed independent of the CNS region are given
in panel (D). Results are shown for a total of 15 mice analyzed in each group.
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Figure 4.

The cellular composition of CNS infiltrates in chronic MP4- and MOGp-induced EAE. The

CNS tissue was removed on day 60 after immunization and IHC was conducted on 7 um thick

cryostat sections to detect CD4* and CD8™ T cells, B220* B cells, CD205* dendritic cells,
Gr-1* granulocytes and F4/80* macrophages within the lesions. Solid bars refer to the MP4
model, open bars to MOGp-induced EAE. The mean total numbers of marker positive cells/

mm? + SD infiltrating the brain are given in panel (A), for the cerebellum in panel (B) and for
the spinal cord in panel (C). The mean percentage of infiltrating cells + SD in all chronic lesions

analyzed independent of the CNS region are given in panel (D). Results are shown for a total

of 15 mice analyzed in each group.
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Figure 5.

B cells are organized in a lymphoid tissue-like manner in CNS infiltrates of MP4-immunized
mice. Representative images depict how B cells are organized in lymph follicle-like structures
in lesions of the brain (A), cerebellum (C) and spinal cord (E) in MP4-immunized mice. In the
MOGp model B cells are scattered throughout the infiltrate in brain (B), cerebellum (D) and
spinal cord (F). Rat anti-mouse B220 served as primary antibody, goat anti-rat 1IgG (H+L)
conjugated to Alexa Fluor 546 as secondary antibody in both models. Thus, marker positive
cells are shown in red. DAPI staining is shown in blue. IHC. CNS tissue. 400 x magnification.
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Similar cellular composition of CNS infiltrates in acute versus chronic MOGp-induced EAE.
WT B6 mice were immunized with MOGp in CFA. Brain, spinal cord and cerebellum were
removed during acute (open bars) and chronic (dotted bars) EAE as defined in the text. IHC
was performed staining 7 pm thick cryostat sections for the presence of CD4* T cells (A),
CD8* T cells (B), B220* B cells (C), CD205" dendritic cells (D), Gr-1* granulocytes (E) and
F4/80* macrophages (F) within CNS lesions as described above. Results are depicted as mean
number of positive cells/mm? £ SD in CNS lesions of a total of 15 mice per group. P-values
denote whether the differences between the acute and chronic stage of the disease were

significant.
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Numbers of infiltrating cells permit the differentiation between acute and chronic EAE in MP4-

induced EAE. WT B6 mice were immunized with MP4 in CFA. Brain, spinal cord and

cerebellum were removed during acute (solid bars) and chronic (hatched bars) EAE as defined
in the text. IHC was performed staining 7 um thick cryostat sections for the presence of
CD4* T cells (A), CD8* T cells (B), B220* B cells (C), CD205* dendritic cells (D), Gr-1*
granulocytes (E) and F4/80* macrophages (F) within CNS lesions as described above. Results
are depicted as mean number of positive cellssmm?2 + SD in CNS lesions of a total of 15 mice
per group. P-values denote whether the differences between the acute and chronic stage of the
disease were significant.
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Correlation between the cellular composition of CNS infiltrates and the clinical
severity of disease in MP4- and MOGp-induced EAE

Brain Cerebellum Spinal Cord

Cell type MP4 MOGp MP4 MOGp MP4 MOGp
CD4* 0.98 0.80) |(0.82| 0.51 0.91 0.57
CcD8* 0.31 0.13 0.72  0.51 099 | 0.56
B220* 0.76 067 070 057 065 0.51
CD205* 0.75 026 [0.88| 0.19 |0.95| 0.55

GR-1* 0.99| 076 |-0.98) -066 [-0.99
F4/80* 0.93 0.77 069 057 |0.89| 0.66

The severity of MP4-, but not of MOGp-induced EAE correlates with the cellular lesion composition. Mice were immunized with MP4 or MOGp as

described in the Materials and Methods. In each animal and depending on the clinical score, we evaluated the mean number of CD4* and CD8™ T cells,

B220™ B cells, CD205™ dendritic cells, GR-1* granulocytes and Fa/80* macrophages per mm? infiltrate via IHC. The r2-values are shown for each cell

type and CNS regions analyzed differentiating between MP4- and MOGp-induced EAE. The cut-off for a high to perfect correlation was set at r2>0.48.
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