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The compartmentalized inflammatory
response in the multiple sclerosis brain is
composed of tissue-resident CD8 +

T lymphocytes and B cells

Joana Machado-Santos,I Etsuji Saji,2 Anna R. Tr'('ischer,I Manuela Paunovic,I Roland Liblau,3
Galina Gabriely,* Christian G. Bien,’ Jan Bauer' and Hans Lassmann'

Multiple sclerosis is an inflammatory demyelinating disease in which active demyelination and neurodegeneration are associated
with lymphocyte infiltrates in the brain. However, so far little is known regarding the phenotype and function of these infiltrating
lymphocyte populations. In this study, we performed an in-depth phenotypic characterization of T and B cell infiltrates in a large
set of multiple sclerosis cases with different disease and lesion stages and compared the findings with those seen in inflammatory,
non-inflammatory and normal human controls. In multiple sclerosis lesions, we found a dominance of CD8+ T cells and a
prominent contribution of CD20+ B cells in all disease courses and lesion stages, including acute multiple sclerosis cases with
very short disease duration, while CD4 + T cells were sparse. A dominance of CD8+ T cells was also seen in other inflammatory
controls, such as Rasmussen’s encephalitis and viral encephalitis, but the contribution of B cells in these diseases was modest.
Phenotypic analysis of the CD8 + T cells suggested that part of the infiltrating cells in active lesions proliferate, show an activated
cytotoxic phenotype and are in part destroyed by apoptosis. Further characterization of the remaining cells suggest that CD8 + T
cells acquire features of tissue-resident memory cells, which may be focally reactivated in active lesions of acute, relapsing and
progressive multiple sclerosis, while B cells, at least in part, gradually transform into plasma cells. The loss of surface molecules
involved in the egress of leucocytes from inflamed tissue, such as S1P1 or CCR7, and the upregulation of CD103 expression may
be responsible for the compartmentalization of the inflammatory response in established lesions. Similar phenotypic changes of
tissue-infiltrating CD8 + T cells were also seen in Rasmussen’s encephalitis. Our data underline the potential importance of CD8 +
T lymphocytes and B cells in the inflammatory response in established multiple sclerosis lesions. Tissue-resident T and B cells may
represent guardians of previous inflammatory brain disease, which can be reactivated and sustain the inflammatory response, when
they are re-exposed to their specific antigen.
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Introduction

Multiple sclerosis is an inflammatory demyelinating dis-
ease of the CNS (Charcot, 1880). Active demyelination
and neurodegeneration in the multiple sclerosis brain
and spinal cord are consistently associated with the pres-
ence of perivascular and parenchymal inflammatory infil-
trates, composed of T and B lymphocytes (Frischer et al.,
2009). Within the T cell population, MHC class I-re-
stricted CD8 + T cells are the most abundant and prefer-
entially show clonal expansion in the lesions (Booss et al.,
1983; Hayashi et al., 1988; Babbe et al., 2000; van
Nierop et al., 2017). In addition, clonal expansion of B
lymphocytes and plasma cells is reflected by intrathecal
immunoglobulin synthesis (Obermeier et al., 2011).
Although previous data suggest that CD8+ memory T
cells are dominant in lesions of progressive multiple scler-
osis (van Nierop et al., 2017), little is known regarding
their presence in active lesions at early disease stages as
well as their phenotype and activation state in fresh le-
sions. Also, information on B cells within multiple scler-
osis lesions is limited (Frischer et al., 2009), and it is
unclear to what extent the inflammatory reaction in the
brain is multiple sclerosis specific or reflects a general pat-
tern seen also in other human inflammatory diseases of
the CNS. Finally, inflammation in the progressive stage
of the disease is, at least in part, trapped within the
CNS behind a closed blood-brain barrier (Hochmeister
et al., 2006), but little is known about the reasons for
its persistence.

Experimental autoimmune encephalomyelitis (EAE) is
considered a suitable model for multiple sclerosis and is,
thus, frequently used to study molecular mechanisms
involved in inflammation and neurodegeneration. EAE
can be induced by CD4+ T cells (Ben-Nun et al., 1981),
by CD4 + T cells in combination with demyelinating anti-
bodies (Linington et al., 1988) and by CD8+ T cells
(Huseby et al., 2001; Saxena et al., 2008). In addition,
mechanisms triggered by innate immunity can provoke le-
sions, which share some pathological features of those pre-
sent in multiple sclerosis (Felts et al., 2005). Currently
available anti-inflammatory or immunomodulatory treat-
ments have in part been developed or tested in EAE
models. They are effective in the relapsing stage of multiple
sclerosis to a variable degree, but show only a moderate or
even no effect, when patients have entered the progressive
phase of the disease (Dargahi et al., 2017). Recent clinical
trials in multiple sclerosis patients revealed profound anti-
inflammatory effects of treatments, targeting all T cells in
combination with B cells or targeting B cells alone, and a
modest effect of these treatments could even be seen in
patients with progressive disease, who still showed

evidence for clinical or MRI activity [siponimod
(Gajofatto, 2017); and ocrelizumab (Montalban ef al.,
2017)]. In contrast, other therapeutic strategies, selectively
altering/inhibiting the function of MHC class Il-restricted
T cells (CD4 + T cells) showed disappointing results [anti-
CD4 (van Oosten et al., 1997); ustekinumab (Segal ef al.,
2008)].

These data suggest that there are key differences in the
inflammatory response in the CNS between patients with
multiple sclerosis and EAE animals. However, information
on the phenotype and function of inflammatory cells in
different types and stages of multiple sclerosis lesions is
sparse. In the present study, we addressed these questions
by analysing in detail the phenotype and activation state of
T and B lymphocytes in the multiple sclerosis brain in
comparison to a very large spectrum of controls with
other inflammatory, neurodegenerative
diseases.

vascular or

Patients and methods

Sample characterization and
inclusion criteria

Studies were performed on archival formaldehyde-fixed and
paraffin-embedded (FFPE) autopsy and, for Rasmussen’s en-
cephalitis, on surgical material (Supplementary Table 1) col-
lected at the Center for Brain Research, Medical University
Vienna. The clinical course of multiple sclerosis was defined
by a certified neurologist. The study included 35 cases of
multiple sclerosis comprising acute multiple sclerosis
(n = 11), relapsing-remitting multiple sclerosis (z = 1), second-
ary progressive multiple sclerosis (7 = 16) and primary pro-
gressive multiple sclerosis (7 = 7). As controls, cases of acute
disseminated encephalomyelitis (ADEM; 7 = 1), Rasmussen’s
encephalitis (1 = 6), herpes simplex virus encephalitis (7 = 6),
cytomegalovirus encephalitis (7 = 6), progressive multifocal
leukoencephalopathy (7 = 8), stroke (7 = 16), Alzheimer’s dis-
ease (n=14) and age-matched controls without any detect-
able brain disease (7 =10) were included. In addition, we
included a unique case of chronic human autoimmune en-
cephalomyelitis, which occurred in the course of a misguided
therapeutic intervention with lyophilized brain cells, and
which showed a clinical course and pathological changes,
closely similar to those seen in acute multiple sclerosis
(Hoftberger er al., 2015). This study was approved by the
Ethical Committee of the Medical University Vienna in
Vienna, Austria (EK. Nr: 535/2004/2017).

Neuropathology and lesion selection

All diseased and control autopsy cases underwent detailed
neuropathological analysis based on multiple tissue blocks
from the brain and the respective blocks that contained the
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lesions of interest were selected (Supplementary Table 1).
Sections from these blocks were then digitally scanned and
lesion maps were created with the respective lesion types and
activity stages. Subsequently, all the slides were stained by
immunohistochemistry and cells were counted in the previ-
ously outlined regions. Cases, blocks and lesions were selected
according to the following criteria.

Multiple sclerosis

Only cases exhibiting inflammation and, at least in a subset of
lesions, active demyelinating and neurodegenerative activity
were included (Frischer et al., 2009). The samples contained
active lesions with initial stages of myelin destruction and
areas of early and late active demyelination (Bruck ez al.,
1995), chronic active or slowly expanding lesions (Frischer
et al., 2015) and inactive or remyelinated lesions, all defined
according to recently published criteria (Kuhlmann et al.,
2017).

Inflammatory controls

Cases were selected with active lesions characterized by pro-
found brain inflammation and disease-specific tissue injury,
including virus-infected cells, when applicable.

Non-inflammatory disease controls

These cases included patients with acute ischaemic stroke le-
sions (acute lesions and lesions in the resorption or scar stages)
and Alzheimer’s disease in the advanced stage of dementia
(Braak stages 5 to 6).

Normal controls

These included brains from patients without neurological dis-
ease and absence of neuropathological lesions.

Detailed information on the clinical background of the pa-
tients and the type of lesions included into this study are pro-
vided in Supplementary Table 1.

Selection of leucocyte markers

The selection of inflammatory markers was performed according
to the following criteria: for determining the basic composition of
the inflammatory infiltrates we used antibodies against all T cells
(CD3), against MHC class I restricted T cells (CD8«), MHC class
IT restricted T cells (CD4) and B cells (CD20). Plasma cells were
identified by the cytoplasmic immunoglobulin content and by
their expression of CD138. When T or B cells recognize their
cognate antigen, they become activated and proliferate. We thus
determined the proliferation rate of lymphocytes by double stain-
ing with the cellular marker (CD3, CD4, CD8a or CD20) and
markers for cell proliferation [proliferating cell antigen PCNA,
mini-chromosome maintenance protein (MCM2) and Ki67].
Furthermore, T cells transiently express the nuclear factor of acti-
vated T cells (NFAT2, encoded by NFATCI) after antigen-spe-
cific activation (Dietz et al., 2015), and thus, we determined the
nuclear translocation of this protein as an additional activation
antigen of CD8a- and CD4-positive cells by double staining.
Activated cytotoxic T cells were identified by the expression of
granzyme B (GZMB). A subset of T cells, which had entered the
CNS, were deleted by programmed cell death (apoptosis; Bauer
et al., 1998). In our study, we determined the apoptosis rate by
identifying apoptotic nuclei in CD4- or CD8a- and B-positive T
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cells and CD20-positive B cells. We used morphological criteria
for apoptosis for the quantitative evaluation, since it is the most
sensitive and specific assay. We, however, confirmed programmed
cell death by double staining of T cells with the terminal deoxy-
nucleotidyl transferase dUTP nick end labelling (TUNEL) tech-
nique (Gold ef al., 1994) and expression of activated caspase 3
(Stadelmann et al., 1999). In inflammatory lesions, a subset of T
cells may become tissue-resident memory cells (Schenkel and
Masopust, 2014; Steinbach et al., 2016). A previously-described
phenotype of such cells is the loss of expression of CD8B, thus
becoming CD8«/a positive and the expression of CD103 and
CD69 (Konno et al, 2002; Fan and Rudensky, 2016).
Immunohistochemistry for the sphingosine phosphate receptor
(S1P1) was used to determine to what extent infiltrating lympho-
cytes have lost the potential for tissue egress. Additional markers
used in our study were CCRS (a chemokine receptor involved in
the recruitment of T cells and their migration in the CNS)
(Simpson et al., 2000; Martin-Blondel ez al., 2016), OX40 (an
antigen expressed on T cells, which in inflammatory conditions of
the human brain is expressed on CD4+ T cells) (Pohl ez al.,
2013) and fosters their survival (Webb et al., 2016), PD1 (an
inhibitory receptor involved in downregulation and control of
the inflammatory processes) (Legat ef al., 2013) and CD27 or
CD38 (multifunctional molecules expressed in different leucocyte
populations, being also involved in B lymphocyte survival and
plasma blast differentiation) (Palanichamy et al., 2014; Claes
et al., 2015). To identify a potential regulatory function of the
T cells, we analysed the expression of the immunosuppressive
cytokines interleukin 10 (IL-10) and transforming growth factor
beta (TGF-B). Beforehand, all markers used in this study were
tested in paraffin sections of lymph nodes and tonsils. The opti-
mal staining conditions were established in these tissues
(Supplementary Fig. 1) and their staining patterns in the inflamed
brains are shown in Figs 1 and 5.

Immunohistochemistry

Single staining

Consecutive 5-um thick serial sections were cut and routinely
deparaffinized with xylene. Afterwards, endogenous peroxid-
ase was blocked with H,O,/methanol for 30 min and the slides
proceeded to the antigen retrieval step. Antigen retrieval pro-
cedures used for immunohistochemistry are listed in Table 1.
Non-specific antibody binding was blocked by incubating the
sections in 10% foetal calf serum for 20 min. Subsequently, the
primary antibodies were applied and the slides were kept at
4°C overnight in a wet chamber. After washing the slides, the
secondary antibodies were applied for 1h at room temperature
followed by 1h incubation in avidin peroxidase in 10% foetal
calf serum. Antibody binding was routinely visualized using
3,3’-diaminobenzidine (DAB). For some antibodies, staining
was enhanced by biotinylated tyramine amplification (CSA;
Bauer and Lassmann, 2016) as presented in Table 1. To in-
crease sensitivity of tissue staining with anti-CD4 antibodies
we also used alkaline phosphatase-labelled secondary antibody
and developed the sections with MBT/BCIP (Gold ez al.,
1994). Before mounting the sections, cell nuclei were counter-
stained with haematoxylin. To control the specificity of immu-
nohistochemistry, sections were either stained in the absence of
primary antibodies or after using mouse monoclonal
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Figure | Examples of the inflammatory response in multiple sclerosis lesions. A and B show inflammation in active lesions of acute
(A) and secondary progressive multiple sclerosis (B). CD3 + T cells are stained in brown and B cells in blue. T cells are present in the perivascular
space and diffusely disperse into the lesion parenchyme. In contrast, B cells accumulate mainly in the perivascular space of large veins, located in
the centre of the lesions. C and D show proliferating T cells (C) and B cells (D) expressing PCNA within their nucleus. (E and F) Apoptosis is
seen in T cells (asterisk), labelled with CD3 and identified by the fragmented and condensed nucleus (E) or by the positivity for DNA-frag-

mentation (TUNEL staining; F). (G) Rare CD3 + T cells, mainly located in the lesion parenchyme show nuclear expression of the transcription
factor NFAT (blue nucleus; asterisk) in comparison to an adjacent T cell without nuclear reactivity. (H) Clusters of CD8 + T cells (blue) containing
GZMB-positive cytoplasmic granules (brown) as a sign of cytotoxic differentiation are seen in the lesions. (I to L) Perivenous inflammatory cuffs
contain only few CD4 + T cells (I), while the majority of cells are CD8 + (J and K) or CD20+ (L). (M and N) A subset of infiltrating lymphocytes
express the chemokine receptor CCR5. (O) Only a small proportion of lymphocytes express the exhaustion marker PD1. (P) In addition to Tand
B cells a substantial number of immunoglobulin-containing plasma cells is seen in the infiltrates. Scale bars = 100 um. Images for colourblind

readers can be found in Supplementary Fig. 5.

antibodies of irrelevant specificity and normal rabbit serum as
primary antibodies.

Double labelling

In case of antibodies from different species, primary antibodies
were incubated simultaneously, followed by simultaneous in-
cubation with a biotin-labelled antibody and an alkaline phos-
phatase-labelled antibody. The staining was finished by
incubation with avidin-peroxidase and sequential development
with Fast blue and DAB. For double labelling with antibodies
from the same species the same procedure described for the
single staining was used until the step of incubation with
avidin-peroxidase. At this point, instead, the slides were

incubated with avidin-alkaline phosphatase for 1h at room
temperature and developed with Fast blue B salt. After this,
to prepare the sections for a new primary antibody and pre-
vent binding of the new antibodies to the primary and second-
ary antibodies used in the first round, antigen retrieval was
performed for 45 min (Bauer and Lassmann, 2016). The sec-
tions were then processed as described before for single stain-
ing and developed with DAB or 3-amino-9-ethylcarbazole.
Alternatively, double staining was performed by immunofluor-
escence and analysed with a Leica SP2 confocal microscope,
using a similar approach as described above, except using
fluorescence-labelled secondary antibodies or streptavidin
(Bauer and Lassmann, 2016). The following double stainings
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Table | Antibodies and immunohistochemistry
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Primary Origin Target Dilution Antigen retrieval Source
antibody lamplification
CD3 Rabbit (mAB) T cells 1:1000 EDTA/CSA Neomarkers
CD8 Mouse (mAB) MHC class | restricted T cells; CD8-« chain  1:250 EDTA/CSA Dako
CD20 Mouse (mAB) B cells 1:100 EDTA Neomarkers
CD4 Mouse (mAB) MHC class Il restricted T cells 1:500 + 1:1000 EDTA/CSA Dako Acris
CD8-B Mouse (mAB) CD8- chain of T cells 1:100 EDTA/CSA Santa Cruz
CDI38 Mouse (mAB) Syndecan-I, plasma cells 1:500 EDTA Serotec
PCNA Mouse (mAB) Proliferation cell nuclear antigen 1:50 000 Citrate Dako
Mcm?2 Rabbit (pPAB)  Mini-chromosome maintenance protein, 1:200 EDTA Abcam
proliferation marker
Ki67 Mouse (mAB) Proliferation marker 1:500 Citrate Dako
0OX40 Mouse (mAB) Tumour necrosis factor receptor superfamily, 1:1000 Citrate/CSA BD Pharmingen
member 4
NFAT2 Mouse (mAB) Nuclear factor of activated T cells 1:50 EDTA Abcam
CD27 Rabbit (pAB)  TNFRSF7 1:1000 EDTA Novus Biologicals
CD38 Rabbit (pAB)  ADP-ribosyl cyclase-| 1:1000 EDTA LifeSpan Biosciences
CCR5 Mouse C-C chemokine receptor type 5 1:250 EDTA Dr Matthias Mack
PD-I| Mouse (mAB) Programmed cell death protein | 1:100 EDTA Abcam
TGB-BI Mouse (mAB) Transforming growth factor superfamily 1:250 EDTA Biolegend TW7-28Gl |
IL-10 Rabbit (pAB) Interleukin 10 1:100 EDTA Bioss
Granz B Mouse (mAB) Recombinant human granzyme B 1:1000 EDTA/CSA Neomarkers
CDI103 Rabbit (mAB) Integrin protein encoded by the ITGAE gene  1:500 EDTA/CSA Abcam ab129202
CDé69 Mouse (mAB) Transmembrane C-Type lectin protein 1:200 EDTA ThermoFisher
SIPI Rabbit (pAB)  Sphingosine phosphate receptor 1:500 Citrate PromoKine AB718
CD45RA Mouse (mAB) Naive T cells, B cells 1:100 EDTA Abcam 4KB5
Cleaved Caspase 3 Rabbit (mAB) Activated caspase 3 (apoptosis) 1:750 Citrate Cell Signal 5AIE
Human Ig Donkey (pAB) Human immunoglobulin; plasma cells 1:1000 No Jackson 709-065-149

Citrate = antigen retrieval in citrate buffer, pH 5.0; EDTA = antigen retrieval in EDTA buffer, pH 9.0; CSA = biotinylated tyramine amplification; mAB = monoclonal antibody;

pAB = polyclonal antibody.
For detailed description of methods see Bauer and Lassmann (2016).

were included in the study: PCNA or MCM2 with CD3,
CD8a, CD4 and CD20; NFAT2 and CD3; TUNEL and
CD3; CD8«a and CD8B, CD8x and CD103, CD8« and
GZMB, CD69 and CD8a; CD3 and CCRS, CD3 and PD1;
CD3 and IL-10 and CD27 or CD38 with CD8«a, CD20 or
CD138, respectively.

Quantification of
immunohistochemistry

Quantification was performed on serial sections of each case
and lesion using one section per marker and area of interest.
Within each lesion area of appropriate size for quantification
and defined activity stage were outlined in sections stained
with Luxol fast blue myelin stain and marked in adjacent
immunostained sections as areas of interest. For cell counting,
a morphometric grid within the ocular lens was used and in-
flammatory cell numbers were manually counted in 10-50
fields at an objective lens magnification of x20, depending
on the density of inflammatory infiltrates within the tissue
and the size of the lesions, covering an area of 2.5 to 12.5
mm? per area of interest. The inflammatory cells (T and B
cells) from perivascular and parenchymal areas were counted
separately. Later, these values were pooled for statistical evalu-
ation of global inflammation. All values are expressed as cell
counts per square millimetre.

Statistical analysis

Statistical analysis was performed using Graphpad Prism, and
results are presented as box plots showing the median and
range of each group. All statistics reporting differences be-
tween lesions were calculated from one median value per
lesion per patient. Because of the uneven distribution of our
data, non-parametric tests were used. Statistical difference be-
tween multiple groups was assessed using the Kruskal-Wallis
test and followed by Dunn’s Multiple Comparison Test. When
only two groups were compared the Mann-Whitney test was
used. Correlations between different parameters were calcu-
lated using Spearman Rank. Only P-values < 0.05 were con-
sidered as statistically significant.

Results

First, we determined the extent of T cell and B cell infiltra-
tion in a wide spectrum of multiple sclerosis lesions in
comparison to that seen in other inflammatory and non-
inflammatory diseases of the CNS and in normal controls.
In the second step, we aimed to define the functional
phenotype of the most abundant lymphocyte population
(CD8+ and CD20+) and plasma cells in the multiple
sclerosis brain. To understand whether the functional



T and B lymphocytes in multiple sclerosis lesions

differentiation of T lymphocytes is specific for multiple
sclerosis lesions or a general pattern seen in brain inflam-
mation we analysed a spectrum of inflammatory controls,
ranging from a fulminant case of acute disseminated leu-
koencephalomyelitis with 2 days disease duration (Bauer
et al., 1998), a highly active case of human demyelinating
autoimmune encephalomyelitis with a pathology mimicking
acute multiple sclerosis (Hoftberger et al., 2015) and six
patients with Rasmussen’s encephalitis, as a CD8+ T
cell-mediated inflammatory disease of the CNS (Bien
et al., 2002).

CD8+ T lymphocytes and B cells in
inflammatory brain diseases

High numbers of CD3+ T cells were seen in the multiple
sclerosis lesions and on average 76% of CD3 + T cells were
MHC class I restricted CD8 + cells, while on average only
10% were CD4 + (Figs 1A, B, I-L and 2). This was not
only the case in patients with relapsing and progressive
disease, but also in patients with fulminant acute multiple
sclerosis with a clinical course ranging from 7 days to 7
months (Figs 1A, B and 2). When different multiple scler-
osis lesion types were directly compared, numbers of T cells
were significantly higher in early stages of multiple sclerosis
compared to progressive multiple sclerosis and in active
versus inactive lesions (Fig. 2E~-L) and this was reflected
by a highly significant negative correlation between T cell
infiltrates with age and disease duration (Supplementary
Fig. 2A and B). The T cells were located in the perivascular
space of veins, and they also diffusely infiltrated the lesional
parenchyma (Figs 1A and 3A). As described before, diffuse
T cell infiltrates were present, but sparse at sites of initial
demyelination compared to active lesion areas with accom-
plished demyelination (Fig. 3A) (Barnett and Prineas, 2004;
Marik et al., 2007). No significant differences were seen in
the density of T cell infiltrates between acute multiple scler-
osis patients following pattern II versus pattern III demye-
lination (Supplementary Fig. 2C), defined according to
Lucchinetti et al. (2000).

Overall, the number of CD20+ B cells was highly vari-
able in different multiple sclerosis lesions, ranging from no
B cells in some patients with progressive multiple sclerosis
to 4 times the T cell numbers (Figs 1A, B and 2). Possible
reasons for this high variation between cases and lesions
are that B cells were highest in a subset of cases with the
most active disease and lesions (Fig. 2 and Supplementary
Fig. 2), while in patients at later disease stages plasma cells
dominated (Frischer et al., 2009) (Fig. 1P). Furthermore,
the vast majority of B cells were focally located in the peri-
vascular space of only one or a few larger veins within the
centre of the plaques, but only exceptionally present
around small vessels or diffusely in the lesion parenchyma
(Fig. 3E). We did not find significant differences in the T
and B cell infiltration in the lesions between female and
male patients, nor between patients with primary versus
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secondary progressive multiple sclerosis (data not shown),
but acute multiple sclerosis patients with pattern II demye-
lination according to Lucchinetti et al. (2000) had signifi-
cantly less B cells in their inflammatory infiltrates compared
to those with pattern III lesions (Supplementary Fig. 2C).

In other inflammatory diseases of the CNS, we also
found a major dominance of CD8 + T lymphocytes in the
lesions (86% of CD3+ T cells; Fig. 2A-D). Only small
numbers of T cells were present in the brain lesions of
non-inflammatory controls, such as stroke or Alzheimer’s
disease and in normal control brains (Fig. 2) and also in
these cases the dominant lymphocyte cell population con-
sisted of CD8a + cells (67% in non-inflammatory controls
and 76% on normal controls). In contrast to multiple scler-
osis, the number of B cells was very low in the other in-
flammatory diseases and these cells were nearly absent in
non-inflammatory controls. Accordingly, B cell infiltrates
were significantly higher in acute multiple sclerosis and
the case of relapsing multiple sclerosis (P < 0.0001) as
well as in primary and secondary progressive multiple scler-
osis (P < 0.01) in comparison to other inflammatory con-
trols. The only exception was the case of demyelinating
human autoimmune encephalitis (not included in Fig. 2),
where the infiltrates were composed of 77% B cells, 21%
of CD8«x+ T cells and only exceptional CD4+ T cells
(Hoftberger et al., 2015).

T and B cells are in part activated in
active multiple sclerosis lesions and
eliminated by programmed cell death

To determine the activation of T and B cells in the lesions
we analysed the proliferation rate by double staining with
leukocyte markers and proliferation markers (Figs 1C, D
and 4C). In a first step we selected from the entire sample
49 cases and lesions with the highest numbers of T and B
cells, performed double staining for CD3 with the prolifer-
ation markers PCNA, MCM2 and Ki67 and quantified the
percentage of double-stained cells. The highest percentage
of double-stained cells was seen in a similar range with
PCNA and MCM2. The percentage of Ki67 double-positive
cells was lower, possibly due to partial loss of this protein
in autopsy tissue (Supplementary Fig. 3). For this reason,
quantification of proliferating cells in the entire sample was
then performed by double-staining with lymphocyte mar-
kers (CD3, CD4, CD8« and CD20) and PCNA. The high-
est proliferation rate of T cells was seen in the case of
ADEM with 2 days of CNS disease duration (22.8% of
CD3 + cells were PCNA positive). In multiple sclerosis
cases, T cell proliferation was higher in lesions of acute
and relapsing multiple sclerosis (median: 1.45%, range
0.1-4.8%) compared to progressive multiple sclerosis
(median 0.5%, range 0-2.4%). In the progressive stage,
proliferating T cells, when present were found in small
focal clusters. In the case of human autoimmune encephal-
itis, with a disease duration that was similar to that seen in
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Figure 2 Characterization of the lymphocyte subsets in multiple sclerosis lesions in comparison to inflammatory and non-
inflammatory controls. (A-D) The inflammatory response in the lesions is dominated by CD3 +/CD8+ T lymphocytes, while the contri-
bution of CD4 + T cells is minor; the number of CD20 + B cells is highly variable between lesions and cases; while T cells are similar in number
and distribution between multiple sclerosis and inflammatory controls, B cells are more selectively enriched in multiple sclerosis lesions in
comparison to other inflammatory controls; T and B cell infiltrates are very sparse in non-inflammatory controls. (E-L) A more detailed analysis
shows that T and B cells are significantly more numerous in the lesions of acute and relapsing multiple sclerosis in comparison to those in
progressive multiple sclerosis (E—H). The stars shown in the acute multiple sclerosis and relapsing-remitting multiple sclerosis (RRMS) data
indicate those patients, who have not been treated with corticosteroids. In addition, active lesions show the highest degree of inflammation,
followed by slowly expanding lesions (SEL) and inactive lesions (I-L). Significance levels: *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001.
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Figure 3 Distribution of leucocytes within different multiple sclerosis lesion areas. (A) Schematic graph of an active multiple sclerosis
lesion with a central large inflamed vein, a demyelinated tissue area, containing macrophages with different stages of myelin degradation (green
area) and a rim of initial tissue injury (grey zone) characterized by microglia activation, oligodendrocyte injury (loss of myelin associated
glycoprotein) and oligodendrocyte apoptosis (‘prephagocytic’ lesion areas; Barnett and Prineas, 2004). The highest density of lymphocytes is seen
in the perivascular space of the central vein and most of the B cells in the lesion are present at this site. T cells also diffusely infiltrate the lesion
parenchyma (green area). They are also present, but in low numbers, at the site of initial demyelination (grey area; Marik et al., 2007). (B—H)
Perivascular (PVA) versus diffuse parenchymal distribution of lymphocyte subsets in multiple sclerosis lesions. When quantification is based on the
area of the entire lesion (mm?) most leucocyte subsets (CD3, CD8«, CD8p, CCRS5) are present in both compartments without significant
preference. Dominant localization in the perivascular space is seen for B cells (CD20) and to a lower extent for CD4+ T cells. In contrast
CDI103 + T cells show a trend towards accumulation in the lesion parenchyma. Images for colourblind readers can be found in Supplementary Fig.
5. RRMS = relapsing-remitting multiple sclerosis.

the cases of acute multiple sclerosis, the proliferation rate
was 2.3%. T cell proliferation was mainly seen in the
CD8a+ T cell population, while double stained CD4 +
cells were exceptional. B cell proliferation was the highest
in the case of human autoimmune encephalomyelitis
(3.5%). In multiple sclerosis, proliferating B cells were

only seen in three cases of acute and two cases of progres-
sive multiple sclerosis, with proliferation rates between 0.8
to 4.3%.

In the next step, we analysed the expression of NFAT2,
which is transiently upregulated and translocated into the
nucleus when T cells recognize their cognate antigen


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awy151#supplementary-data
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Figure 4 Phenotypic characterization of CD8+ T lymphocytes in multiple sclerosis lesions from different disease stages in
comparison to inflammatory controls. The values are plotted against disease duration; early stage disease includes a case of ADEM with 2
days disease duration (filled square), of human autoimmune encephalomyelitis (h-AE) with 1.7 months disease duration (open square), of acute
multiple sclerosis (disease duration 0.2 to 7 months; filled circles) and of Rasmussen’s encephalitis (open circles, disease duration: 1.4 to 93.4
months). Cases of progressive multiple sclerosis are indicated by filled triangles (disease duration of 30 to 492 months). Overall there is a
decrease of the inflammatory reaction with disease duration. T cell activation markers (proliferation, NFAT and GZMB expression and apoptosis)
are very low in patients with progressive multiple sclerosis, but even in these patients small clusters of activated CD8 + T cells are present. The
dominant CD8+ T cell phenotype in all stages is the CD8a/a-positive cell, showing an inactive (quiescent) phenotype. MS = multiple sclerosis;
RRMS = relapsing-remitting multiple sclerosis.
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(Figs 1G and 4D). As with proliferation markers, nuclear
NFAT?2 reactivity in T cells was the highest in the case of
ADEM (13.6% of all T cells). Expression of NFAT2 in
multiple sclerosis lesions was similar compared to the pro-
liferation rate (0 to 2.6% with the highest numbers in cases
with acute multiple sclerosis). Another activation marker is
OX40, which is expressed in T cells and is associated with
T cell survival (Webb ez al., 2016). As shown before, only
very few T cells in multiple sclerosis lesions express this
marker (Fig. 4G), which is different from T cells in the
lesions of neuromyelitis optica, where OX40 expression
was seen in CD4+ but not in CD8x+ T cells (Pohl
et al., 2013). None of the OX40 positive cells showed
signs of apoptosis.

A characteristic feature of activated cytotoxic CD8 + T
cells is the presence of cytoplasmic granules, containing
GZMB (Figs 1H and 4F). As expected, the highest numbers
of GZMB positive lymphocytes were seen in the ADEM
case (43% of CD8a+ T cells). In multiple sclerosis, the
number of GZMB+ lymphocytes was highest in the
active lesions of acute/relapsing-remitting multiple sclerosis
(median: 4.2 range: 0-31.8%). A similar percentage of
GZMB+ CDS8a cells (3.1%) was seen in the case of
human autoimmune encephalomyelitis (Hoftberger et al.,
2015). In the progressive stage, only some focal spots con-
taining granzyme B-positive lymphocytes were encountered
in some cases and lesions (median: 1.7; range: 0-27% of
CD8+ T cells).

Experimental data have shown that a substantial number
of T cells, which infiltrate the CNS tissue during acute in-
flammation, are locally destroyed by apoptosis (Schmied
et al., 1993; Bauer et al., 1998). Analysing the sections,
we observed that T cell apoptosis was almost exclusively
seen in cells expressing CD8a/f, but not in cells that were
CD8a single positive and the highest number of apoptotic
CD8+ T cells was seen in ADEM lesions (Figs 1E, F and
4E). Overall, the percentage of apoptotic CD8 + T cells was
higher in acute/relapsing-remitting multiple sclerosis lesions
(median 3.19; range 0-17%) in comparison to lesions of
progressive multiple sclerosis (median: 1.3, range 0-7.6%),
although the values did not reach statistical significance. In

Figure 5 Continued
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progressive multiple sclerosis, apoptotic T cells were seen as
small focal clusters of cells in a subset of cases, while in
acute/relapsing-remitting multiple sclerosis lesions they
were more evenly distributed throughout the lesion.
Detailed analysis of CD20+ cells did not reveal a single
apoptotic B cell.

We then analysed for comparison lymphocyte activa-
tion and apoptosis in the lesions of Rasmussen’s enceph-
alitis as a CD8+ T cell-mediated inflammatory brain
disease (Fig. 4). Overall, T cell activation and apoptosis
rates were similar to those seen in acute multiple scler-
osis, although the proliferation rate was significantly
higher (P < 0.0001).

CD8+ T lymphocytes in the lesions of
MS display features of tissue-resident
memory cells

Tissue-resident memory cells have been identified and char-
acterized so far in inflammatory lesions of the skin, muco-
sal surfaces and the brain after viral infection (Mueller and
Mackay, 2016). It has been suggested that such cells enter
the tissue in acute inflammation as effector T cells, change
their phenotype and may then persist within the tissue for
prolonged periods of time. In our study, the number of
CD45RA positive T cells was very low, with the exception
of three cases of acute multiple sclerosis with the highest
inflammatory reaction (Fig. 4H). CD8p positive cells were
most frequent in early disease stages such as ADEM,
human autoimmune encephalomyelitis and early stages of
acute multiple sclerosis, while in more chronic stages and in
particular in progressive multiple sclerosis, the majority of
CD8a-positive cells were CD8B-negative (Figs 4B, SA and
B). CD103, a marker for tissue-resident memory T cells
was highest in patients with acute multiple sclerosis (Fig.
5C and D). However, its expression was low in most pa-
tients with progressive multiple sclerosis and longstanding
disease (Fig. 41). Another marker suggested to define tissue-
resident memory T cells is CD69 (Sathaliyawala et al.,
2013). However, in our analysis we found CD69 expression
in the brain only in oligodendrocytes, some reactive

sclerosis lesions in some macrophages (E), in oligodendrocytes and myelin (F) and in some reactive astrocytes (G), while CD3 + cells (blue cells)
invariably were negative. (H) In the inflamed mucosa of the tonsil strong CD69 expression is present in a subset of lymphocytes. (I-)) TGF-f is
present in multiple sclerosis lesions in reactive astrocytes and endothelial cells, but absent in perivascular or parenchymal lymphocytes. (K and L)
IL-10 was found at high levels in plasma cells (K; see also high magnification insert) and in reactive astrocytes in the lesion (L), but not in
perivascular or parenchymal lymphocytes (K). (M—O) The SIPI receptor is highly expressed on circulating leucocytes in the vascular lumen (M
and N), while perivascular and parenchymal lymphocytes are negative; as described before by others (Van Doorn et al., 2010; Brana et al., 2014)
we found SIPI| receptor expression in endothelial cells and reactive astrocytes (N and O). (P—T) Phenotypic characterization of cells of the B cell
lineage. (P-R) An inflammatory infiltrate in a lesion of secondary progressive multiple sclerosis, which mainly contains plasma cells with only few
CD20 + B cells. The number of inflammatory cells expressing CD27 is low (P), while there are high numbers of CD38 + cells and immunoglobulin
(Ig) containing plasma cells. S shows a B cell (red) rich inflammatory infiltrate double stained with CD27 (green). The CD27 expression in the
CD20+ cells (double-labelling shown in yellow) ranges from very strong expression to a more restricted punctate expression. T shows an
inflammatory infiltrate in a lesion from secondary progressive multiple sclerosis mainly containing plasma cells, which are double stained for CD38
and the plasma cell marker CD138. Scale bars = 100 pm. Images for colourblind readers can be found in Supplementary Fig. 5.
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astrocytes and macrophages, while it was consistently nega-
tive in perivascular inflammatory infiltrates and in CD3+ T
cells in double-stained sections (Fig. SE-G), despite its strong
expression in lymphocytes in chronic inflammatory mucosal
lesions (Fig. SH). S1P1 receptor, a key molecule of lympho-
cyte egress from the tissue was highly expressed on leuco-
cytes within the vascular lumen and moderately expressed in
astrocytes and endothelial cells of the brain tissue. However,
infiltrating leucocytes in the perivascular space and in the
parenchyma of the lesions were S1P1-negative (Fig. SM-
0O). About half of the T cells within the lesions expressed
the chemokine receptor CCRS, while the expression of PD1
was much lower and mainly present in patients with acute
or relapsing multiple sclerosis (Figs 1M-O and 4] and K).
Only a very small subset of CD8«a+ T cells in the lesions
was double-stained with CD27 or CD38.

TGF-B and IL-10 are key cytokines mediating anti-
inflammatory effects. By investigating these molecules we
thus tried to address the question whether the CDS8+
cells, which accumulate in chronic multiple sclerosis lesions,
could be regulatory (anti-inflammatory) T cell populations.
We found TGF-B expression mainly in astrocytes, endothe-
lial cells and some macrophages in active lesions of patients
with acute and relapsing disease, and we found a significant
correlation between astrocytic TGF-B expression and the
presence of CD103 on T cells (P = 0.0002), possibly related
to the observation that CD103 is induced by TGF-f
(Zhang and Bevan, 2013). We did not observe any TGF-
B expression in perivascular or parenchymal lymphocytes
(Fig. 5K). IL-10 was prominently expressed within a subset
of immunoglobulin containing plasma cells in the lesions,
and in reactive astrocytes (Fig. 5K and L), but was not seen
in lymphocytes in the inflammatory infiltrates.

The comparison of the phenotypic profile between mul-
tiple sclerosis, ADEM, human autoimmune encephalitis and
Rasmussen’s encephalitis provided similar results, with
some additional insights (Fig. 4). In contrast to the other
diseases, in the ADEM case, the majority of CD8a + cells
was also CD8B+ and did not express CD103, indicating
that loss of CD8pB and induction of CD103 in T cells re-
quires at least several days of disease duration. In human
autoimmune encephalitis the majority of CD8 cells were
also CD8B+ and the number of CD103 + cells was high.
Brain lesions in patients with Rasmussen’s encephalitis
showed a phenotypic profile of CD8+ T cells similar to
that seen in acute/relapsing multiple sclerosis with a high
percentage of CD103+ CD8+ T cells, as shown before by
others (Owens et al., 2016).

Phenotype of cells of the B cell
lineage

As described before, CD20+ B lymphocytes were particu-
larly numerous in patients with acute multiple sclerosis, in
the patient with relapsing-remitting multiple sclerosis and
in the rare classical active lesions of patients with
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progressive multiple sclerosis (Fig. 2). In contrast, the num-
bers of plasma cells and the plasma cell/B cell ratio were
significantly higher in lesions from patients with progressive
multiple sclerosis in comparison to those in acute multiple
sclerosis (Frischer et al., 2009) (Supplementary Fig. 4). This
suggests that infiltrating B cells gradually transform into
plasma cells with disease chronicity. In line with this con-
cept, we found the expression of markers, associated with
B-cell survival and plasma blast differentiation (CD27 and
CD38) in the lesions (Fig. SP-T).

Effect of multiple sclerosis-related
treatment on the phenotype of
inflammatory cells in lesions

As our study was performed on archival material from pa-
tients, who in their vast majority died before the implemen-
tation of disease-modifying immunomodulatory multiple
sclerosis treatments, only a single patient (Patient 22, who
had secondary progressive multiple sclerosis) received inter-
feron-B. The phenotype of inflammatory cells in the lesions
of this patient was similar to that in other patients with
progressive multiple sclerosis. Eight of 12 patients with
acute or relapsing multiple sclerosis received steroids in
the last month before death. Thus, we compared the in-
flammatory profile between the four patients without ster-
oid treatment with that seen in treated patients and found
no difference for all phenotypic markers with the exception
of the number of CD4+ T cells. Three of four untreated
patients revealed CD4 + T cell counts, which were in the
upper range of those seen in steroid-treated patients (Fig.
2E-H). We did not observe a difference in the percentage
of proliferating or apoptotic T cells or of GRZB expression
in T cells between patients with or without corticosteroid
treatment.

Discussion

In this study we performed a detailed phenotypic charac-
terization of T and B lymphocytes in different types and
activity stages of multiple sclerosis lesions and compared
the findings with lymphocytic infiltrates in inflammatory,
non-inflammatory and normal controls. We have shown
before that active demyelination and neurodegeneration in
multiple sclerosis are associated with T cell, B cell and
plasma cell infiltrates (Frischer et al., 2009). However,
there is a subset of multiple sclerosis cases, in particular
of patients in the late stage of progressive disease, where
the lymphocytic inflammatory response has declined to
levels seen in age-matched controls. In these patients, no
active demyelination was present and acute axonal degen-
eration was similar in extent to the one seen in the ageing
brain of controls (Frischer et al., 2009). These data indicate
that T and B lymphocytes play an important role in the
induction of active multiple sclerosis-related tissue injury.


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awy151#supplementary-data
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Our study shows that substantial inflammation by T and B
cells is present in patients with active early (acute/relapsing)
as well as progressive disease, but that the overall extent of
inflammation is lower in the progressive stage compared to
that in the early stage. A limitation of our study is that only
a single case of relapsing multiple sclerosis is included and
that the results related to early disease stages are, thus,
biased by our findings in acute multiple sclerosis.
However, classical active lesions, which are present, but
rare in progressive multiple sclerosis (Frischer et al.,
20135), also showed profound inflammation, composed of
T and B cells, suggesting that the degree of inflammation is
mainly associated with the activity stage of the lesions
rather than with the clinical phenotype of the patients.
We did not find significant differences in the inflammatory
reaction between patients with primary or secondary pro-
gressive disease. While T cells in similar number and
phenotype were also present in the inflammatory controls,
lesions of acute multiple sclerosis patients and less promin-
ently those from patients with progressive multiple sclerosis
revealed a significantly higher B cell infiltration in compari-
son to ADEM, Rasmussen’s encephalitis or virus induced
inflammatory diseases of the CNS (Fig. 2). In contrast to
other controls, extremely high numbers of B cells were pre-
sent in the case of multiple sclerosis-like human demyelinat-
ing autoimmune encephalomyelitis (Hoftberger et al.,
2015). Immunization in humans with brain tissue or anti-
gens in the vast majority of cases results in inflammatory
polyradiculoneurits or ADEM, which are believed to be T
cell-mediated autoimmune diseases (Stuart and Krikorian,
1928; Alvord, 1970). However, a small subset of patients
develop inflammatory demyelinating lesions, which closely
reflect those seen in acute multiple sclerosis (Uchimura and
Shiraki, 1957; Hoftberger et al., 2015). Such a case has
been included in our present study. Overall, our data
show that CD8 + T cells and CD20+ B cells dominate in
inflammatory demyelinating lesions of multiple sclerosis in
all disease stages.

Potential contribution of different
lymphocyte subsets to the
pathogenesis of multiple sclerosis

MHC class Il restricted CD4+ T cells

Based on the human leucocyte antigen (HLA) association of
multiple sclerosis and experience with the model of auto-
immune encephalomyelitis, MHC class II-restricted CD4 +
T cells, polarized towards Th17 cells, are believed to be
major drivers of the inflammatory reaction in multiple
sclerosis (Hohlfeld et al., 2016b). This is in contrast to
the observation from pathology that CD4+ T cells are
only a quantitatively minor population and show little
clonal expansion in the multiple sclerosis lesions (Booss
et al., 1983; Babbe et al., 2000; van Nierop et al., 2017).
It has been argued that the massive skewing of the inflam-
matory cells towards CD8 + T cells may be due to the fact
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that in most studies only patients from late stages of relap-
sing or progressive disease were included. However, in our
study we have analysed a substantial number of patients
with acute multiple sclerosis and a clinical duration from 7
days to a few months. In these patients, too, CD8 + T cells
invariably dominated the lesions and the CD4+ T cell
component was minor. One can argue that CD4 + T cells
may initiate fresh lesions and are quickly eliminated from
the tissue by apoptosis, as has been shown in EAE models
(Schmied et al., 1993). However, very few, if any, apoptotic
CD4 + T cells could be detected in multiple sclerosis lesions
in the current study. Results from clinical trials, selectively
targeting CD4 cells were, so far, negative (van Qosten
et al., 1997; Segal et al., 2008) and key cytokines, defined
in the inflammatory process in CD4 + T cell-mediated EAE,
showed in part opposite roles in patients with multiple
sclerosis  (Panitch et al., 1987, Arnason, 2011).
Nevertheless, our present results do not rule out a role of
these cells in the induction phase of the disease or the ini-
tiation of fresh lesions.

MHC class | restricted CD8+ T cells

On a quantitative basis, CD8 + T cells were the dominant
lymphocyte population in all stages of disease and lesions
of multiple sclerosis patients. This dominance of CD8 cells
is not specific for multiple sclerosis, but was observed to a
similar extent in patients with Rasmussen’s encephalitis or
virus induced inflammatory brain diseases. Our data sug-
gest that these cells are in part activated within the CNS
lesions, reflected by proliferation and expression of the ac-
tivation marker NFAT2. In addition, the cytotoxic poten-
tial of these cells is reflected in the expression of GZMB.
Notably, the CD8 + cells are in part destroyed locally by
programmed cell death (apoptosis). These phenotypic char-
acteristics of infiltrating T cells were most prominent in the
patient with post-infectious ADEM and a clinical disease
history of only 2 days. They were much less pronounced in
patients with acute multiple sclerosis, in patients with dis-
ease duration of 7 days to 7 months, and even less in pa-
tients with progressive multiple sclerosis with disease
duration of several years. However, even in these patients,
focal clusters of activated T cells were seen, possibly reflect-
ing their antigen-specific activation (lijima and Iwasaki,
2015).

The majority of CD8 + T cells showed features described
for tissue-resident memory cells, such as being CD8a/u
double positive (Konno et al., 2002; Fan and Rudensky,
2016). One reason for their persistence in the tissue may
be that they downregulate the expression of S1P1 and
CCRY7 receptors, which are instrumental for the egress of
lymphocytes from tissue sites, and which are downregu-
lated when CD103 is induced (lijima and Iwasaki, 2015).
We have shown before that lymphocytes in multiple scler-
osis lesions do not express CCR7, which differs from the
strong expression of this chemokine receptor in lympho-
cytes of the CSF (Kivisakk et al., 2004). In our present
study, we confirm previously published data on S1P1
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expression in astrocytes and endothelial cells (Van Doorn
et al., 2010; Brana et al., 2014). Importantly, we now show
the lack of S1P1 expression on leucocytes within estab-
lished multiple sclerosis lesions. The cells in part expressed
CD103 mainly in active lesions of acute multiple sclerosis.
CD103 has been suggested to be involved in the downre-
gulation of the molecules involved in lymphocyte egress
from the tissue, such as S1P1 (Schenkel and Masopust,
2014; Steinbach et al., 2016). One local cue stimulating
the expression of CD103, and possibly the local develop-
ment of tissue-resident memory T cells (Zhang and Bevan,
2013), is TGF-B (Koyama and Podolsky, 1989; lijima and
Iwasaki, 2015), which we found to be highly expressed in
astrocytes in active lesions in early stages of multiple scler-
osis but not in slowly expanding lesions of progressive mul-
tiple sclerosis. Thus, CD103 may be involved in the
induction of a tissue-resident phenotype, but its expression
may be lost at late stages of chronic inflammation.
However, we did not detect an expression of CD69 in
the T cells. CD69 was highly expressed in oligodendro-
cytes, as shown before in rodents (Miyamoto et al.,
2016) and in a subset of macrophages. This is different
from results of a recent study (van Nierop et al., 2017),
which described that T cells in lesions of patients with late
progressive multiple sclerosis are CD69 + but lack CD103
expression. Both markers, however, are not necessarily ex-
pressed in tissue-resident memory T cells in chronic inflam-
mation (Steinert et al., 2015).

In virus-induced skin or brain disease effector T cells
migrate into the lesions in the acute stage and eliminate
the pathogen. Following this early phase of invasion, the
cells become tissue-resident memory cells, which persist
within the tissue for long times in an inactive state but
can be reactivated when they become re-exposed to their
specific antigen (Konno et al., 2002; Wakim et al., 2010;
Mueller and Mackay, 2016). Thus, these cells play a cen-
tral role in the establishment of a tissue-specific immunolo-
gical memory. Their activation after new exposure to their
cognate antigen may locally propagate chronic compart-
mentalized inflammation and tissue damage in the multiple
sclerosis brain.

CD20+ B cells

Our study shows a prominent contribution of CD20 posi-
tive B cells to the inflammatory response in multiple scler-
osis, which was particularly high in patients at early stages
of multiple sclerosis and even in progressive multiple scler-
osis significantly higher compared to that seen in the other
inflammatory controls. In contrast to CD20 + cells, infiltra-
tion with plasma cells in the meninges and perivascular
space is highest in patients with progressive disease
(Frischer et al., 2009), suggesting a gradual differentiation
of infiltrating B cells into a stable plasma cell population.
This view is further supported by the expression of CD27
and CD38 in cells of the B cell lineage in the lesions.
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Although the overall contribution of B cells to the inflam-
matory infiltrates in multiple sclerosis was lower compared
to that of CD8 + T cells, the extent of B cell infiltration in
the lesions may be underestimated in our study. In contrast
to T cells, B cells are mainly seen in the perivascular space
of medium-sized veins and restricted to a small number of
these vessels located in the plaque centre. Although we have
used large numbers of serial sections, single vessels with
prominent B cell infiltration may have been missed, in par-
ticular in patients with progressive multiple sclerosis and
large lesions. Recent observations of a prominent effect of
therapies, targeting B cells in multiple sclerosis patients,
suggest their major role in the inflammatory process in
this disease (Hauser et al., 2008; Montalban et al., 2017).
The role of B cells in multiple sclerosis lesions is currently
unresolved and may include direct pro-inflammatory ef-
fects, indirect effects on T cells through antigen presenta-
tion or the infection with Epstein-Barr virus in the
peripheral immune system or the brain (Lehmann-Horn
et al., 2017). In addition, CD20+ T cells may play a role
in the pathogenesis of the disease (Schuh er al., 2016). It is
noteworthy that, similar to what has been described in ex-
perimental models, plasma cells appear to be a prominent
source of the anti-inflammatory cytokine IL-10 within the
CNS (Fillatreau, 2015).

Relation of lymphocyte infiltration
with tissue injury

We have shown previously that in the late stages of pro-
gressive multiple sclerosis inflammation composed by T and
B cells may decline to levels seen in age-matched controls
(Frischer er al., 2009). In these patients, no evidence for
ongoing demyelination was seen and also acute axonal
injury declined to the levels seen in age-matched controls.
These data suggest that lymphocytic inflammation is an
important driver for multiple sclerosis-related active demye-
lination and tissue injury (Frischer et al., 2009). The patho-
logical data presented here, however, argue against a direct
cell contact-mediated active demyelination. At the sites of
active myelin destruction, the number of tissue infiltrating T
or B cells was very low in comparison to that seen in more
advanced lesion stages (Barnett and Prineas, 2004; Marik
et al., 2007) and the majority of T and B cells were present
in the perivascular cuffs, distant from the sites of initial
myelin and axonal injury. A similar pattern of inflamma-
tion in relation to active tissue injury has been described in
cortical lesions (Kutzelnigg et al., 2005; Magliozzi et al.,
2010; Howell et al., 2011). These data suggest that demye-
lination and acute neurodegeneration are induced by sol-
uble factors, produced by lymphocytes, which diffuse into
the tissue and trigger demyelination either directly or indir-
ectly through microglia activation. This view is supported
by the presence of a multiple sclerosis-specific soluble factor
in the serum and CSF, which may induce demyelination
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and neurodegeneration in tissue culture in vitro (Bornstein
and Appel, 1965). In EAE following immunization with
myelin  oligodendrocyte glycoprotein  (MOG) specific
demyelinating  autoantibodies have been identified
(Linington et al., 1988), but such demyelinating anti-
MOG antibodies appear to be a feature of MOG anti-
body-associated inflammatory demyelinating disease, but
not of multiple sclerosis patients (Jarius et al., 2016). The
nature of the demyelinating or neurotoxic factor in multiple
sclerosis patients is currently undefined. Recent studies sug-
gest that they are not immunoglobulins, but other soluble
factors produced by B lymphocytes of multiple sclerosis
patients (Lisak et al., 2012, 2017).

Conclusions

The results of our study underline the importance of T and
B lymphocytes in the pathogenesis of multiple sclerosis le-
sions. The dominance of tissue-resident CD8 + T cells in-
dicates that these cells survive and persist in the CNS,
becoming trapped or compartmentalized in the brain and
spinal cord. The function of these cells is so far undefined.
As in virus-induced brain or skin diseases, they may be
quiescent resident memory T cells, which become activated
and promote inflammatory tissue damage, when confronted
with their cognate antigen (lijima and Iwasaki, 2015).
Alternatively, they may be regulatory T cells, which protect
the brain against further immune-mediated damage. As
classical effector T cells, regulatory T cells may also
become activated, proliferate and by using GZMB-related
cytotoxic mechanisms can eliminate pathogenic effector T
cells or produce anti-inflammatory cytokines (Cao et al.,
2007; Hogan, 2017). However, we did not find evidence
for the production of the key anti-inflammatory cytokines
TGF-B and IL-10 in these cells. Further studies aiming to
decipher the antigen-specificity of tissue infiltrating lympho-
cytes in multiple sclerosis patients will be essential to clarify
their role in multiple sclerosis (Hohlfeld et al., 2016a).
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