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Abstract

Abstract

Anti-CD20 antibody (ab) treatment exhibits an unprecedented therapeutic benefit in multiple
sclerosis (MS). The very fact that B cell depletion is effective in a disease that was generally
considered T cell-driven was astonishing. In addition to the extensive analysis of B cells, it also
led to the discovery and the consideration of CD20* T cells in MS pathology. CD20* T cells
are described as a small population of T cells that is increased in autoimmune diseases such as
MS, but little else is known. Therefore, we wanted to understand which role CD20™ T cells play
in MS and dissect whether their depletion by anti-CD20 abs partakes in the positive therapeutic
effect. We also wanted to analyze the origin of CD20* T cells in MS and in experimental
autoimmune encephalomyelitis (EAE) as our model system.

In this context, we discovered and described CD20" T cells in mice. Since we were unable to
expand the CD20" T cell population in vitro without B cell-dependent T cell activation, we
ascertained that murine CD20" T cells cannot endogenously express CD20. As a result, we
examined the hypothesis of a trogocytotic transfer of CD20 from CD20-highly expressing
B cells to T cells during antigen-dependent T cell-B cell interaction. We could demonstrate in
various invitro and invivo experiments that trogocytosis is indeed the actual origin of
CD20" T cells in mice. These results suggest that CD20 on T cells could serve as a marker for
T cell activation by B cells.

In EAE mice, but also in MS patients, we could determine CD20" T cells to be predominantly
proinflammatory cells, which strongly express pathogenic attributes, promoting their potential
relevance in MS development and progression. The expansion of CD20* T cells in EAE mice
and MS patients and their depletion with anti-CD20 antibodies in both species furthers the
hypothesis of their pertinence in the disease.

Ultimately, adoptive transfer experiments and the characterization of CD20" T cells in greater

detail strongly indicate their pathogenicity in EAE, respectively MS.
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1. Introduction
1.1.Multiple Sclerosis

MS is a chronic inflammatory demyelinating disease of the central nervous system (CNS)
concerning approximately 2.8 million people worldwide® 2. Its incidence is higher in women
than in men with an average onset age of 30 years® %4, In 1996, the US National Multiple
Sclerosis Advisory Committee on Trials in MS provided standardized definitions for four main
MS clinical courses: relapsing-remitting (RR), which gradually transitions into a secondary
progressive (SP) disease course in 80 % of the patients one to two decades after RRMS
diagnosis, primary progressive (PP), and progressive relapsing (PR)°.

In 2014, Lublin et al. reviewed these definitions and softened them into two main clinical
courses: primarily progressive and primarily relapsing disease courses. Additionally, the
primarily relapsing course is divided into active and not active, while the primarily progressive
course is divided into active with progression, active without progression, not active with
progression, and not active without progression. Activity is defined by magnetic resonance
imaging (MRI) activity and/or clinical relapses®.

About 85 % of MS cases show a primarily relapsing clinical course with an initial episode of
neurological dysfunctions followed by a remission period with clinical recovery. In the
aftermath, recurring bouts of relapses and remissions define this clinical course. Relapses
coincide with inflammation and demyelination of the CNS that are discernible in MRI as MRI
lesions*. Over time, the improvement after relapses, occurring in the remission phase can
diminish and the patient gradually transitions into a more progressive disease course (SP) with
proceeding disability®. At this stage, inflammatory lesions are no longer characteristic, and a
progressive neurological decline is additionally accompanied by CNS atrophy. CNS atrophy is
defined by decreased brain volume and increased axonal loss®.

About 10 % of MS patients show a primarily progressive clinical course. This is generally
diagnosed in older patients and considered more aggressive, with a faster decline, progression,
and an relative absence of the RR stages characteristic for the primarily relapsing disease
course’.

Clinical symptoms of MS vary from fatigue, motor impairments, sensory and visual
disturbances to pain and cognitive impairments. The specific symptoms in each patient are
derived from the location of the MS lesion in the brain and/or spinal cord!. Lesions are caused
by immune cells crossing the blood-brain barrier, accumulating and attacking the CNS.

Therefore, lesions are considered a hallmark of MS and are widely used as diagnostic criterion®.
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CNS-infiltrating cells are predominantly T cells, but also B cells and other antigen-presenting
cells migrate into the CNS (Fig.1). This causes CNS-inflammation, demyelination, gliosis, and
neuroaxonal degeneration, which leads to demyelinated areas in the white and grey matter of
the brain and spinal cord through the loss of myelin sheaths and oligodendrocytes, resulting in
the disruption of neuronal signaling®.

The exact cause of MS remains unknown. Two models of MS development are taken into
consideration. One is the inside-out, CNS-intrinsic model, where events in the CNS might lead
to the release of CNS antigens into the periphery. Such antigens could already be observed in
the cervical lymph nodes of MS patients® and might trigger disease development via priming
lymphocytes for CNS antigen* 1011,

The outside-in, CNS extrinsic (peripheral) model on the other hand suggests the activation of
T cells in the periphery'? 1314 Those activated, autoreactive T cells then migrate to the CNS
along with activated B cells and monocytes®®. The outside-in model is consistent with EAE, a

MS model in animals®.
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Fig.1: Model of autoimmune processes in multiple sclerosis® 7

This model illustrates the inside-out model. Here, CNS antigens are released into the periphery, where it is
presented to T cells by various antigen-presenting cells like B cells and dendritic cells. The activated, auto-
aggressive T cells then travel through the blood-brain barrier into the CNS, where they are reactivated by CNS-
inherent or -infiltrated antigen-presenting cells and attack and destroy the myelin sheath. Additionally, auto-
aggressive T cells release proinflammatory cytokines to further inflammation. CNS-antigen activated B cells also
migrate through the blood-brain barrier into the CNS, where they can release proinflammatory cytokines,
reactivate T cells or differentiate into plasma cells and release CNS-directed antibodies. CNS-infiltrating
macrophages and CNS-inherent microglia phagocyte myelin debris, resulting from autoimmune demyelination.
However, anti-inflammatory B and T cells also migrate into the CNS, where they release anti-inflammatory
cytokines. Th = Thelper; Tc = cytotoxic T cells; IL = Interleukin; IFNy = Interferon-y; TNFo = tumor necrosis
factor a; GM-CSF = granulocyte-macrophage colony-stimulating factor.
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1.2.Experimental autoimmune encephalomyelitis

EAE is the most commonly used animal model in MS research'® . EAE is an inflammatory
disease of the CNS, induced via an immune response against CNS-specific antigens®. It can be
induced in various species, e.g. in guinea pigs, monkeys, mice and rats?t. Here, the focus lies
on EAE in mice. Generally, EAE can be induced in three different ways, which lead to either
an acute monophasic, a relapsing-remitting or a chronic progressive disease course. EAE
induction can be divided into spontaneous EAE, an active EAE induction, and passive EAE*®.
In spontaneous EAE, mice are genetically modified to spontaneously develop EAE at a certain
age. One example for such a genetic modification is the expression of B cell- and T cell-
receptors against myelin peptides such as myelin oligodendrocyte glycoprotein (MOGgs.ss5)?2.

In active EAE induction (Fig.2), a CD4" T cell-mediated inflammation is evoked by
subcutaneous injection of CNS-specific antigens emulsified in complete Freud’s adjuvant
(CFA), which contains immune stimulants. This results in the generation of pathogenic
CD4" Thl and Th17 cells in the immunization draining lymph nodes and secondary lymphatic
organs. The generated proinflammatory T cells, along with activated B cells and other antigen-
presenting cells such as dendritic cells, enter the circulation and migrate through the blood-
brain barrier to cause inflammation within the CNS, leading to demyelination and axonal loss?.
In addition, Pertussis toxin (PTX) is injected to induce high frequencies of activated immune
cells, e.g. peptide-specific Thl cells?*. This form of EAE provides a powerful model to study
the pathogenesis and immune regulation of Thl/Th17-mediated myelin damage, which is
considered a relevant model for the autoimmune aspects of MS?% 26:27,

The primarily utilized CNS-specific antigens to induce EAE are MOG, myelin basic protein
(MBP) and proteolipid protein (PLP). In SJL/J mice, immunization with the immunodominant
epitope of PLP, PLP139.151, induces a relapsing-remitting EAE course?®. Immunization of young
C57BL/6 mice with the immunodominant epitope of MOG, MOGasss peptide, or the
recombinant MOGj1.117 protein leads to an acute, monophasic EAE course. However, in middle-
aged male C57BL/6 mice immunized with the MOGass.s5 peptide, develop a severe chronic
EAE?L. While all models generate auto-inflammatory CD4" T cells, the MOGi.117 protein
model also generates a population of antigen-activated B cells, which promote the development
of antibodies against MOG protein?®. Therefore, this model is considered a B cell-mediated
EAE model, while immunization with MOGss.ss peptide is a mainly T cell-driven model?®.

To induce passive EAE, myelin antigen-activated and recombinant IL-12 and anti-IFNy
stimulated T cells are adoptively transferred to naive mice, which leads to a relatively rapid
onset of EAE®® 3L,
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The clinical manifestation of EAE in C57BL/6 mice immunized with MOGsas.s5 peptide or
MOG:-117 protein is an ascending paralysis, starting at the tip of the tail and progressing from
complete tail paralysis to complete hindlimb paralysis. In more severe EAE cases, hindlimb
paralysis is followed by forelimb paralysis and subsequently death (Fig.2)%2.

d0 + d2: Pertussis Toxin

do: MOG,__, peptide
or MOG
in CFA

111, Protein

Fig.2: Model of EAE induction in the mouse

Healthy mice are immunized via a subcutaneous injection with an emulsion composed of CFA and a CNS antigen
(here MOGgs.ss peptide or MOGs.117 protein) on d0. Additionally, PTX is injected intraperitoneally at dO and d2.
At d10-14 post immunization, mice develop ascending paralysis beginning at the tip of the tail and progressing to
complete hind limb paralysis.

1.3.T cells in MS, respectively EAE

Pathogenic T cells are considered important effector cells of MS, respectively EAE?® 33,
Accordingly, T cells are frequently examined for their impact on disease development and
progression. T cells can be divided in two main subgroups: CD4" and CD8" T cells. There are
four main subsets of CD4" T cells (Fig.3)%*:

e Thl cells are defined by their expression of the chemokine receptor CXCR3®, the
transcription factor Tbet, and their signature cytokine IFNy? 3¢;

e Th2 cells are characterized by their expression of the transcription factor GATAS, the
chemokine receptor CCR4*® and the production of the anti-inflammatory cytokines 1L-4
and I1L-10%;

e Thl7 cells can be distinguished by their expression of the transcription factor RORyt
and production of the proinflammatory cytokine IL-17%7;

e Treg cells are characterized by their expression of the activation marker CD25, the
transcription factor Foxp3 and the production of anti-inflammatory cytokines such as

IL-10 and TGF-p.
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Originally, Th1 cells were thought to be the main pathogenic T cells in MS and EAE®. This
hypothesis was assumed since IFNy, a proinflammatory cytokine mainly expressed by
Th1 cells, worsened disease in MS patients. Direct injection of IFNy into the CNS caused an
inflammatory pathology resembling EAE*® 442 Furthermore, IFNy disrupts tight junctions
and induces adhesion molecule expression on the blood-brain barrier endothelial cells. This
allows the transendothelial migration of CD4* T cells into the parenchyma®3. Within the CNS,
astrocytic chemokine production is also triggered by IFNy, which leads to the enhanced
recruitment and activation of myeloid cells**. In MS, IFNy was found to be increased in the
blood, cerebrospinal fluid (CSF), and brain lesions of MS patients*> 6 and IFNy levels are
positively correlated with disease activity*’. Additionally, mice unable to express 1L-12p40, a
component of IL-12, which is required for Th1 T cell differentiation, were resistant to EAE
induction*®. However, it was discovered that mice lacking Thl cells and therefore IFNy,
develop a more severe EAE®.

This paradox was resolved by discovering that 1L-12 shares the subunit p40 with the cytokine
IL-23%. Mice that were deficient in the IL-23-specific subunit p19 were completely resistant to
active EAE®!, while mice deficient in the IL-12-specific subunit p35 developed a more severe
EAE®? %3, just as mice deficient in IFNy. IL-23 promotes encephalitogenic Th17 cells?® that
furthers inflammation due to their IL-17 secretion®. IL-17 also increases blood-brain barrier
permeability in vitro®® and induces chemokine production by CNS-resident cells®® >, In MS,
higher frequencies of IL-17-producing Th17 cells could be observed in the CSF of RRMS
patients during relapse compared to in remission®®, However, blocking of the p40 subunit
showed no clinical benefit in MS>. Similar to IFNy, IL-17 was shown to be dispensable for
EAE, since EAE could be actively induced in IL-17A7 mice by adoptive transfer of
IL-177 CD4" T cells®.

Due to the fact that neither IFNy nor IL-17 are essential for EAE induction, but both Thl and
Th17 cells can independently induce EAE?> %, GM-CSF, another cytokine that is produced by
both T cell subsets was analyzed®? ©. In mice deficient in GM-CSF or its receptor, a strong
resistance to EAE induction could be observed®. Additionally, the adoptive transfer of
GM-CSF-deficient Thl- and Thl7-polarized cells strongly reduced EAE manifestation and
completely prevented EAE induction in some mice®® %5 GM-CSF-producing T cells are also
increased in the blood and CSF of MS patients and have been identified in active MS lesions®’.
Another cytokine produced by Thl and Th17 cells is TNFa?®. The overexpression of TNFo. in
the CNS resulted in demyelination® ® whereas blocking of TNFa before disease onset

extenuates EAE’® "1, Mice deficient in TNFR1, one of the two distinct TNFa receptors, are
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completely resistant to EAE or develop a milder case’ . TNFR1 signaling supports the
migration of leukocytes into the parenchyma by promoting chemokine and adhesion molecule
expression of CNS-resident cells in EAE™ and triggers oligodendrocyte death®. TNFo levels
in the blood and CSF have also been shown to correlate with MS disease activity” ®.

In contrast to the proinflammatory, disease-promoting effect of Thl and Th17 cells, Th2 and
Treg cells exhibit an anti-inflammatory, autoimmune-mediating effect. In Tregs, expression of
CD25 contributes to maintaining self-tolerance via the down-regulation of immune responses
to self and non-self antigens’’. In addition, the expression of Foxp3 in Tregs is essential for
immune-regulatory functions’® 7°. Moreover, transfer of Tregs in MOG-induced EAE
ameliorated disease severity®. It could be shown that the positive effects of Treg cells is due to
their secretion of anti-inflammatory cytokines such as 1L-10, since IL-107" Tregs failed to
influence EAE®L. Furthermore, their production of TGF-B can suppress MOG-specific Th17
responses and protect against EAE®,

Th2 cells can also function as EAE regulators, mainly through their secretion of the anti-
inflammatory cytokines I1L-4 and 1L-10%3, Especially 1L-10 seems to be effective since IL-10
transgenic mice were observed to be highly resistant to EAE induction while 1L-107- mice were

highly susceptible®.

o * IFNy
° % ° TNFe CXCR3'
o GM-CSF o ® IFNy
® ¢ ° TNFa
[ I ]
o GM-CSF

IL-17

e * TNFa *® 17
..'

/1N
QLY

Fig.3: T cell subtypes

Naive CD4* T cells can differentiate into various T helper cells: proinflammatory IFNy-, TNFa- and GM-CSF-
cytokine expressing CXCR3*Thet* Thi, anti-inflammatory IL-4 and IL-10-expressing CCR4*GATA3* Th2,
proinflammatory IL-17-expressing RORyt" Thl7 or anti-inflammatory TGF-p and IL-10-expressing
CD25*Foxp3* Treg cells. Naive CD8* T cell can differentiate into various cytotoxic T cells: proinflammatory
CXCR3*" IFNy-, TNFa- and GM-CSF-expressing Tcl, proinflammatory IL-17-expressing Tcl7 or anti-
inflammatory IL-4-expressing Tc2 cells.
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CD8" T cells, the other main T cell subgroup, can also be divided in three main subsets (Fig.3):

e Tcl are characterized by the expression of the chemokine receptor CXCR3 and their
secretion of IFNy and TNF8® 887,

e Tc2 cells are characterized by their secretion of 1L-4%’;

e Tcl7 cells are defined by their production of 1L-17%88°,

CD8" T cells occur at a higher frequency in MS lesions than CD4" T cells. They show
oligoclonal expansion in the blood, CSF and plaques®, indicating their pathogenicity in MS.
Myelin-specific CD8" T cells could also be detected in MS®L. In addition, the cytokines secreted
by CD8" T cells take similar effects as the same cytokines produced by CD4" T cells.
Therefore, CD8" T cell cytokine expression can have proinflammatory (IFNy, GM-CSF, TNFq,
IL-17) as well as anti-inflammatory (IL-4) effects in MS, respectively EAEY’,

To further analyze T cells in this study, various other surface molecules and cytokines were
measured:

e [L-2, also known as T cell growth factor, functions as a potent mitogen and growth
regulator of T cells in vitro and expressed by all T cell subsets®* %,

e CD25 and CD69 are T cell activation markers, in which CD69 is a marker for early
activation®* and CD25 mainly marks late activation®.

e Lymphocyte function-associated antigen 1 (LFA-1 or CD11a) and o4 integrin (VLA-04
or CD49d) are T cell adhesion molecules, required for T cells to migrate through the
endothelial cells of the blood-brain barrier into the CNS% ¥

Additionally, T cell maturation was tracked via the expression of various surface molecules. In
this study, T cells are divided in the maturation stages of (Fig.4)%:

e CCR7'CD45RO" naive (Tn) or stem cell-like T memory cells (Tscm),

e CCR7'CD45R0O" central memory T cells (Tewm),

e CCR7CD45RO" effector memory T cells (Tewm),

e CCR7'CD45RO" terminally differentiated T cells (Temra).

Due to e.g. stimulation by an antigen-presenting cell, Tn cells maturate from Tcwm to Tem to
Temra cells. Thereby, they lose their stem cell-like potential and proliferation capacity and gain

effector function and increased peripheral homing®e.
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Terminally
Stem cell-like Central memory Effector memory differentiated
naive T cell memory T cell T cell T cell T cell
CD45RO - - + + -
CCR7 + + + - -

Fig.4: T cell developmental stages®®

T cells occur in the periphery in a naive state, before they are activated by antigen-presenting cells. Then, they
develop from naive cells (Tn) to stem cell-like memory (Tscwm) to central memory (Tcwm) to effector memory (Tewm)
and finally to terminally differentiated T cells (Temra). Stem cell like potential and proliferation capacity decrease
with maturation, while effector function and peripheral homing increase.

1.4.Anti-CD20 antibody therapy

The development of anti-CD20 monoclonal antibodies (abs) started in 1980, when CD20, a
transmembrane protein expressed on B cells, was identified®®. CD20 can be detected on B cells
from the pre-B cells stage up until the plasma cell stage during B cell maturation®. Despite
various approaches, the role of CD20 on B cells remains unclear and no ligand has been
identified so far. The effect of anti-CD20 abs is due to their binding to CD20 on the surface of
B cells. This binding induces significant complement-dependent cytotoxicity, antibody-
dependent cellular cytotoxicity, and antibody-dependent phagocytosis, leading to the depletion
of CD20-expressing B cells*®®. Using CD20 as target molecule is advantageous since CD20 is
expressed on B cells in the maturation stages, in which B cells actively participate in
inflammatory processes such as T cell activation®®. However, longterm immunities acquired by
previous infections or via vaccinations are not abolished, since plasmablasts and plasma cells
responsible for longterm immunity do no more express CD20*%. Admittedly, it has to also be
considered that a depletion of mature B cells also leads to a stop in the replenishment of
plasmablasts and plasma cells. Since those cells do not have an infinite lifespan, permanent
B cell depletion also results in the gradual loss of plasma cells and plasmablasts. This loss leads
to the reduction of IgM and IgG antibodies in the serum of anti-CD20 ab treated MS patients
and a potentially increased risk for the contraction of infectious diseases!®*.

Treatment with anti-CD20 abs led to an impressive activity in patients with B cell
malignancies'®2. In 1997, the US Food and Drug Administration (FDA) approved the first anti-
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CD20 ab rituximab for the treatment of relapsed or refractory non-Hodgkin lymphoma!®,
Rituximab is a humanized chimeric monoclonal anti-CD20 antibody!®. In 2004, rituximab
therapy was tested and used for the treatment of inflammatory, autoimmune diseases, starting
with rheumatoid arthritis (RA)'%. Here, the hypothesis was that the removal of autoantibody
producing and/or T cell-activating B cells might lead to a clinical improvement. And indeed,
anti-CD20 ab treatment exhibited an indisputable clinical benefit in RA treatment!. Therefore,
treatment with anti-CD20 abs was examined in other autoimmune diseases including systemic
lupus erythematosus (SLE) and MS!. In RRMS, a single course of rituximab treatment

108 - An observational

reduced inflammatory brain lesions and clinical relapses for 48 weeks
study in RRMS and PPMS for rituximab therapy revealed its safety and effectiveness in the
treatment of RRMS. Additionally, some PPMS patients could also benefit from rituximab
therapy'®. Over time, several potentially improved anti-CD20 antibodies were developed. One
of those newly developed antibodies was Ocrelizumab, a humanized anti-CD20 monoclonal
antibody with the same CD20 binding site as rituximab (Fig.5)'*°. Another was Ofatumumab a
fully humanized monoclonal anti-CD20 antibody with a binding site different from
rituximab/ocrelizumab!**.

The observed clinical benefit of anti-CD20 therapy in MS was surprising, since MS was
considered a mainly T cell-driven disease?. Therefore, CD20* T cells, which were discovered

in the blood of healthy donors in 19932, must also be considered in this context.

Rituximab/Ocrelizumab
binding site

.
(RLLeee

Ofatumumab
binding site

o
$4448¢

Fig.5: Binding sites of anti-CD20 antibodies
Model of the transmembrane protein CD20 and the binding sites of the three main anti-CD20 abs.
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1.5.CD20" T cells

CD20" T cells (Fig.6) were first described by Hultin et al. in 1993!*2 in the blood of healthy
donors, where they accounted for 2.4+1.5 % of all peripheral blood lymphocytes. Before that,
CD20 was considered a marker exclusively expressed on B cells. After the discovery of
CD20" T cells was published, it was debated, if the dim CD20 signal on this small T cell
population occurs as flow cytometry artefact due to the unintentional analysis of B cell-T cell
doublets3. This controversy was mainly founded on the fact, that the group of Henry et al. was
unable to isolate the CD20* T cell population and expand them by direct T cell stimulation®2,
Ensuing studies could establish CD20* T cells as a subpopulation of T cells in the human blood
and various other compartments''* 5. An increase of CD20" T cells could be detected in
autoimmune diseases such as rheumatoid arthritis, where they accumulate in the synovial fluid
of inflamed joints''®. Additionally, CD20" T cells were detected in higher frequencies in the
blood of MS patients compared to healthy controlst> 7, Furthermore, an accumulation of
CD20* T cells could be observed in the CSF of MS patients!®®.

CD20" T cells were observed to have a primarily proinflammatory phenotype, due to their high
production of proinflammatory cytokines such as IL-17, IFNy and TNFa!'4. In ascites of
patients with ovarian cancer, CD20" T cells were expanded and exhibited a predominantly
Tcl effector memory phenotype!®, In primary Sjogren’s syndrome, a considerably large
percentage of IL-17-producing Th17 cells co-expressed CD20°, Since 1L-17°120:121 55 well
as IFNy*t 48 and TNFa'” 122, are known to play a considerable role in the development and
progression of these autoimmune diseases, CD20" T cells are considered as an important part
in autoimmune disease development and progression.

Since anti-CD20 ab treatment was shown to have a substantial therapeutic effect in rheumatoid
arthritis and especially in MS05 108, 110,123,124 * Antj-CD20 abs could also be determined to
deplete CD20" T cellst® 117125 particularly activated, myelin-specific CD20" T cells®. These
findings raised the question, if the depletion of CD20" T cells plays a considerable role in the

positive treatment effect of anti-CD20 ab therapy*2®.
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Fig.6: CD20* T cell
CD20* T cells are a population of approximately 3-5 % of all T cells that show a dim expression of the B cell
marker CD204,

1.6.Aim of the study

Anti-CD20 ab treatment leads to a positive treatment effect in MS patients!®®. CD20* T cells, a
small subset of T cells that was published to exhibit a proinflammatory phenotype!*, are also
depleted by this therapy*'” 1?°. The aim of the study was to determine if CD20" T cells play a
role in MS pathology and if their depletion is at least partially responsible for the positive
treatment effect of anti-CD20 antibody therapies. In addition, we examined the origin of
CD20" T cells and if they might represent a distinct T cell subset.

First, we determined, if CD20" T cells can be found in wild type mice, which represent our
main model organism. We were especially interested where CD20" T cells originate from and
if they are a uniform population or if CD20 is some kind of activation marker that can occur in
pro- as well as in anti-inflammatory T cells.

Secondly, we analyzed the potential pathogenicity of CD20" T cells via activation markers,
adhesion molecules and cytokine secretion in the mouse. We also investigated CD20* T cells
in the context of EAE, the murine model of MS.

Thirdly, we analyzed CD20" T cells in MS patients for their potential pathogenicity and their
depletion by anti-CD20 ab therapy. Since we found that CD20" B cells reoccur more

127

differentiated and activated in MS patients after anti-CD20 ab treatment stop~</, we examined

CD20" T cells before depletion and at reoccurrence to check for similar events.
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2. Material and Methods
2.1.Material
2.1.1. Reagents

Table 1: Reagents

Reagent Supplier

Acetic acid

Merck, Millipore, Darmstadt Germany

Anti-CD20 or isotype-control

Genentech, South San Francisco, USA

Agarose

Starlab Gmbh, Hamburg, Germany

B-Mercaptoethanol

Sigma Aldrich, USA

BD FACS Clean™

BD Biosciences, Franklin Lakes, NJ, USA

BD FACS Flow™

BD Biosciences, Franklin Lakes, NJ, USA

BD FACS Rinse™

BD Biosciences, Franklin Lakes, NJ, USA

BD FACS™ Lysing Solution, 10x

BD Biosciences, Franklin Lakes, NJ, USA

BD Pharm Lyse™, 10x

BD Biosciences, Franklin Lakes, NJ, USA

CFSE BioLegend, San Diego, CA, USA
Cytofix/Cytoperm™ BD Biosciences, Franklin Lakes, NJ, USA
Cytofix™ BD Biosciences, Franklin Lakes, NJ, USA

Chloral Hydrate Merck Millipore, Darmstadt, Germany

Citric acid Merck Millipore, Darmstadt, Germany

DAB Sigma-Aldrich Chemie Gmbh, Steinheim, Germany
DAPI Sigma-Aldrich Chemie Gmbh, Steinheim, Germany
DEPEX Vwr International, Darmstadt, Germany

DMSO Sigma Aldrich, St. Louis, Mo, USA

EDTA Carl Roth, Karlsruhe, Germany

Ethanol, 100 % Merck Millipore, Darmstadt, Germany

FCS Sigma Aldrich, St. Louis, Mo, USA

FoxP3 Fix/Perm Concentrate

eBioscience, San Diego, Ca, USA

FoxP3 Fix/Perm Diluent

eBioscience, San Diego, Ca, USA

FoxP3 Perm Buffer, 10x

eBioscience, San Diego, Ca, USA

GelRed

Biotium, Inc., Fremont, CA, USA

Go-Tag® Dna Polymerase Buffer, 5x

Promega, USA

Golgi Plug BD Biosciences, Franklin Lakes, NJ, USA
HCI Merck Millipore, Germany
H202, 30 % Merck Millipore, Germany

HyperLadder™ 50 bp

Meridian Bioscience, BioCat GmbH, Germany
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lonomycin

Sigma Aldrich, USA

Isopropyl alcohol

Th. Geyer GmbH & Co. KG, Germany

L-Glutamine, 200 mM

Sigma Aldrich, USA

LIVE/DEAD™ Fixable NIR Dead Cell
Stain Kit

Thermo Fisher Scientific, Waltham, USA

Mayer’s Hemalum

Merck Millipore, Germany

MemBrite™ Fix 488/515

Biotium, Inc., Fremont, CA, USA

MemBrite™ Fix 405/430

Biotium, Inc., Fremont, CA, USA

MOGs3s.55 peptide

Auspep, Parkville, Australia

MOG:.117 protein

GenScript Biotech, Leiden, Netherlands

NacCl, 0.9 % solution, sterile

B. Braun Melsungen Ag, Germany

NaCOs Merck Millipore, Germany
NaHCO; Merck Millipore, Germany
Paraffin Qil Carl Roth, Germany
PBS, sterile Sigma Aldrich, USA

Penicillin, 10 000 Units

Sigma Aldrich, USA

Perm/Wash™ Buffer, 10x

BD Biosciences, Franklin Lakes, NJ, USA

POX (Peroxidase conjugated Avidin)

Sigma Aldrich, USA

PFA, powder Merck Millipore, Germany
PMA Sigma Aldrich, USA
PTX Sigma Aldrich, USA
RPMI-1640 Sigma Aldrich, USA

Sodium Pyruvate, 100 mM

Sigma Aldrich, USA

gPCRBIO SyGreen

Nippon Genetics Europe GmbH, Dueren, Germany

TMB Moss Inc., Maryland, USA

Tris Carl Roth, Germany

Trypan Blue Sigma Aldrich, USA

Tween Merck Millipore, Germany

Xylol Th. Geyer GmbH & Co. KG, Germany

15




Material and Methods

2.1.2. Solutions and buffers

Table 2: Solutions and buffers

Solution/buffer Composition

Blocking buffer for e PBS
immunohistochemistry e 10%FCS
CFA o Paraffin oil

¢ 15 % mannide monooleate

e 6.7 mg/ml Mycobacterium tuberculosis
H37RA

Chloral hydrate, 14 % e distilled water

e 14 9% chloral hydrate

Citric acid buffer, 10 Mm e 2.1 gcitric acid

e 1l distilled water

e NaOH, adjust to pH 6
Coating buffer e 8.49gNaHCO3

e 3.5gNaCO3

e 11 distilled water

e  Stir filter, adjust to pH 9.5

Cryo medium e 60 % RPMI complete
e 20% DMSO
e 20% FCS
3,3’-Diaminobenzidine tetrachloride e PBS
(Dab) working solution e 0.5 mg/ml DAB

e add 20 ul 30 % hydrogen peroxidase per 50 ml
DAB solution before use

ELISA wash buffer e 1mlTween

e 1.8 distilled water
e 200 ml 10x PBS
ELISA stop solution e 1N H;SO; solution

1 % Eosin o 70 % isopropyl alcohol
e 1%eosinG

e stir filter, before use add 0.5 % acetic acid

Fluorescence-activated cell sorting e PBS, sterile
(FACS) buffer e 2%FCS
1% HCI e 1% HCI absolute
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70 % ethanol

Magnetic Activated Cell Sorting .
(MACS) buffer

PBS, sterile
0.5% FCS
2mM EDTA
pH 7.2

10x PBS o

95.5 g PBS

1 | distilled water

RD1 buffer (ELISA block buffer) o

200 ml 10x PBS
20 g BSA
1.8 | distilled water

RPMI complete o

RPMI-1640

10 % FCS

1 mM sodium pyruvate
50 uM B-Mercaptoethanol
100 units penicillin

2 mM L-glutamine

TAE (Tris, acetic acid, EDTA) buffer .

40 mM Tris

20 mM acetic acid

1 mM EDTA

1 | distilled water (adjusted to pH 8)

2.1.3. Consumables

Table 3: Consumables

Reagent Supplier

96-well round bottom plate

Sarstedt, Germany

96-well flat bottom plate

Greiner bio-one, Austria

96-well Transwell plate 0.4 pm

Sigma-Aldrich Chemie Gmbh, Germany

Cell strainer (70 pm)

Greiner bio-one, Austria

FACS Tube, 5 ml

Sarstedt, Germany

LS columns

Miltenyi Biotec, Germany

Needles

BD Biosciences, USA

Pre-Separation filters, 30 pm

Miltenyi Biotec, Germany

Syringes

BD Biosciences, USA

Tubes (50 ml, 15 ml, 10 ml, 2 ml, .5 ml, 0.5 ml)

Sarstedt, Germany
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2.2. Patients

Peripheral blood mononuclear cells (PBMCs) were obtained after informed consent. The
protocol was approved by the Ethics committee of the University Medicine of Gottingen,
approval number 3/4/14. For longitudinal analysis, only patients without cortisone-obligatory
relapse within the last three months before sample collection were included.

Table 4: Characteristics of the patient cohort

Number of patients (samples before/ depletion/ early repletion/ late 14 (11/13/10/10)
repletion)

Sex (w/m) 8/6

EDSS score at start of the study (median, IQR/range) 325

Age at start of study (years; mean + standard deviation (SD)) 40.36 = 9.09
Time since multiple sclerosis diagnosis (years; mean + SD) 11+6.54
Observation time after anti-CD20 treatment start (years; mean £ SD) 4.07 £0.83

Last treatment before rituximab (cases):
Dimethyl fumarate

Fingolimod

Azathioprine

Natalizumab

Glatiramer acetate

Methylprednisolone

None (i.e. treatment naive)

Wash-out periods (weeks; mean + SD)

(oY =Y I7V) NSRS (VIR RN T )

15+4.85

2.3. Animals

Table 5: Mouse lines
Mouse strain  Specifications

C57BL/6J 6-8 week old mice were purchased either from Charles River laboratories, Germany

or directly from the ZTE, the animal facility of the University medical center
Gottingen. 1 day-, 1 week-, 2 week- and 3 week-old mice were purchased from the

ZTE Gottingen.
Balb/c 6-8 week old mice were purchased from Charles River laboratories, Germany.
2D2 MOGss.s5 TCR transgenic 2D2 mice were kindly provided by Dr. Kuchroo (Boston,

USA) and bred at the ZTE, the central animal facility of the University medical
center Gottingen. We used hemizygous mice, which exhibit CD4* T cells
expressing the transgenic MOGss.ss specific TCR (defined by Valpha3.2 and
Vbetall expression) responsive to whole myelin oligodendrocyte glycoprotein and
to MOGss.s5 peptide.
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CD20KO CD20 knockout (KO) mice were generated by Genentech and bred at the animal
facility of the European neuroscience institute Gottingen. CD20KO mice are
genetically modified to not express the CD20 protein on any cell.

OT Il Ovalbumin 323-339 (OVAsz9-337) TCR transgenic OT Il mice were purchased from
Jackson Laboratory (Sacramento, California, USA; stock No: 004194) and bred at

the ZTE, the central animal facility of the University medical center Gottingen.
These mice express the mouse alpha-chain and beta-chain T cell receptor that pairs
with the CD4 co-receptor and is specific for chicken OV Aaszg.337 peptide in the
context of I-A°. This results in CD4* T cells that primarily recognize OVA peptide
residues 323-339 when presented by the MHC class |1 molecule.

MHC I1KO MHC 1IKO mice were purchased from Jackson Laboratory (Sacramento,
California, USA; stock No: 003584). This strain lacks MHC class Il genes H2-Ab1,
H2-Aa, H2-Ebl, H2-Eb2, H2-Ea, serving as an appropriate background for

developing xenogenic class Il MHC transgenic strains.

uMT UMT mice were purchased from Jackson Laboratory (Sacramento, California,
USA,; stock No: 002288) and bred at the ZTE, the central animal facility of the
University medical center Gottingen. These mice lack mature B cells, due to a
mutation in one of the membrane exons of the gene encoding the p-chain constant
region. Therefore, B cell development is arrested at the pre-B cell stage in these

mice.1?8

Mbl-cre Mb1-cre mice were purchased from Jackson Laboratory (Sacramento, California,
USA,; stock No: 020505) and bred at the ZTE, the central animal facility of the
University medical center Goéttingen. These mice lack mature B cells, since they
carry an allele in which exons 2 and 3 of the Cd79a gene have been replaced with
a codon optimized Cre recombinase gene and the ATG codon of exon 1 is deleted;
both abolishing endogenous Cd79a gene function and placing cre expression under
the control of the endogenous Cd79a promoter/enhancer elements. Cre recombinase

expression is directed at the earliest stages and throughout B-lymphocyte

development and differentiation.

All animal experiments and breeding were carried out in accordance with the guidelines of the
Central Department for Animal Experiments, University Medical Center, Gottingen and
approved by the Office for Consumer Protection and Food Safety of the State of Lower Saxony
(protocol number 33.9-42502-04-15/1804 and 33.9-42502-04-16/2267).
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2.4. Methods
2.4.1. EAE induction and scoring

Female C57BL/6J mice were immunized by subcutaneous injection with either 100 pg
MOGss.s5 peptide  (Auspep, Parkville, Australia) or 75 pug MOG;i.117 protein  (GenScript
Biotech) emulsified in CFA, containing 250 ug killed Mycobacterium tuberculosis H37 Ra.
This was followed by intraperitoneal injections of 200 ng of Bordetella pertussis toxin
(Sigma-Aldrich) at the day of immunization and 2 days after. Adoptive transfer EAE was
induced by immunizing donor mice with 200 pg MOGas.ss peptide. Spleens and inguinal lymph
nodes were extracted at d12 after immunization and single cell solutions thereof were
stimulated with MOGss.s5 peptide, recombinant IL-12 and anti-IFNy antibodies for 3 days.
Thereafter, B cells were removed via MACS separation and 1.44x10° lymph nodes cells or
20x10° splenocytes without B cells were i.v. injected into CD20KO mice. To deplete
CD20+T cells, mice received weekly intraperitoneal injections of 200 pg of murine anti-
CD20 ab or isotype-control (provided by Genentech). The EAE score, the measure of disease
severity, was evaluated daily and illustrated in a scale from 0 to 5: 0 = no clinical signs; 1.0 =
tail paralysis; 2.0 = hindlimb paresis; 3.0 = severe hindlimb paresis; 4.0 = paralysis of both

hindlimbs; 4.5 = hindlimb paralysis and beginning forelimb paresis 5.0 = moribund / death.

2.4.2. Anti-CD20 treatment
For depletion of CD20*T and B cells, C57BL/6J mice received weekly intraperitoneal
injections with either 200 pg of murine anti-CD20 or isotype-control (provided by

Genentech, South San Francisco, USA) for 3 weeks before further experiments.

2.4.3. Histology and immunohistochemistry

Mice were euthanized with CO, and transcardially perfused with PBS followed by 4 %
paraformaldehyde (PFA). CNS, spleen and liver were processed and embedded in paraffin.
1 um-thick slices were stained with hematoxylin and eosin (H&E). T cells and B cells were
detected by immunohistochemistry with an avidin-biotin technique using antibodies specific
for CD3 (SP7; DCS Innovative Diagnostik-Systeme) and CD45R/B220 (RA3-6B2; BD
Biosciences) and their respective secondary antibodies (Table 6). Histological sections were
captured using a digital camera (DP71; Olympus Europa GmbH, Hamburg, Germany) mounted
on a light microscope (BX51; Olympus Europa GmbH). Inflammatory cells were quantified at
400x magnification using an ocular counting grid and are shown as cells/mm2. At least 6 spinal
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cord cross sections were taken for each analysis. Slices of spleens from puMT and wild type
mice were pretreated with citrate buffer and stained with the primary antibodies anti-B220
(RA3-6B2; BD Biosciences) and anti-CD3 (SP7; DCS Innovative Diagnostik-Systeme),
followed by staining with the respective secondary antibodies anti-rat AF488 (Dianova),

anti-rabbit Cy3 (Jackson ImmunoResearch) and DAPI (dilactate; Invitrogen).

Table 6: Antibodies for immunohistochemical staining

Reactivity Antigen Species  Clone Antigen retrieval/ = Dilution Supplier

fixation

microwave, citrate DCS Innovative
mouse 12 buffer Diagnostik-
Systeme, Germany
B220 rat RA3- | microwave, citrate | 1:200 BD Biosciences,
6B2 | buffer USA
Secondary | Anti-rabbit | goat - - 1:200 Jackson Immuno
antibodies | Cy3 Research, USA
Anti-rat goat - - 1:200 Dianova, Germany
AF488
Anti-rabbit | goat - - 1:100 Jackson Immuno
Research, USA
Anti-rat goat - - 1:500 DCS Innovative
Diagnostik-
Systeme, Germany

2.4.4. Isolation of human and murine leukocytes

Human PBMCs from healthy donors and MS patients were isolated with ficoll gradient

centrifugation (Biochrom GmbH, Berlin, Germany). Single cell suspensions of murine spleens

and inguinal lymph nodes were generated by gentle dissection and passing through a 70 um
cell strainer (Greiner bio-one, Kremsmuenster, Austria). CNS mononuclear cells were isolated
by either:

e digestion of perfused CNS tissue using the multi tissue dissociation kit 1 (Miltenyi, Bergisch
Gladbach, Germany) and a gentleMACS™ Octo Dissociator (Miltenyi, Bergisch Gladbach,
Germany), passing digested tissue through a 70 pm cell strainer (Greiner bio-one) followed
by debris and red blood cell removal

e digestion of perfused CNS tissue using Collagenase D and DNAse I, passing digested tissue
through a 70 um cell strainer (Greiner bio-one), followed by a percoll gradient

e passing through a 70 um cell strainer (Greiner bio-one) for untreated cells

e passing through a 70 um cell strainer (Greiner bio-one), followed by a percoll gradient
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e passing through a 70 um cell strainer (Greiner bio-one), followed by a ficoll gradient
(Biochrom GmbH, Berlin, Germany)

e passing through a 70 um cell strainer (Greiner bio-one), followed by MACS separation
using myelin removal beads (Miltenyi, Bergisch Gladbach, Germany)

Murine blood was collected in PBS containing 1 mM EDTA and erythrocytes were lysed using

BD Pharm Lysing Buffer. Murine splenic B cells were purified or removed by MACS

separation using a mouse CD19 beads kit (BioLegend or Miltenyi). Murine T cells were

isolated by negative MACS separation using a mouse pan T cell isolation kit 1l (Miltenyi,

Bergisch Gladbach, Germany).

2.4.5. Adoptive B cell transfer

To introduce B cells into B cell-deficient mice, weekly intravenous (i.v.) injections of
10x108 MACS isolated B cells were performed for 3-4 weeks. Afterwards, B cells were
allowed to migrate and accumulate in the spleen for 10 weeks for ex vivo analysis and 8 weeks
before MOG:.117 protein immunization without PTX injections. Ex vivo analysis of immunized

mice was performed at d14 after immunization.

2.4.6. Adoptive transfer of fluorescence-sorted T cells

To analyze the pathogenicity of CD20" T cells, CD20" or CD20" T cells were transferred into
EAE induced mice at the inflammatory stage of EAE before symptom development. Donor
mice were immunized with 100 pg MOGss.s5 peptide and spleens were harvested at d10 post
immunization. Whole spleens were stained and FACS-sorted for CD20" and CD20" T cells.
200 000 CD20" or CD20" T cells were i.v. injected at d5 and d8 after MOGss.s5 peptide EAE
induction of acceptor mice (50 pg MOGss.s5 peptide at dO + 2x 100 ng PTX at dO and d2).

2.4.7. T cell-B cell coculture assays

For B cell-T cell coculture assays, B cells from wild type or CD20KO mice and T cells from
MOGpss.s5 TCR transgenic 2D2 mice were MACS-separated from splenocytes. Following
separation, B cells and T cells were evaluated for purity (>99 %) by flow cytometric staining
for CD19 and CD3. 400 000 B cells and 50 000 T cells were plated for culture and after
24-48 h, cells were evaluated by flow cytometry. As control for effects independent of
cell-cell contact, coculture was performed in transwell plates, where B cells and T cells were

separated by a cell-impenetrable 0.4 um membrane. To display trogocytotic membrane transfer,
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B cellsand T cells were stained with membrane stain (B cells: MemBrite™ Fix 488/515, green;

T cells: MemBrite™ Fix 405/430, blue) according to the manufacturer’s instructions.

2.4.8. a-CD3/a-CD28 T cell stimulation

To analyze T cell proliferation, T cells were stained with CFSE (BiolLegend). For
differentiation analysis, T cells remained unstained. T cells were incubated in leaf™ purified
anti-mouse CD3 (clone 145-2C11 for murine T cells) / leaf™ purified anti-mouse CD28 (clone
37.51 for murine T cells) (BioLegend) pre-coated wells for 48-72 h.

2.4.9. Flow cytometry

Composition of murine and human immune cells were analyzed using the following antibodies:

Table 7: Monoclonal antibodies for flow cytometry

Reactivity | Application Antigen Fluorochrome Clone Dilution Supplier
Lineage marker | CD3e 145-2C11 BioLegend

mouse Lineage marker | CD4 BV510 GK1.5 1:100 BioLegend
Lineage marker | CD4 PE RM4-5 1:100 BioLegend
Lineage marker | CD8a FITC 53-6.7 1:100 BioLegend
Lineage marker | CD8a BV421 53-6.7 1:100 BioLegend
Lineage marker | CD8a PE/Dazzle594 | 53-6.7 1:100 BioLegend
Adhesion CD1la FITC M14/4 1:100 BioLegend
Lineage marker | CD11b BV510 M1/70 1:100 BioLegend
Fc-Block CD16/32, - - 1:200 BioLegend

TruStainfcX

Lineage marker | CD19 PerCP-Cy5.5 1D3 1:100 BioLegend
Lineage marker | CD20 AF647 SA275A11 | 1:1000 | BioLegend
Activation CD25 PE PC61.5 1:100 eBioscience
Lineage marker | CD45 FITC 30-F11 1:100 BioLegend
Adhesion CD49d PE 9C10 1:100 BioLegend
Activation CD69 PE/CY7 H1.2F3 1:100 BioLegend
Activation MHC 11 PB AF6-120.1 | 1:100 BioLegend
Lineage marker | FoxP3 PE FIK-16s 1:100 eBioscience
Proinflammatory | IL-17a PE TC11- 1:100 BD
cytokine 18H10
Proinflammatory | GM-CSF PE/Cy7 MP1-22E9 | 1:100 BioLegend
cytokine
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Proinflammatory | IFNy FITC XMG1.2 1:100 BioLegend
cytokine
Anti- Lineage marker | CD3 BV510 UCHT1 1:100 BioLegend
human Lineage marker | CD4 PE/Cy7 RPA-T4 1:100 BD
Lineage marker | CD8a FITC RPA-T8 1:100 BioLegend
Lineage marker | CD14 PerCP-Cy5.5 M5E2 1:100 BioLegend
Lineage marker | CD19 PerCP-Cy5.5 1:100 BioLegend
Lineage marker | CD20 PE REA780 1:200 Miltenyi
/500 Biotec
Differentiation CD45RO AF700 UCHL1 1:100 BD
Adhesion CD49d BV421 9F10 1:100 BioLegend
Activation CD69 BV785 FN50 1:100 BioLegend
Th2 marker CCR4 BV510 1G1 1:100 BD
Differentiation CCRY PE-CF594 GO043H7 1:100 BioLegend
Thl marker CXCR3 PE/Cy5 1C6 1:100 BD
Proinflammatory | GM-CSF APC BVvD2- 1:50 BioLegend
cytokine 21C11
Proinflammatory | IL-17a PE-Dazzle BL168 1:50 BioLegend
cytokine
Proinflammatory | TNFa AF700 Mab11 1:50 BD
cytokine
Proinflammatory | IFNy BV421 B27 1:50 BioLegend
cytokine
Staining ctrl Mouse BV510 X40 1:100 BD
19G1, k
Isotype ctrl
Staining ctrl Mouse BV605 X40 1:100 BD
IgGl, x
Isotype ctrl
Staining ctrl Mouse PE-CF594 G155-178 | 1:100 BD
IgG2a,
Isotype ctrl
Staining ctrl Mouse BV421 MOPC-21 | 1:200 BioLegend
IgGl1, /50
Isotype ctrl
Staining ctrl Mouse BV785 MOPC-21 | 1:100 BioLegend
IgGl1, x
Isotype ctrl
Staining ctrl REA Ctrl PE REA293 1:200 Miltenyi
(S) /500 Biotec
Staining ctrl Mouse IgG1 | PE/Cy5 MOPC-21 | 1:100 BD
K Isotype
ctrl
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Staining ctrl Mouse PE/Dazzle 594 | MOPC-21 | 1:200 BioLegend
IgGl, x
Isotype ctrl

Staining ctrl Mouse AF700 MOPC-21 | 1:50 BD
IgGl1, x
Isotype ctrl

Fc receptors were blocked using monoclonal antibodies specific for CD16/CD32. Necrotic cells
were stained with LIVE/DEAD™ Fixable NIR Dead Cell Stain Kit (Thermo Fisher Scientific,
Waltham, USA). Treg cell differentiation was analyzed by intracellular FoxP3 staining after
fixation and permeabilization with the fixation / permeabilization kit (eBioscience). For Thl
and Th17 cell differentiation, cell suspensions were stimulated with 50 ng/ml phorbol
12-myristate 13-acetate (PMA; Sigma-Aldrich) and 0.5 pg/ml ionomycin (Sigma-Aldrich) for
3 h, followed by 2 h in the presence of 1 ul/200 pl brefeldin A (BD Bioscience) and stained for
IFNy, IL-17a and GM-CSF after fixation and permeabilization (BD Bioscience).

For human T cell cytokine production, PBMCs were stimulated with 10 ng/ml PMA (Sigma-
Aldrich) and 0.5 pg/ml ionomycin (Sigma-Aldrich) first for 1 h, followed by 12 h in the
presence of 1 pl/200 ul brefeldin A (BD Bioscience) and staining for 1L-17a, IFNy, GM-CSF
and TNFa after fixation and permeabilization (BD Bioscience). Isotype control antibodies were
applied as negative staining control.

For CD20" T cells analysis, pre-gates were utilized to control for B cell contamination. T cells
were pre-gated for single cells, cell size (to exclude apoptotic and early apoptotic cells), living
cells (live/dead stain), CD19°CD3" or CD19°CD4"* or CD19°CD8" cells and gated for CD20 on

CD20KO T cells or a fluorescence minus one as negative gating control (Fig.7).

A single cells A size exclusion 4 living cells A CD4' T cells

250K+ . ‘":'5.| 105_| 28.3 %,
200K+ 3
104, 1044
150K< & k|
v J1o0kd ’ ] 103 103.
- < = » T
) | sk = IR = 0 i
W . S 3 46.6 %
2 B ) B ] s Bl 5| S o
0 50K 100K 150K 200K 0 S0K 100K 150K 200K 0 50K 100K 150K 200K 2103 0 103 104 105
FSC-A - CD19 '

Fig.7: Pregating strategy
Pregating of flow cytometrically analyzed cells to exclude doublets, necrotic and apoptotic cells, and B cells from
the T cell population.

Samples were acquired on a BD LSR Fortessa (BD Bioscience). All data evaluation was

performed using FlowJo software (FlowJo LLC, Ashland, USA).
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2.4.10. Analysis of cytokine content via enzyme-linked immunosorbent

assay (ELISA)
The production of IFNy, IL-17, IL-4, TNFa and GM-CSF of murine FACS-sorted T cells was
measured by ELISA MAX Standard Set kits (BioLegend). IL-2 and IL-10 production was
quantified employing ELISA MAX Standard Set kits (R&D Systems). Absorbance was
measured at 450 nm with subtraction of a 540 nm reference wavelength on the iMark

microplate reader (Bio-Rad laboratories Inc., Hercules, USA).

2.4.11. Quantitative real-time polymerase chain reaction (PCR)

T cells and B cells were FACS-sorted from splenocytes. Total RNA was isolated using the
RNeasy mini kit (Qiagen, Hilden, Germany) and transcribed into cDNA using the QuantiNova
Reverse Transcription kit (Qiagen) according to the manufacturer’s instructions. Quantitative
real-time PCR (gPCR) was performed using 500 nM per primer and qPCRBIO SyGreen
(Nippon Genetics Europe GmbH, Dueren, Germany) in a total volume of 10l on a
QuantStudio 7 (Applied Biosystems, Waltham, USA). Primer pairs were purchased from

eurofins genomics:

Table 8: Oligonucleotide primer

Primer sequence Amplicon  Melting Annealing
size (bp) temp. [°C] temp. [°C]
CD3 Forward:
ATG CGG TGG AAC ACT TTC TGG 126 84.64 67
Reverse:
GCA CGT CAACTCTAC ACT GGT
CD19 Forward:
GGA GGC AATGTTGTGCTGC 164 87.25 67
Reverse:

ACA ATC ACT AGC AAG ATG CCC
CD20-1 Forward:

GCT CCA AAAGTG AACCTC AAAAG 121 82.51 67
Reverse:

CCC AGG GTAATATGG AAGAGGC
CD20-2 Forward:
CAAACTTCCAAGCCGTATGTTG 125 80 67
Reverse:

CCG ACAGAATGCCCAAGAAC
GAPDH | Forward:

CATGGCCTT CCG TGT TCC TA 83 84.1 67
Reverse:

TGT CAT CAT ACT TGG CAG GTT TCT
B2M Forward:

CGG CCT GTATGC TAT CCAGA 227 83.2 67
Reverse:

GGG TGA ATT CAGTGT GAG CC
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RT-PCR runs were performed at 95 °C denaturating and 67 °C annealing temperature.
Elongation was performed for 30 s and 40 cycles with subsequent melt-curve analysis. Samples
were analyzed in triplicates and considered valid when Ct<35 and SD Ct<0.5. Analyzed
expression was normalized to beta-2-microglobulin (B2M) and
Glycerinaldehyd-3-phosphat-Dehydrogenase (GAPDH) (house keeping genes) expression
loading control (delta-Ct). Results were analyzed using QuantStudio™ Real-Time PCR

Software v1.3.

2.4.12. Agarose gel electrophoresis

Generated RT-PCR products were analyzed for their size by gel electrophoresis in a
2 % agarose gel, containing GelRed (Biotium) to stain nucleic acids and UV-light illumination.
HyperLadder™ 50 bp (BIOLINE) was used to gauge product sizes.

2.4.13. Statistical analysis

Statistics were calculated using the software GraphPad Prism 6. Murine immune cell
frequencies, cytokine concentrations and T cell activation are shown as mean or mean = SD
and were analyzed by two-way analysis of variance (ANOVA) followed by Holm-Sidak
multiple comparison test. Correlations of the mean fluorescence intensity (MFI) of CD20 and
membrane stain or B cell and CD20" T cells frequency were calculated by Pearson’s correlation
analysis or nonparametric Spearman correlation depending on whether values were normally
distributed. Clinical scores are depicted as mean # standard error (SEM). CD3" T cell
infiltration was shown as mean = SD analyzed using unpaired t test with Welch's correction.
Human immune cell frequencies, T cell activation and development were calculated using
Wilcoxon matched-pairs signed rank test or ratio-paired t test depending on whether values
were normally distributed. A value of p < 0.05 was considered significant and is shown by one
asterisk. P <0.01 =**, p <0.001 = *** and p <0.0001 = **** respectively.
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3. Results

In humans, CD20" T cells are by now established as a small T cell population (3-5 %), that can
be found in numerous compartments, e.g. blood, bone marrow and cerebrospinal fluid*'4. These
CD20" T cells occur in healthy subjects as well as in patients with various autoimmune
diseases, such as MS, rheumatoid arthritis or psoriasis''* 118 129130 " CD20* T cells have been
suggested to play a role in inflammatory processes, especially in MS°. Therefore, we plan to
search for and analyze CD20" T cells in mice as our model organism. Here, we aim to examine

the potential patogenicity of CD20" T cells in EAE, before we do the same in MS patients.

3.1. CD20" T cells exist in wild type mice

To date, little is known about CD20* T cells in any other species apart from humans. To
ascertain that CD20™ T cells are present in mice, we analyzed C57B6/J wild type mice for the
expression of CD20 on T cells via flow cytometry (Fig.8a). To confirm the specificity of the
utilized CD20 antibody, CD20 staining on mouse CD19" B cells, which are known to express
CD20 at high levels''?, was compared to stained B cells from a CD20KO mouse strain of the
same background. CD20 shows only a dim staining on human T cells. Therefore, it is difficult
to differentiate between CD20-positive and -negative cells, and CD20KO T cells were used as
a negative control. Additionally, pregating as described in 2.4.9 controled for doublets so as to
not measure the CD20 signal of a B cell on an attached T cell. Under these conditions, we were
able to detect the presence of CD20* T cells in B6J wild type mice (Fig.8a). Analyzing new
born mice in their development over the course of a few weeks, we found that CD20" T cells,
as well as B cells, are present in the spleen already one week after birth (Fig.8b-c). At 2 weeks
of age, both B and CD20" T cells greatly expand and subsequently slightly decrease with age
to reach a steady level in adult mice. Balb/c mice, as an other wild type mouse line, were also
analyzed for the presence of CD20" T cells. They presented similar levels of CD20™ T cells, as
well as CD19" B cells and CD3" T cells compared to C57B6/J mice (Fig.8d-g). Merely the
amount of CD20 on B cells was slightly elevated in Balb/c mice in all compartments and the
frequency of B cells was slightly reduced in the blood in favor of T cells. CD20* T cells in the
spleens of Balb/c mice were also slightly elevated. Overall, we could prove the existence of
CD20" T cells in mice.
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Fig.8: CD20* T cells exist in wild type mouse strains.

a, Representative CD20 staining on CD19* B cells, CD4* T cells and CD8" T cells isolated from wild type and
CD20KO mice. Percentage of b, CD19* B cells and ¢, CD3*CD20* T cells in murine spleens during development
(n=3 per group, representative of two independent experiments, displayed as mean + SD). d-g, Flow cytometric
analysis of spleen, lymph nodes and blood from C57B6/J and BALB/c mice for d, frequency of CD19* B cells, e,
MFI of CD20 on CD19* B cells, f, frequency of CD3* T cells and g, frequency of CD20* T cells (h=6 mice per

group).
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3.2. T cells acquire CD20 via trogocytosis during B cell-T cell interaction
3.2.1. B cell-deficient mice do not contain CD20* T cells

Since we now know, that CD20" T cells exist in wild type mice, we analyzed two different
B cell-deficient mouse lines (UMT and mbl-cre), which both lack mature B cells, for their
frequency of CD20" T cells. In these mouse lines, without any B cells inherently in the system,
we would be able to examine the sole effect of CD20* T cell depletion in EAE (Fig.9). As
expected, UMT and mbl-cre mice did not contain CD19" B cells in any of the analyzed
compartments (Fig.9a). Interestingly, no CD20" T cells could be detected in B cell-deficient
mice either (Fig.9b). Unfortunately, this made it impossible for us to use them as a model to

study the selective depletion of CD20" T cells.
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Fig.9: B cell-deficient mice do not contain any CD20* T cells.

Flow cytometric analysis of the percentage of a, CD19* B cells and b, CD3*CD20* T cells in spleen, lymph nodes
and blood from wild type or B cell-deficient mice (UMT and mbZ1-cre; n=6 per group; displayed as mean + SD). p
values were calculated via two-way ANOVA with Holm-Sidak’s post hoc; ****=p < 0.0001.
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3.2.2. CD20" T cells do not expand in direct T cell stimulation

At the same time, we attempted to expand the realtively small CD20" T cell population in vitro
by direct T cell stimulation via a-CD3/a-CD28 for further analysis (Fig.10). As expected,
T cells proliferated in a concentration dependent manner (Fig.10a,b). However, the frequency
of CD20" T cells did not change (Fig.10c).
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Fig.10: T cells proliferate under direct stimulation, but CD20* T cells do not expand.

a-c, Flow cytometric analysis of MOGssss TCR transgenic 2D2 mouse splenocyte cultures stimulated with
anti-CD3/anti-CD28 antibodies for 48 h. a,b, Proliferation measured by cell size (a, exemplary flow cytometry
blots for proliferation measurement). ¢, Percentage of CD20* cells of CD4* cells. All figures representative of at
least two independent experiments.

3.2.3. CD20" T cells cannot endogenously express CD20

As seen in 3.2.1 and 3.2.2, CD20 expression on T cells was not triggered by direct T cell
activation and B cell-deficient mice do not contain any CD20" T cells. Therefore, the question
arose, if CD20" T cells might be unable to endogenously express CD20. To answer this
question, FACS-sorted CD20" T cells were analyzed via real-time quantitative PCR for their
expression of CD20 with two different primer pairs (Fig.11). The primer specificity was
confirmed by size analysis of the PCR products by agarose gel electrophoresis. B cells and
whole T cells were similarly FACS-sorted and utilized as positive and respectively negative
controls for cell type and purity of the sorted cells, function and specificity of primer pairs.
While their respective lineage markers CD19 and CD3 were present in B and T cells, CD20
expression was only detectable in B cells but not in whole T cells or sorted CD20" T cells
(Fig.11). In conclusion, in our system murine CD20" T cells seem to be unable to endogenously

express CD20.
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Fig.11: CD20* T cells cannot endogenously express CD20.

a, Reverse transcription polymerase chain reaction (RT-PCR) of FACS-sorted CD19* B cells, CD3* T cells and
CD3*CD20* T cells with primer pairs for CD3, CD19 or CD20 (CD20-1, CD20-2); shown are Act normalized
target gene expression levels (housekeeping genes: GAPDH and B2M). b, Agarose gel with products from
RT-PCR reaction. All figures representative of at least two independent experiments.

3.2.4. CD20" T cells expand exclusively in B cell-containing cultures

Due to the fact that CD20" T cells seem incapable to endogenously express CD20 (as shown
in 3.2.3), the possibility of a trogocytotic transfer of CD20 from CD20-expressing B cells
during B cell-T cell interaction was investigated. Therefore, splenocyte cultures from
MOGs3s.s5 TCR transgenic 2D2 mice were stimulated with MOGss.ss peptide and analyzed for
T cell proliferation and the frequency of CD20" T cells (Fig.12a-c). Stimulation of T cells via
their interaction with antigen presenting cells (APCs) led to an antigen concentration-dependent
proliferation and expansion of CD20* T cells. The amount of CD20 on the T cell surface
remained relatively stable throughout several divisions (Fig.12c). However, in splenocyte
cultures, lacking B cells, no change in the frequency of CD20" T cells could be observed
(Fig.12d), even though the T cells proliferated (Fig.12e), were activated (Fig.12f,g) and
expressed proinflammatory cytokines (Fig.12h,i) at similar levels as B cell-containing
splenocyte cultures. Therefore, the interaction with B cells seems to be a requirement to
generate CD20" T cells. These results make trogocytosis the most likely origin of

CD20" T cells.
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Fig.12: CD20" T cells only expand in B cell containing cultures.

a-i, Flow cytometric analysis of MOGss.s5 TCR transgenic 2D2 mouse a-c, splenocyte cultures and d-i, splenocyte
cultures with and without B cells stimulated with MOGsgs.ss peptide for 48 h. Cultures were analyzed for a,e,
CDA4* T cell proliferation (measured by cell size), b,d, percentage of CD20*CD4* T cells, c, percentage of
CD20* T cells during T cell proliferation, examined via CFSE staining to categorize the undergone divisions,
activation (f, CD25 and g, CD69) and cytokine production (h, IFNy and i, GM-CSF). All figures representative of
at least two independent experiments.
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3.2.5. CD20 transfer from B cells to T cells is not antigen-specific

We further wanted to exclude the possibility that the expansion of CD20* T cells in
B cell-containing splenocyte cultures is antigen-specific, splenocyte cultures from OV A329.337
TCR transgenic OTI1I mice were stimulated with OV Az2g9-337 peptide. OV Aszzg 337 TCR transgenic
OTII mouse splenocyte cultures and splenocyte cultures without B cells showed similar results
as splenocyte cultures with MOGssss TCR transgenic 2D2 mice (Fig.12, Fig.13). The
frequency of CD20" T cells expanded only in B cell-containing splenocyte cultures (Fig.13a),
despite similar T cell proliferation (Fig.13b) and activation (CD25/CD69) (Fig.13c,d) in B cell-
removed cultures. The expansion of CD20" T cells in B cell-containing splenocyte cultures was

therefore not antigen-specific.
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Fig.13: B cell-driven expansion of CD20* T cells is not antigen-specific.

a-d, Flow cytometric analysis of OV Aszg-337 TCR transgenic OTI1 mouse whole splenocyte cultures and splenocyte
cultures without B cells stimulated with OV Asz.337 peptide. Percentages of a, CD20" of CD4* cells, b,
proliferating CD4* T cells ¢, CD25%, and d, CD69* cells of CD4* T cells. All figures representative of at least two
independent experiments.
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3.2.6. CD20" T cells only expand in direct interaction with CD20" B cells

Next, we wanted to exclude the possibility that T cells gain CD20 from interactions with
splenocytes other than B cells and to confirm that stimulation by B cells leads to the presence
of CD20 on T cells, B cell-T cell cocultures were performed. MOGss.s5 TCR transgenic 2D2
mouse T cells were cocultured with either CD20-expressing or CD20KO B cells and stimulated
with MOGsss5 peptide or MOG1.117 protein (Fig.14a-f). Noticeably, only cocultures containing
CD20-expressing B cells exhibited an antigen-dependent increase in their CD20" T cell
frequency, while cocultures containing CD20KO B cells did not (Fig.14a,b). Meanwhile, both
cocultures showed similar T cell activation (CD25, CD69) (Fig.14c-f). To examine if only the
existence of CD20" B cells in the culture leads to an increase in the frequency of CD20" T cells
or if direct interaction with B cells is required, cocultures with MHC IIKO B cells were
performed (Fig.14g-i). MHC Il is necessary for B cells to interact with and subsequently
activate CD4" T cells, which are almost the exclusive T cell subtype in MOGsss5 TCR
transgenic 2D2 mice. In cocultures, containing MHC I1KO B cells, no increase in the frequency
of CD20" T cells could be detected (Fig.14g). Additionally, as expected, T cells were not
activated in MHC I1KO B cell containing cocultures (Fig.14h,i). To further confirm the need
for direct B cell-T cell interaction, transwell cocultures, where B cells and T cells were
separated by a semi-permeable 0.4 um membrane, which cells cannot pass through, were
conducted (Fig.14j). When B cellsand T cells could not directly interact, no T cell proliferation
and expansion in the frequency of CD20" T cells could be measured. These results confirm the

need for T cells to interact with CD20-expressing B cells to obtain CD20 on their surface.
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Fig.14: CD20* T cells only expand via direct interaction with CD20 expression B cells.

a-f, Purified B cell/T cell cocultures using wild type or CD20KO B cells and MOGs3s.ss5-specific T cells stimulated
with a,c,e, MOGss.s5 peptide or b,d,f, MOG:.117 protein. Percentages of a,b, CD20* of CD4" cells, ¢,d, CD25*, and
e,f, CD69* cells of CD4* T cells. g-i, Purified B cell/T cell cocultures using wild type or MHC 11KO B cells and
MOGss.ss-specific T cells stimulated with MOGss.s5 peptide. Percentages of g, CD20* of CD4* cells, h, CD25",
and i, CD69" cells of CD4* T cells. j, Transwell-coculture and non-separated coculture of wild type B cells and
MOGss.ss-specific T cells stimulated with MOGgs.ss peptide analysed for the percentage of CD20* of CD4* T cells.
All figures are representative of at least two independent experiments.
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3.2.7. T cells obtain CD20 via trogocytotic transfer in direct interaction with
CD20" B cells

As we now know, to expand the CD20" T cell population, the interaction of T cells with
CD20-expressing B cells seems to be required. Trogocytosis was suggested as the process in
which T cells receive CD20 from B cells. In trogocytosis, pieces of membrane and membrane
proteins can be transferred from one cell to another cell during cell-cell interaction. Therefore,
cocultures of CD20" B cells, stained with MemBrite™ Fix membrane stain, a dye that stains
membrane lipids and proteins, together with unstained T cells were performed to confirm that
CD20 on CD20" T cells actually originates from CD20" B cells and is trogocytotically
transferred during direct B cell-T cell interaction. If trogocytotic transfer from B cell to T cell
takes place, T cells should develop a slight, positive staining for the B cell membrane stain. In
cocultures containing membrane-stained B cells, T cells with a high membrane stain signal
were excluded, since those approximately 3 % of the CD4" T cells can be assumed to be a result
from the <1 % contamination of T cells in the MACS-sorted, membrane-stained B cells used
for the cocultures (Fig.15). Therefore, only membrane stain'®’ CD4* T cells were measured as
membrane stain-transferred T cells to analyze the trogocytotic membrane transfer form B cells

to T cells.
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Fig.15: Gating for membrane stain-transferred T cells.

Representative flow cytometry blots for membrane-stained or unstained B cells, membrane stain-transferred
MOGss.ss-specific T cells and membrane-stained wild type T cells from cocultures stimulated for 24 h with
MOG3s.55 peptide.

37



Results

Membrane stain was transferred to T cells in an antigen concentration-dependent manner
(Fig.16a). This effect could be shown for cocultures with wild type CD20*, as well as
CD20KO B cells. To prove, that the membrane stain transfer takes place during B cell-T cell
interaction and that the membrane stain did not simply “leak” from stained B cells to stain
T cells, MHC 11KO B cell cocultures and transwell cocultures were performed (Fig.16b,c). In
cocultures containing membrane-stained MHC IIKO B cells no membrane stain-positive
T cells developed. In transwell cocultures, where membrane-stained B cells were separated
from T cells by a semipermeable membrane, no membrane stain-positive T cells could be
detected either. These results indicate that a direct, antigen-dependent B cell-T cell interaction
is required for trogocytosis symbolized by membrane stain-transfer. Interestingly,
CD20" T cells also showed a higher membrane stain signal compared to CD20 T cells
(Fig.16d). To visualize trogocytotic CD20-transfer to T cells, fluorescence microscopic
analysis of membrane-stained B and T cells, which were also stained with fluorescence-labeled
antibodies, revealed a “patchy” B cell-membrane stain and CD20 signal in the same spot on the
surface of a CD3", membrane-stained T cell (Fig.16e). Coculture experiments also revealed a
significant positive correlation between the amounts of transferred membrane stain and CD20
on T cells (Fig.16f). Cocultures containing membrane-stained CD20KO B cells served as
negative control and showed no CD20-membran stain correlation on T cells (Fig.16g). These
results strongly indicate that invitro, CD20 is transferred from Bcells to T cells via

trogocytosis.
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Fig.16: CD20" T cells develop via trogocytotic transfer in direct interaction with CD20* B cells.

Cocultures with membrane-stained a, wild type or b, MHC I1KO B cells and unstained MOGss.ss-specific T cells
stimulated for 24 h with MOGs3s.55 peptide. a, Percentage and b, MFI of membrane stain-positive CD4* T cells.
¢, Transwell-coculture and non-separated coculture of membrane-stained wild type B cells and unstained
MOGss.ss-specific T cells stimulated with MOGss.ss peptide. d, MFI for membrane stain of CD20*- and
CD20" CD4* T cells. e, Fluorescence microscopic examination of cocultures using membrane-stained B cells
(MemBrite™ Fix 488/515, green) and membrane-stained T cells (MemBrite™ Fix 405/430, blue) stained for CD3
(PE, red) and CD20 (AF647, yellow). f,g, Correlation of the MFI for CD20 with the MFI of the membrane stain
on CD4* T cells for f, wild type and g, CD20KO B cells cultures; calculated via Pearson’s correlation. All figures
representative of at least two independent experiments.
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3.2.8. Adoptive CD20" B cell transfer generates CD20" T cells in vivo

To confirm our in vitro results regarding the trogocytotic transfer of CD20 in an in vivo model,
B cell-deficient mice lacking both CD20* B and T cells were used as model organism. Here, it
was concluded that B cell-deficient mice lack CD20" T cells because there are no
CD20" B cells to obtain CD20 from. Therefore, CD20" B cells were adoptively transferred into
B cell-deficient mice to potentially generate CD20* T cells. After B cells were able to
accumulate in B cell-deficient mice (Fig.17a,b), their spleens and inguinal lymph nodes were
analyzed for the potential development of CD20" T cells. Here, CD20KO B cells were
transferred into B cell-deficient mice and then used as negative control. Remarkably, only the
transfer of CD20-expressing B cells showed a highly significant generation of CD20" T cells
in their spleens (Fig.17c). In inguinal lymph nodes of recipient mice, where none of the
transferred CD20" B cells accumulated, no CD20" T cells could be detected. Additionally, the
frequency of the developed CD20" T cells in the spleen positively correlates with the frequency
of transferred CD20" B cells, highlighting their connection (Fig.17d). To further increase
B cell-T cell interactions in our model, B cell-transferred mice were MOG;.-117 protein
immunized, after B cell accumulation. In immunized mice, CD20" B cells could be detected in
the spleens and in immunization draining lymph nodes, where they were recruited to (Fig.17e).
Following the hypothesis, that CD20" T cells are generated during B cell-T cell interaction,
CD20" T cells developed at a similar frequency in immunized and naive mice. However, in
immunized mice, CD20" T cells also developed in the immunization draining lymph nodes
(Fig.17f). Additionally, the transfer of CD20KO B cells, while showing a similar B cell
accumulation, did not lead to the development of CD20" T cells. Furthermore, fluorescence
immunohistochemistry analysis of B cell-transferred mice shows that B cells are organized into
follicular structures and are in close proximity to T cells in the spleen, enabling B cell-T cell
interactions in this compartment (Fig.17g). In conclusion, we could demonstrate the
trogocytotic transfer of CD20 from B cells to T cells in vitro as well as in vivo.
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Fig.17: Adoptive B cell-transfer restores the ability of B cell-deficient mice to generate CD20* T cells.

a, Representative histological staining of B220 of wild type, control uMT and B cell-transferred uMT mouse
spleens. b-d, Flow cytometric analysis of b, CD19* B cells and ¢, CD20* T cells from spleen and lymph nodes of
B cell-deficient uMT mice adoptively transferred with CD20KO B cells or wild type B cells and non-transferred
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B cell-deficient uMT mice (n=4-6 mice per group from 2 independent experiments). d, Pearson’s correlation
analysis of the percentage of transferred B cells and generated CD20* T cells in the spleen. e,f, Flow cytometric
analysis of e, CD19* B cells and f, CD20* T cells from spleen and lymph nodes of MOGi.117 protein immunized
B cell-deficient uMT mice adoptively transferred with CD20KO B cells or wild type B cells and non-transferred
B cell-deficient uMT mice (n=4-10 mice per group, pooled from 2 independent experiments). g, Representative
fluorescence histological staining of B220-FITC, CD3-PE and DAPI of wild type B cell-transferred uMT mouse
spleens. P values were calculated using two-way ANOVA with Holm-Sidak’s post hoc analysis. **=p<0.01,
*Hx=p < 0.001, ****=p < 0.0001.

3.3. CD20" T cells display pathogenic properties
In 3.2. we examined the origin of CD20" T cells, subsequently we were then interested in their

potential pathogenicity in EAE, and respectively MS.

3.3.1. CD20 positivity is associated with earlier and stronger activation

Research of human CD20" T cells revealed, that they exhibit a more proinflammatory
phenotype compared to CD20 T cells, due to the higher expression of proinflammatory
cytokines such as IFNy, IL-17 and TNFa!'*. Therefore, CD20" T cells generated in
antigen-stimulated splenocyte cultures were compared to CD20" T cells for their activation state
and cytokine expression. The data were normalized to be able to compare the relatively small
CD20" T cell population with the remaining CD20" T cells. Here, CD20" T cells were more
sensitive to stimulation and exhibited an earlier and stronger activation compared to
CD20" T cells measured via the T cell activation markers CD25 and CD69 (Fig.18a,b).
Additionally, a higher frequency of proinflammatory cytokine IFNy- and GM-CSF-producing
cells could be found in the CD20™ T cells population (Fig.18c,d). Interestingly, CD20" T cells
also contained a slightly higher frequency of Foxp3-expressing regulatory T cells (Fig.18e).
However, these experiments could only show the higher frequency of activated,
proinflammatory-producing cells in the CD20" T cell population, but not state the amount of

cytokines produced by each cell.
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Fig.18: CD20 positivity is associated with stronger activation and enhanced cytokine production

a-e, Normalization of flow cytometric data of CD4*CD20* and CD4*CD20" T cells form splenocyte cultures from
MOGss.ss TCR transgenic mice stimulated with MOGss.ss peptide for 48 h examined for a, CD25, b, CD69,
¢, IFNy, d, GM-CSF and e, Foxp3. All figures are representative of at least two independent experiments.
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3.3.2. CD20" T cells express high levels of proinflammatory cytokines

To more directly assess the cytokine production of CD20" T cells, CD20* T cells were
FACS-sorted, directly stimulated with a-CD3/0-CD28 and the supernatants analyzed for
cytokine production via ELISA. Here, CD20" T cells were used as comparison. Interestingly,
the production of IL-2, also known as T cell growth factor, was significantly reduced in
CD20" T cells from naive mice and unchanged in CD20* T cells from MOGss.ss peptide
immunized mice, compared to their respective CD20" T cell controls (Fig.19a,f). IL-2 was
measured to control for proliferation differences between the T cell groups and consequential
differences in the cytokine expression. CD20" T cells from naive mice expressed significantly
higher levels of the proinflammatory cytokines IFNy, GM-CSF, IL-17 and TNFa (Fig.19b-¢)
compared to CD20" T cells. This difference was further increased when the T cells originated
from MOGss.ss peptide immunized mice (Fig.19g-j). These results demonstrate the increased

production of inflammatory cytokines in CD20" T cells.
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Fig.19: CD20 positivity of T cells is tightly associated with increased production of pro-inflammatory
cytokines. a-j, ELISA-based cytokine analysis of the supernatant of FACS-sorted CD20* and CD20" T cells from
spleens of a-e naive or f-j MOGsasss peptide immunized mice stimulated with a-CD3/a-CD28; (n=3-7 wells,
representative of at least two independent experiments). P values were calculated using two-way ANOVA with
Holm-Sidak’s post hoc analysis. All figures representative of at least two independent experiments. *=p<0.05,
*ak=p < 0,001, ****=p <0.0001.
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3.3.3. Anti-inflammatory cytokines are also produced by CD20* T cells

However, since CD20" T cells were also shown to be a part of the Foxp3™ Treg cell population
(Fig.18e), anti-inflammatory cytokine production was also analyzed. Compared to
CD20" T cells, CD20" T cells from naive mice expressed significantly higher levels of the
anti-inflammatory cytokines 1L-10 (Fig.20a,b) and IL-4 (Fig.20c). This effect could again be
increased when the stimulated T cells originated from MOGss.ss peptide immunized mice.
However, the overall amounts of anti-inflammatory cytokines were considerably lower

compared to the expression of proinflammatory cytokines (Fig.19).
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Fig.20: CD20 positivity of T cells is associated with production of anti-inflammatory cytokines.

a-c, ELISA-based cytokine analysis of the supernatant of FACS-sorted CD20* and CD20" T cells from spleens of
a naive or b,c, MOGgs.s5 peptide immunized mice stimulated with a-CD3/0-CD28; (n=3-7 wells, representative
of at least two independent experiments). P values were calculated using two-way ANOVA with Holm-Sidak’s
post hoc analysis. All figures representative of at least two independent experiments. ****=p <(.0001.
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3.3.4. CD20" T cells are no NKT cells
We were also interested, if CD20" T cells belong to or are a part of the natural killer
T (NKT) cell population. Flow cytometric analysis showed that CD20" T cells do not belong to
the CD3"NK1.1" NKT cell population (Fig.21).
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Fig.21: CD20* T cells are no NKT cells.
Representative staining of a, NK1.1 and CD3 on living splenocytes and b, CD20 and NK1.1 on CD3* T cells from
wild type mice.

3.4. CD20" T cells are pathogenic in vivo
CD20" T cells could be determined to be a predominantly activated population of T cells that
express proinflammatory cytokines at a high level in invitro stimulation. Now, we were

interested in the potential effects of CD20™ T cells in vivo in the murine MS model EAE.

3.4.1. CD20" T cells expand upon MOG immunization

Previous studies reported that untreated MS patients contain CD20" T cells at a higher
frequency in the blood compared to healthy controlst*> 1. Additionally, it was discovered that
CD20* T cells occur at a high frequency in the cerebrospinal fluid of MS patients!'®. These
results indicate a potential role of CD20" T cells in MS pathogenicity. To dissect this notion,
wild type mice were immunized with MOGgs.ss peptide or MOGai.117 protein to analyze if the
increase of CD20" T cells also occurs in the inflammatory context of the MS mouse model
EAE. A significant increase in the percentage of CD4*CD20" T cells could be detected in the
immunization draining lymph nodes (Fig.22a,c). CD8"CD20" T cells were also increased in

their frequency due to immunization, but their expansion was not significant (Fig.22b,d). No
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effect could be detected in the spleen. It was also observed, that CD19" B cells significantly
decreased in the spleen and increased in the draining lymph nodes (Fig.22e). This might hint
towards their recruitment from the spleen to the side of inflammation. When comparing
CD4*CD20" to CD4"CD20 T cells ex vivo, CD20* T cells showed a significantly higher
frequency of the activation marker CD69 and a slight increase in the frequency of the activation

marker CD25 (Fig.22f,g). These results are in line with the findings of the in vitro cultures in
3.3.1 (Fig.18a,b).
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Fig.22: CD20" T cells expand and are increasingly activated during EAE induction in secondary lymphoid
organs. Spleen and lymph nodes from naive mice and mice immunized with a,b, MOGss.ss peptide or
c-e, conformational MOG;.117 protein were analysed for the frequency of CD20 a,c, on CD4* or b,d, CD8" T cells
and e, frequency of CD19* B cells (n=5-12 mice per group from 3 independent experiments). f-g, Flow cytometric
analysis of spleen and lymph nodes from MOGgs.ss peptide immunized mice. CD4*CD20* and CD4*CD20" T cells
analysed for activation (f, CD25, g, CD69) (n=3 mice per group, representative of 3 independent experiments). P
values were calculated using two-way ANOV A with Holm-Sidak’s post hoc analysis. **=p<0.01, ****=p <0.0001
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3.4.2. CD20" T cells exhibit an enhanced pathogenic phenotype upon MOG

Immunization
To further examine the effect of MOG immunization on CD20" T cell activation and expression
of adhesion molecules, necessary to cross the blood-brain barrier, naive and MOG;1.117 protein
immunized CD20" T cells were compared with each other and with naive and MOGj.117 protein
immunized CD20" T cells (Fig.23). Cell activation (Fig.23a-d) and expression of adhesion
molecules (Fig.23e-h) were measured to gauge the EAE-specific pathogenic potential of the
T cell subsets. Therefore, MOG;1.117 protein immunization was utilized, as it is an EAE model
that more prominently engages B cells, while MOGss.s5 peptide can also be presented by
various antigen presenting cells and pathogenic B cell involvement is limited?. In general,
MOG:.-117 protein immunization led to an increased activation (measured by CD25 and CD69)
and expression of adhesion molecules (CD11a = LFA-1 and CD49d = integrin 04) in both
immunized T cell groups compared to their respective naive counterparts. In addition,
CD20" T cells showed a higher activation and expression of adhesion molecules in the naive as

well as the immunized group compared to the respective CD20" T cell group.
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Fig.23: In EAE development, CD20* T cells express enhanced levels of activation markers and adhesion
molecules. a-h, Flow cytometric analysis of spleen and lymph nodes of naive or MOGi.117 protein-immunized
mice (n=12 mice per group, combined from 3 independent experiments). Analysis of a,c,e,g, CD4* and b,d,fh,
CD8" T cells. Expression of activation markers (a,b, CD25, c,d, CD69) and adhesion molecules (e,f, CD11a and
g,h, of CD49d) was evaluated on CD20" and CD20* T cells. P values were calculated using two-way ANOVA
with Holm-Sidak’s post hoc analysis. *=p<0.05, **=p<0.01, ***=p <0.001, ****=p <0.0001.
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To further investigate the pathogenic potential of CD20" T cells, the expression of
proinflammatory cytokines (IFNy, GM-CSF and IL-17), which are known to be relevant in
EAE development and progression® 49 55 120. 131 "\yere measured in MOG immunized mice
(Fig.24a-c). When compared to CD20" T cells, the frequency of proinflammatory cytokine-
producing cells was increased in the CD20* T cell population for all investigated cytokines in
the spleen and lymph nodes. However, this increase only reached statistical significance for
IFNy- and GM-CSF-producing T cells in the spleen. Interestingly, there was also a slight
increase in the frequency of Foxp3* regulatory T cells inthe CD20* T cell population (Fig.24d).

Overall, these results are in line with the in vitro results from 3.3.1 (Fig.18c-e).
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Fig.24: CD20" T cells produce enhanced amounts of cytokines in MOG immunization.

a-d, Flow cytometric analysis of spleen and lymph nodes from MOGss s5 peptide immunized mice. Analysis of
CD4*CD20* and CD4*CD20 T cells for cytokine production (a, IFNy, b, GM-CSF, ¢, IL-17 and d, Foxp3) (n=3
mice per group, representative of 3 independent experiments). P values were calculated using two-way ANOVA
with Holm-Sidak’s post hoc analysis. **=p < 0.01
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3.4.3. CD20" T cells are depletable via anti-CD20 abs and play a role in EAE

In vitro and ex vivo mouse experiments confirmed CD20" T cells as highly activated, primarily
proinflammatory T cells with a high expression of adhesion molecules (see 3.3 and 3.5.1/2).
However, there is nothing known about the potentially pathogenic role of CD20™ T cells in MS,
or EAE in that regard. Additionally, the depletion of CD20" T cells in anti-CD20 ab treatment
of MS might be at least partially accountable for the positive therapeutic effect!!’. To examine
if the CD20" T cells can be depleted in the murine model, wild type mice were treated with
anti-CD20 abs. Depletion of CD19" B cells could be detected in the blood, spleen and inguinal
lymph nodes (Fig.25a). B cells were used to control for the depleting effect of the utilized anti-
CD20 abs. As seen in human patients'!’, and similar to B cells, CD20* T cells could be
thoroughly depleted by anti-CD20 ab therapy in the blood and secondary lymphoid organs of
wild type mice (Fig.25b).

To examine the potential pathogenic effects of CD20" T cells in EAE and the possible positive
therapeutic effects of their depletion in anti-CD20 ab therapy, passive EAE was induced in
CD20KO mice, where the CD20* T cell portion of transferred EAE-inducing T cells could be
selectively depleted with anti-CD20 abs. Additional experiments are ongoing and are
performed in collaboration with colleagues of the AG Weber (Fig.25c¢). The mice receiving
activated, EAE-inducing T cells were CD20KO to guarantee that solely transferred
CD20" T cells were depleted, but no host B or T cells. Isotype control abs were used for the
control group. The so far generated mean clinical scores corrected for a simultaneous onset
show a clinical benefit for the selective depletion of CD20" T cells.

Before that, an on top experiment with CD20" T cells was performed to show a potential
worsening of the EAE course via additional CD20" T cells. Therefore, FACS-sorted
CD20" T cells were adoptively transferred to wild type mice after EAE induction. This occurred
at day 5 and 8, during the stage of peripheral inflammation, before the development of the first
EAE symptoms (Fig.25d,e). The transfer of CD20 T cells was used as a control. Mice
transferred with CD20" T cells showed a slightly higher mean clinical EAE score than
CD20" T cell-transferred animals (Fig.25d). In addition, CD20* T cell-transferred mice
exhibited significantly more T cell infiltration into the spinal cord (Fig.25e). The increased
T cell infiltration in CD20™ T cell-transferred mice combined with the heightened expression
of adhesion molecules (Fig.23) indicates that CD20" T cells are exceedingly able to migrate

into the CNS, where they potentially increase inflammation and CNS demyelination.
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Fig.25: Anti-CD20 ab mediated depletion of CD20* T cells is therapeutically beneficial independent of B
cells and adoptive transfer of CD20* T cells exacerbates clinical and histological EAE. a, b, Flow cytometric
analysis of a, CD19* B cells and b, CD20* T cells of spleen, lymph nodes and blood of wild type mice treated with
either anti-CD20 antibody or isotype control antibody. ¢, Passive EAE induction in CD20KO mice. EAE was
induced by adoptive transfer of lymph node cells or splenocytes without B cells from MOGas.ss peptide immunized
wt mice cultured for 3 days in the presence of MOGss.s5 peptide, recombinant IL-12 and anti-IFNy antibodies (n=6
mice per group). Recipient CD20KO mice were injected with 0.2 mg of anti-CD20 or isotype control antibody at
d-1 and d1 of transfer. Mean EAE clinical score + SEM, corrected for a simultaneous onset. d,e, Adoptive transfer
of FACS-sorted CD20* or CD20" T cells into wild type mice at d5 and d8 after MOGss.s5 peptide EAE induction
(n=6/7). c, Mean EAE score £ SEM corrected for a simultaneous onset. d, Spinal cord infiltration of CD3* T cells
displayed as CD3* T cells per mm?; p value was calculated using unpaired t test with Welch's correction. p values
were calculated using two-way ANOVA with Holm-Sidak’s post hoc analysis. *=p<0.05, ****=p <0.0001.
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3.5. CD20" T cells could not be detected in relevant frequencies in the murine

CNS

In 3.5.3,, increased T cell infiltration into the CNS could be detected in CD20* T cell-
transferred EAE mice. Since it could also be shown in MS patients that CD20* T cells
accumulate in the CSF'*5, the CNS of EAE mice was analyzed for infiltrated CD20" T cells
(Fig.26). Here, CD20KO EAE mice served as a negative control. The spleen and immunization
draining lymph nodes served as a basis for CD20" T cells to determine a potential accumulation
of CD20" T cells in the CNS. Interestingly, almost no CD20" T cells could be detected in the
CNS when DNase | and Collagenase D followed by a percoll gradient were used to isolate
lymphocytes from the CNS (Fig.26a,b). Since it is known, that some surface markers can be
affected by enzymatic tissue digestion, the multi tissue dissociation kit 1 and a gentleMACS™
Octo Dissociator were used as a different strategy for lymphocyte isolation from the CNS.
However, this isolation process led to an unspecific increase of the CD20 signal on T cells,
which also occurred in the samples that were not stained with the CD20 antibody (fluorescence
minus one (FMO) staining for CD20) (Fig.26¢). In addition, no CD20" T cells could be detected
in the samples of such treated EAE spinal cords (Fig.26d). Interestingly, CD19" B cells
analyzed from those CNS samples exhibited a lower expression of CD20 on their surface
(Fig.26e). To further exclude potential influences of enzymes or components of the various
gradient and removal solutions utilized for the extraction of lymphocytes from the CNS, CNS
samples were stained and analyzed without enzyme or filtration treatments or without enzyme
treatment but with one form of filtration (Fig.27). Relevant amounts of CD20" T cells could
merely be detected in samples treated with a ficoll gradient, but no accumulation of
CD20" T cells in the CNS of EAE mice could be found.
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Fig.26: CD20 detection and/or expression is reduced in CNS-extracted lymphocytes.

a-e, Flow cytometric analysis of spleen, inguinal lymph nodes and spinal cord of MOGss.s5 peptide immunized
wild type or CD20KO mice (n=2-9 mice per group, combined from 2 independent experiments). Analysis of
CD20* cells of a, CD4" and b, CD8* T cells from spinal cords digested with Collagenase D and DNAse | followed
by a percoll gradient. c-e, Spinal cords lymphocytes isolated via digestion with the multi tissue dissociation kit 1
and a gentleMACS™ QOcto Dissociator followed by debris and red blood cells removal. ¢, Exemplary flow
cytometry blots for CD20 staining on T cells. Analysis of d, the percentage of CD20 on CD3* cells and b, MFI of

CD20 on CD19* B cells.
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Fig.27: Comparison of different methods for CNS preparation and filtration for flow cytometry.
Representative flow cytometric pregating and gating of pooled spinal cords from four mice at d20 post
MOGss.s5 peptide EAE induction. Spinal cord sample was separated equally in four groups (untreated or
pre-treated with percoll gradient, ficoll gradient or myelin removal beads), stained and analysed.
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3.6. CD20 on T cells is lost in T cell permeabilization

Not only enzymatic digestion in the lymphocyte isolation from the CNS can affect surface
antigens, but also the necessary treatment for intracellular stainings. CD20* T cells needed to
be fixated and their cell membrane permeabilized to examine them for their phenotype and
cytokine expression. A loss in the percentage of CD20" T cells in fixated and permeabilized
splenocytes, lymph node cells and PBMCs could be measured when compared to the frequency

of their respective non-fixated, non-permeabilized counterparts (Fig.28a-g).
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Fig.28: Permeabilization, but not fixation reduces CD20 signal on T cells.

a, Representative CD20 staining on murine CD4* T cells with and without permeabilisation/ fixation. Percentage
of CD20 on CD4* T cells with and without permeabilisation/fixation in murine b, spleens and ¢, lymph nodes
(n=8-9 per group, representative of three independent experiments). Representative CD20 staining on human
d, CD4" and e, CD8* T cells with and without permeabilisation/fixation. Percentage of CD20 on f, CD4* and g,
CD8" T cells with and without permeabilisation/fixation in human PBMCs (n=6-7 per group, representative of
6-7 independent experiments). Flow cytometric analysis of CD20 staining on murine h, CD4* and i, CD8" T cells
with and without PFA fixation. Lines connect values from the identical mouse respectively patient.
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To examine whether the loss of CD20* T cells occurs due to fixation or permeabilisation, sole
PFA fixation of the cells was performed. PFA fixation alone seemed to have no relevant effect
on the frequency of CD20" T cells (Fig.28h,i). The loss of CD20" T cells due to handling did
not affect murine experiments, because sufficient amounts of cells were available to counteract
the loss. In experiments analyzing PBMCs, loss of CD20" T cells led to a reduction of

examinable samples (see 3.8.3).

3.7. CD20" T cells show pathogenic potential in MS
3.7.1. CD20" T cells show an activated, proinflammatory phenotype in MS

Results generated in animal models are not entirely transferable to the human. Therefore,
CD20" T cells from the blood of MS patients were analyzed for their potential pathogenicity.
Here, CD8" T cells showed a significantly higher frequency of CD20" cells compared to
CD4* T cells in the individual patients (Fig.29a). In comparison to CD4*CD20 T cells,
CD4*CD20" T cells showed a significant increase in the expression of CD69 as well as the
differentiation into CXCR3"Thl and CCR4"Th2Tcells (Fig.29b). Additionally,
CD20" T cells exhibited a significantly higher frequency and expression of the adhesion
molecule integrin o-4 (CD49d) (Fig.29c). Furthermore, we consistently observed a
significantly higher frequency of cells expressing the proinflammatory cytokines IFNy,
GM-CSF, TNFo and IL-17, which are known to play a role in MS pathology!": 40: 48:49. 55,120, 131
(Fig.29d). Analyzing the maturation and developmental status, CD20" T cells were composed
of significantly lower frequencies of naive cells (CCR7*CD45R0") and accordingly significantly
higher frequencies of differentiated central memory (CCR7*CD45R0O") and effector memory
(CCR7'CD45R0O™) Tcells compared to CD20 T cells (Fig.29e). Exemplary T cell
differentiation, activation and cytokine stainings gated on isotype controls or fluorescence
minus one stainings are displayed in Fig.30. Overall, CD20* T cells in MS patients exhibited a
similar pathogenic potential as observed in EAE, due to their differentiated state, adhesion

molecule expression and proinflammatory cytokine production.

58



Results

=
=y
(¢]

o 083 ., o Cp20
50- i 30+ —- CD20- 100- H ry = CD20
7307 : = Y- &
E 2 725~ CD20" by 2z Z g
@ B Tua i T2 E
2 20- — S5
23 304 ko o 7 & 2 60-
N 8 2 15 wwx / O =
2 204 - o | =2 40 /
QU * e 104 * e |i|
% 10- €= o é é é € s 201
i 0- 0'63 T ﬁ ™ 0
L3

CD4 CD8 CD4 CD8
d e
- CD20- I;I
2 704 o cn20 H 100 55 P —e= CD20
2 60 FH 4 Fy 2 F g0 H s -»- CD2¢0*
= & 504 TJ E‘ 1 Sk Sk
25 40l " % & 60+ H -
S Y 304 |i| H Q.2 - ./ Ii' /
8€ 2 / 2E v
= 104 _é < é O ] é é
B A 0 E
= 04 < —T= N Q - T T T T T @I T
\Y & A & &
&8 8 FESSF SO
s> G & 5
D4 CDS & S
CDh4 CD8

Fig.29: In MS patients, CD20* T cells display an activated, mature phenotype with enhanced pathogenic
properties. a-e, Flow cytometric analysis of human PBMCs from MS patients prior to rituximab treatment
(n=9-11 MS patients). a, Relative frequency of CD4*- vs. CD8*CD20* T cells. b-e, Comparison of CD20* vs.
CD20" T cells (separated into CD4* and CD8*) in regard to b, differentiation (CXCR3*, CCR4") and activation
(CD69%); c, adhesion capability (integrin a-4 = CD49d); d, cytokine production (IFNy, GM-CSF, TNFo and IL-17)
and e, developmental state (CCR7*CD45RO =naive and SCM (stem cell-like  memory),
CCR7*CD45RO* =TCM (central memory), CCR7'CD45RO* = TEM (effector memory),
CCR7'CD45RO" = TEMRA (terminally differentiated)). Lines connect values from the identical patient. p values
were calculated using Wilcoxon matched-pairs signed rank test.*=p<0.05,**=p<0.01,***=p <0.001,
*akk=p < (.0001.
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Fig.30: Characterization staining of human T cells.

Representative flow cytometric staining of CCR4, CXCR3, CD49d, CD69, IFNy, GM-CSF, TNFa, IL-17, CCR7
and CD45RO0 staining on CD4* T cells from human PBMCs, gated on respective isotype controls or fluorescence
minus one.

3.7.2. CD20" T cells can be depleted in MS patient blood and reoccur after
anti-CD20 ab treatment stop

Anti-CD20 ab treatment belongs to the most effective MS therapies!® 199132 therefore we were
interested if anti-CD20 abs are able to not only effectively deplete CD20* B cells but also
CD20" T cells in the blood of MS patients. We analyzed the blood of 14 MS patients on average
over 4.07 +0.83 years. Fig.31 depicts four MS patients with conventional anti-CD20 ab
treatment courses. We observed that CD20" T cells as well as CD20" B cells reoccur in the
blood within weeks to months after anti-CD20 ab treatment. Interestingly, CD20™ T cells
reoccurred considerably earlier and to a higher extent than CD20" B cells in the blood. The

patient displayed in Fig.31b did not show a complete depletion of CD20* cells. However, since
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PBMCs from only two time points were available from this patient, likely none was close

enough after the anti-CD20 ab treatment to show complete depletion.
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Fig.31: Anti-CD20 ab treatment courses of longitudinally tested MS patients.

a-d, Flow cytometric analysis of percentages of CD20* cells of human PBMCs from 4 MS patients at different
time points before and during rituximab therapy. Arrows mark rituximab treatment while the red rimmed values
are the before and after time points of Fig.32.
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3.7.3. CD20" T cells reoccur more activated and differentiated

In the anti-CD20 ab treatment courses from 3.8.2 (Fig.31), it was detected that CD20" T cells
are depleted, but that they also reoccur after depletion. For B cells, it is known that they mostly
reoccur with a more differentiated, proinflammatory phenotype!?’. Therefore, reoccurring
CD20" T cells were compared to CD20" T cells present before depletion to look for possible
analog effects in these cells (Fig.32). Unfortunately, only three patients (Fig.31b-d) passed the
inclusion criteria (before depletion sample available, more than 100 CD20* T cells per sample,
no cortisone-obligatory relapse within the last three months before sample collection) needed
to reliably examine their reoccurring CD20" T cells. Reoccurring CD20" T cells exhibited
trends towards CXCR3* Th1l and CXCR3" Tc1 differentiation and a higher expression of the
adhesion molecule integrin a-4 (CD49d) (Fig.32a). The frequency of proinflammatory cytokine
(IFNy, GM-CSF, IL-17, TNFa)-expressing cells was strongly increased in reoccurring
CD20" T cells compared to CD20" T cells before depletion (Fig.32b). The developmental stage
of reoccurring CD20" T cells tended to a less naive and more differentiated, especially in the
CD8* T cell population (Fig.32c). Additional samples might strengthen the trends observed in
the three analyzed MS patients, which portrayed reoccurring CD20" T cells as an even more
differentiated, activated, proinflammatory and therefore pathogenic population than before
depletion. In conclusion, CD20" T cells exhibit a highly pathogenic potential in MS, are

depletable by anti-CD20 ab therapy, and seem to regenerate even more pathogenic.
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Fig.32: After depletion, CD20* T cells reoccur with enhanced pathogenic properties in MS patients.

a-c, Comparison of CD20* T cells obtained human PBMCs from the identical MS patient via flow cytometry prior
to depletion and after reconstitution (n=3; depletion course in Fig.31) in regard to a, differentiation (CXCR3",
CCR4*") and adhesion capability (integrin a-4 = CD49d); b, cytokine production (IFNy, GM-CSF, TNFa and
IL-17) and c, developmental state. Lines connect values from the identical patient.
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4. Discussion

CD20 is a transmembrane protein that was considered a B cell lineage marker due to its high
expression on only B cells. Its function or any potential ligands still remain unknown. Due to
its expression on B cells in all stages of antigen-dependent activity, anti-CD20 ab therapy was
developed to deplete B cells in diseases where they are pathogenic'®’. Interestingly, anti-CD20
ab treatment showed a positive treatment effect in MS'%, which was considered a T cell-driven
disease?®. Consequently, a small population of CD20" T cells, which were first discovered in
19932 were analyzed in MS. They were found to be increased in MS patients compared to

117 and exhibit a proinflammatory phenotype!'*. Additionally, it could be

healthy controls
demonstrated that CD20" T cells are depleted as effectively as B cells in anti-CD20 ab
treatment in MS patients'!’- 125 Therefore, we were interested in the question if CD20* T cells
play arole in MS development and progression and if their depletion by anti-CD20 ab treatment
has a part in the positive therapeutic effect in MS. We determined the existence of
CD20" T cells in mice and analyzed them for their pathogenic potential in EAE. In addition,
we examined CD20" T cells for their pathogenic potential, depletion and their phenotype at

reoccurrence after depletion in up to 14 MS patients.

4.1. Trogocytotic transfer of CD20
Since their discovery, CD20" T cells have been found in various components of healthy human

donors, as wells as in patients with autoimmune diseases like MS? 14 psoriasis'?®

or
rheumatoid arthritis'®®. Until now, CD20" T cells have been exclusively studied in the human
due to the fact that their existence in other species was unknown. By analyzing wild type and
CD20KO mice, we could detect the existence of CD20" T cells in mice (Fig.8). By then, it was
merely suggested, that T cells in mice express some CD20 homolog called MS4a4B that differs
from the CD20 found on B cells!3* 134, Since in humans, the existence of CD20* T cells was
first put into question and it was claimed that CD20" T cells are merely a flow cytometry
artefact due to T cell-B cell doublets'®. To avoid potential false positive signals due to doublets
with B cells, flow cytometry data was always gated for single cells and B cells were excluded
by CD19 B cell staining (Fig.7). It was also observed that the fluorescence intensity of CD20
on B cells is generally a great deal higher than the signal found on CD20" T cells and would
therefore most likely expose B cell contamination. CD20" T cells could be detected in two
different wild type mouse strains, which confirms, that this cell population is not solely present

in the B6J mouse strain.
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The hypothesis of CD20" T cells are flow cytometry artefacts was mainly based on the fact that
the group was unable to expand the CD20" T cell population via direct a-CD3/a-CD28 T cell
stimulation!*®, Similar results could be observed in this study: T cells proliferated, but the
frequency of CD20* T cells did not change (Fig.10). At this point, we put in question if
CD20" T cells have the ability to endogenously express CD20. This hypothesis was reinforced
due to the fact that two different strains of B cell-deficient mice did not contain any
CD20" T cells (Fig.9), indicating a connection between the incidence of CD20-expressing
B cells and CD20* T cells. We did not detect any CD20 RNA expression in murine
FACS-sorted CD20" T cells, although two primer pairs, binding in different areas of the
MS4A1 gene, were utilized (Fig.11). In human CD20" T cells, some groups found a slight
CD20 mRNA expression signal*'4. We cannot exclude the possibility, that in the human some
CD20" T cells endogenously express CD20, since we have not yet analyzed human
CD20" T cells. However, gRT-PCR is a highly sensitive method, where contamination with
even one B cell might cause a CD20 signal in sorted T cells. B cell contamination however little
might also be a possibility since a slight CD19 signal can be seen in their CD20" T cell
population. This might only be background signal due to e.g. non-specific primer binding, but
we generally observed that CD20 expression was higher than CD19 expression in B cells.
Therefore, CD19 expression of contaminating B cells might not be sufficient for detection at
this stage. In our mouse model, CD20" T cells did not endogenously express CD20.

These results led to the hypothesis of a trogocytotic transfer of CD20 from CD20-highly
expressing B cells during B cell-T cell interaction, which was already suggested by various
groups®® *°. This hypothesis would build on the trogocytotic transfer of the B cell surface
protein MHC 11 to T cells, which is already well-established®¢: 137:138.13% 'CD20 was also found

to be physically associated with the B cell antigen receptor4

and physically and functionally
coupled to MHC class 11 on human B cell lines**t. The proximity of CD20 to the B cell receptor
and MHC I1, which is known to be transferred*®°, especially suggests that CD20 is transferred
as well.

The first result pointing to a trogocytotic transfer was the expansion of the CD20" T cell
population that could be achieved by APC-dependent stimulation of T cells in splenocyte
cultures (Fig.12b). A necessity of B cells in the expansion of CD20" T cells was determined
since no expansion of the CD20" T cell population could be detected in cultures lacking
CD20-expressing B cells (Fig.12d). To exclude the possibility that only the interaction with
Bcells, but not their CD20 expression, led to an increase of CD20" T cells,

B cell-T cell cocultures with wild type or CD20KO B cells were performed. These cultures
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confirmed the necessity of T cells to interact with CD20-expressing B cells for the expansion
of the CD20" T cell population (Fig.14a-f). Cultures with other antigens were performed to
investigate whether the observed effects are antigen-specific (Fig.13). Subsequently, the need
for CD20™ T cells to have interacted with CD20" B cells in a direct, antigen-dependent manner
to become CD20 was analyzed. Therefore, cocultures with MHC 11KO B cells were conducted,
since those B cells cannot present antigen to the mainly CD4" T cells in MOGss.s5s TCR
transgenic 2D2 T cells (Fig.14g-i). Additionally, transwell cocultures were performed, where a
membrane prevented direct T cell interaction (Fig.14j). These experiments excluded the
possibility of a CD20 transfer from B cellsto T cells via B cell vesicles. Therefore, the necessity
of direct, antigen-dependent interaction between B cells and T cells was confirmed. In
trogocytosis not only surface proteins are transferred, but entire spots of cell membrane!3¢ 1%,
On that account, trogocytotic transfer of CD20 from B cells to T cells could be further verified
by staining B cells with a membrane stain and measuring the signal of transferred
membrane stain on T cells. Here, membrane stain™ T cells had to be excluded, since they
originate from the <1 % T cell contamination in the MACS-isolated membrane-stained B cells
(Fig.15). Another indication that these T cells were membrane-stained together with the B cells
was their high fluorescence intensity, which equals the fluorescence intensity of membrane-
stained B cells, compared to the membrane stain-transferred T cells. Additionally, transwell
experiments with membrane-stained B cells were conducted to exclude the possibility that the
membrane stain leaks from stained B cells to stain T cells (Fig.16).

In the end, the higher amount of membrane stain on CD20* T cells and the significant positive
correlation between the fluorescence intensity of transferred membrane stain and CD20 on
membrane stain-transferred T cells point towards the trogocytotic transfer of stained membrane
and CD20. Fluorescence microscopic analysis additionally displayed a “patchy” signal of
CD20, as well as membrane stain, in the same location on the surface of a T cell. Similar
“patchy” signals were found in other groups, further confirming the trogocytotic transfer of
CD20*°,

Since results produced in vitro do not always completely translate to equal effects in vivo, the
possible generation of CD20" T cells needs to be confirmed invivo. For invivo analysis,
CD20" B cells were transferred into B cell-deficient, CD20* T cell-lacking mice (Fig.17).
Trogocytosis of CD20 could be demonstrated in these experiments due to the detection of newly
generated CD20" T cells only in mice who were transferred with CD20-expressing B cells. In
addition, the frequency of newly generated CD20* T cells positively correlated with the

frequency of newly accumulated B cells. MOGai.117 protein immunization was performed
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following B cell accumulation to further B cell-T cell interaction in the animals, since
MOG:-117 protein immunization leads to pathogenic B cell interaction?. Increased B cell-T cell
interaction should have led to an increased trogocytotic transfer of CD20 to T cells and
therefore an increased frequency of CD20" T cells. Furthermore, in MOG;-117 protein
immunized mice, B cells were also recruited to the immunization draining lymph nodes. The
immunized mice confirmed the need for direct B cell interaction, since CD20" T cells did not
occur in the lymph nodes of naive mice, where no CD20-expressing B cells were recruited to.
These results confirm that trogocytotic transfer of CD20 to T cells during direct, antigen-
dependent B cell-T cell interaction is the sole origin of CD20* T cells in mice.

This concludes that every CD20" T cell is a T cell that recently interacted and was probably
activated by a B cell. Therefore, CD20 might serve as a marker for T cell activation by a B cell
and an increased amount of CD20" Tcells in patients''’ might indicate a substantial

participation of B cells in the development and progression of various diseases.

4.2. CD20" T cells may play a pathogenic role in EAE, respectively MS

CD20* T cells were found to be increased in the blood of untreated MS patients'!’. We were
able to reproduce similar results in MOG immunized mice by expanding the CD20" T cell
population significantly in the immunization draining lymph nodes, the points of T cell
activation (Fig.22a-d). An increased amount of CD20* T cells alone would not lead to the
development and progression of MS, respectively EAE, if CD20" T cells would not show
pathogenic potential. In MS patients, it could be shown that CD20" T cells express higher
frequencies of proinflammatory cytokine IL-17, TNFa, GM-CSF and IFNy-expressing cells
than CD20™ T cells** 1%°, In rheumatoid arthritis, a greater portion of Th17 cells was CD20"
than in healthy controls in the blood**°. Furthermore, CD20" T cells expressed higher levels of
activation markers like CD69 and HLA-DR in psoriasis'?®®. In ovarian cancer, CD20* T cells
are expanded in the ascites of patients and exhibited a predominantly Tcl effector memory

phenotype!8

. All those data points to a potential pathogenic role of CD20* T cells. In vitro and
ex vivo experiments in naive and MOG immunized mice in this study confirmed CD20" T cells
to be primarily highly activated T cells with a significantly higher expression of
proinflammatory cytokines like IL-17, TNFa, GM-CSF and IFNy as compared to CD20" T cells
(Fig.18,19,22f-g,23a-d,24a-c). Similar results could be detected in PBMCs from our MS
patient cohort (Fig.29b,d). These results portray CD20" T cells as highly proinflammatory,

potentially pathogenic cells. Interestingly, increased expression of anti-inflammatory cytokines
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could also be detected in CD20™ T cells (Fig.20). Since we hypothesize that CD20" T cells are
generated during antigen-dependent B cell-T cell interaction, they would not represent a
separate T cell population. Being activated by a B cell might be their only uniformity.
Therefore, the phenotype of a CD20* T cell might be determined by the type of B cell it was
activated by. However, the frequency of anti-inflammatory CD20* T cells and their cytokine
expression is relatively small compared to the frequency and cytokine expression of
proinflammatory CD20" T cells.

Another pathogenic trademark we detected in murine and human CD20* T cells was the
increased expression of the adhesion molecules integrin a4 (CD49d, mouse and human) and
LFA-1 (CD11a, mouse) (Fig.23e-h, 29c). The frequency of CD49d-expressing cells was even
further increased in mice by EAE induction. The group around von Essen et al. also detected
the increased CD49d expression of CD20" T cells!®®. The expression of adhesion molecules is
especially important in MS, respectively EAE, development and progression since autoreactive
T cells need to be able to cross the blood-brain barrier to attack the myelin sheath in the CNS®’.
Von Essen et al. were able to detect high amounts of CD20* T cells in the CSF of MS
patients''®. In EAE, we were unable to detect relevant frequencies of CD20" T cells in the CNS
and especially no accumulation with frequencies higher than in the blood as was published by
von Essen in MS patients'®® (Fig.26,27). The differences in the results could for one be due to
the different compartments analyzed. CSF results might differ from the results in CNS. To
ascertain this difference, either CSF from EAE mice or CNS lesion samples from MS patients
would need to be examined for CD20" T cells. However, it would not be plausible to claim that
CD20" T cells play a role in MS, respectively EAE, pathology if they do not occur in the
damaged compartment. To detect CD20" T cells, we tested various methods for lymphocyte
isolation from the murine CNS.

Our first hypothesis was that CD20, like so many other surface proteins, might be destroyed in
the enzymatic digestion utilized to isolate lymphocytes from the CNS. This might still be the
case, but no relevant frequencies of CD20™ T cells could be detected even without enzymatic
digestion, various different filtration methods tested or in completely untreated CNS cell
suspensions. One might argue that without enzymatic digestion, CD20* T cells might not be
sufficiently isolated from the CNS tissue. However, even if enzymatic digestion is needed to
isolate CD20" T cells they might simultaneously lose their surface CD20 due to digestion.
Another hypothesis we considered is that the loss of CD20 on the CD20" T cell surface might
be due to membrane turnover. In our trogocytosis model, CD20* T cells receive the CD20 on

their surface during B cell-dependent activation in the periphery and then travel to the CNS.
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There they become reactivated by various antigen-presenting cells and attack the myelin
sheath®®. In our experiments with membrane-stained B cells, we could observe that at the latest
after 48 h, membrane stain could solely be detected inside the cell, but no longer on the surface.
Since CD20" T cells are unable to endogenously express CD20 (Fig.11), CD20 might be
internalized after a while due to membrane turnover, making the cells undetectable as former
CD20" T cells. The B cell frequency and their expression of CD20 was found to be lower in the
CNS compared to the blood, the spleen and especially the immunization draining lymph nodes,
where most CD20* T cells were generated in EAE (Fig.26e). These findings indicate that
T cells might only infrequently interact and be reactivated by a B cell and more commonly by
CNS-resident cells or e.g. dendritic cells. Thus, former B cell-activated CD20" T cells would
be unable to reacquire CD20 on their surface since interaction with CD20-expressing B cells
might occur too infrequently. Further experiments in the mouse model, but also in MS patients
would need to be performed to conclusively determine, whether CD20™ T cells accumulate in
the CNS.

At this point, the CSF results from von Essen et al.}'® seem more reliable, since the CSF cells
they analyzed were processed to a lesser extent than our murine CNS samples. Moreover, in
EAE mice adoptively transferred with CD20* T cells, increased T cell infiltration into the CNS
could be observed compared to CD20 T cell transferred mice (Fig.25c,d). This finding
suggests increased infiltration of CD20" T cells in the CNS of EAE mice even though we could
not yet detect it.

In combination, the enhanced expression of proinflammatory markers and cytokines, that were
found to play a role in MS, respectively EAE, strongly suggests a pathogenic potential of
CD20" T cells in this disease.

4.3. Depletion of CD20" T cells is likely of clinical benefit

The potential importance of CD20* T cells in MS emerged of late since anti-CD20 ab therapy
led to a substantial treatment success in MS patients'. The treatment success of anti-CD20 ab
therapy was at first considered the sole result of B cell depletion. This hypothesis indicated a
considerably greater role of B cells in a disease that was formerly thought to be mainly
T cell-driven?. In the following years, CD20* T cells were contemplated as a T cell population
that was also depletable by anti-CD20 ab therapy and its depletion was debated to also play a
role in the positive anti-CD20 ab treatment effects''” 12, We were able to reproduce the
complete depletion of CD20" T cells in various compartments in the mouse (Fig.25a,b), but
were until now unable to deplete CD20" T cells apart from B cells to examine the sole effect of
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CD20" T cell depletion in EAE. In collaboration with other members of the AG Weber, transfer
EAE experiments, where MOG-activated T cells are transferred to induce EAE in naive
CD20KO mice, now offer a model to separately deplete CD20" T cells and are currently in
progress with promising results (Fig.25c).

In MS patients, CD20" T cell depletion was already published with various anti-CD20 abs'!"
125 Blood samples from our MS patient cohort were analyzed longitudinally throughout
anti-CD20 ab therapy (Fig.31). Complete depletion of CD20-expressing B cells and
CD20" T cells could be observed directly following anti-CD20 ab treatment. However,
reoccurrence of CD20" B and T cells could also be observed, as was already published by
Palanichamy et.alll’. Interestingly, CD20+* T cells reoccurred generally earlier and at a
higher frequency than B cells after anti-CD20 ab treatment. Similar results were published
by Schuh et al.**4, who observed three patients with relapses 4-8 months after the last rituximab
infusion, at a time when there were more CD20" T cells than B cells in the blood. Additionally,
they described one patient with a relapse when CD20* T cells had reached 4 % of all
lymphocytes, while CD20* B cells were hardly detectable in the blood. These results further
strengthen the hypothesis that CD20" T cells play an important role in MS pathology.
However, if we claim that direct interaction with CD20" B cells is necessary to generate
CD20" T cells the question emerges how CD20" T cells can be found in the blood while no
CD20" B cells are detectable. A possible explanation for the earlier return of CD20" T cells
might be the analyzed compartment. Reoccurring B cells generally first accumulate in the
spleen and secondary lymphatic organs before they are flushed into the blood. Mouse
experiments from our group confirmed that B cells in the spleen were replenished weeks earlier
as in the blood*?’. Unpublished data from our group also discovered that CD20" T cells occur
in the spleen slightly earlier than in the blood of anti-CD20-depleted mice (unpublished data
Ochs et al.). With these data, we conclude that CD20" B cells newly generated in the bone
marrow first accumulate in the spleen, where they fill up the vacant B cell follicles, before they
are flushed into the blood. At the same time, T cells remained a complete, functional population
since the depleted CD20" T cells only account for 3-5 % of the overall T cells in the blood*.
Therefore, plenty mature T cells are present in the spleen of depleted mice and MS patients,
where they could interact with newly generated CD20" B cells and are afterwards directly
flushed out into the blood. This model of CD20" B and T cell-regeneration would also explain
the findings that at the time of reoccurrence both populations show a more activated and
possibly differentiated phenotype in the blood**2. In the case of CD20" T cells an even more
proinflammatory phenotype than before depletion was detected (Fig.32). The background here
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would be that CD20" T cells would have recently been activated by B cells and in the smaller
proportion of regenerated B cells, the percentage of B cells having directly interacted with a
T cell would be enhanced. Unfortunately, the shortage of MS patient samples that fulfilled all
criteria for analysis impeded significant results. The number of patients, who could be used for
longitudinal analysis of CD20" T cells, was reduced to three due to exclusion criteria. The fact
that the MS patients had to be treated regularly with anti-CD20 antibodies to control their
disease reduced the amount of samples with more than 100 CD20" T cells. To be able to analyze
tiny populations like e.g. CD20* Th17 cells, at least 100 CD20" T cells were necessary to
acquire reliable results.

Another challenge was the necessity to permeabilized the cell membrane to stain cells for their
phenotype and cytokine expression. Since this treatment reduces the membrane surface, loss of
surface molecules was inevitable. Unfortunately, CD20 on T cells is a “patchy”, dim staining
due to the trogocytotic transfer. Thus, loss of CD20 on the cell surface was unavoidable and
resulted in a lower frequency of detectable and therefore analyzable CD20" T cells (Fig.28).
Another exclusion criterion was the treatment with cortisol in the last three months before
sample collection. Cortisol has an immunosuppressive effect and would thus falsify our results.
Longitudinal analysis of additional MS patients might be included throughout the years and
strengthen the trends observed in this study that already depict the phenotype of reoccurring
CD20" T cells as more proinflammatory and more differentiated. Consequentially, as was
already suggested due to the more activated phenotype of reoccurring B cells*?” 142 and these
reoccurring, even more pathogenic CD20* T cells, a follow up therapy after treatment stop of
anti-CD20 ab therapy like e.g. BTK-inhibitors needs to be considered.

In conclusion, CD20" T cells were determined to be primarily highly activated,
proinflammatory cells with a high expression of adhesion molecules and enhanced occurrence
in MS and EAE. As a result, they possess most features necessary to play a pathogenic role in
MS, respectively EAE. Ongoing experiments indicate an additional clinical benefit of the
selective depletion of CD20" T cells and together with the results in this study strongly suggest
the pathogenic influence of CD20" T cells. At the very least, anti-CD20 ab therapy would

deplete a population of B cell-activated, proinflammatory T cells on top of B cells®® 126,
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5. Outlook

In this study, we found that CD20™ T cells cannot endogenously express CD20 in mice and that
they receive CD20 from CD20-expressing B cells via trogocytosis. A trogocytotic transfer of
MHC 1l from B to T cells is already established!®. It might be interesting, in this context, to
further investigate if CD20 and MHC 11 are the only B cell markers transferred to T cells and if
other B cell membrane proteins are also transferred. The B cell marker B220 could be a
potential candidate. In addition, trogocytotic membrane transfer might also occur in both
directions. This would mean that B cells also receive membrane and membrane proteins from
T cells. Since it was described that T cells that received MHC |1 are able to present antigen to
other T cells'*® 144 the transfer of other B cell antigens to T cells or the transfer of T cell
antigens to B cells might also affect and possibly potentiate immune responses. Furthermore,
the trogocytotic transfer of membrane proteins might not be limited to B and T cells, but could
also occur in the direct interaction with various other cells, e.g. monocytes or CNS-inherent
cells. Trogocytotic transfer of CD20 to such other cells could have so far unconsidered
implications for anti-CD20 ab therapy.

If CD20" T cells develop due to direct B cell-T cell interaction, it would also be interesting to
observe the generation and occurrence of CD20™ T cells in other models of infectious diseases.
In the future, we want to further confirm our results about the origin of CD20* T cells in the
mouse Via single cell analysis to examine, whether T cells that have CD20 proteins on their
surface are actually all negative for CD20 RNA. Additionally, we would like to look into human
CD20" T cells, to analyze whether similar results can be found there.

In this study, we barely started to analyze the clinical role of CD20" T cells in EAE, respectively
MS. We already performed the transfer of CD20" or CD20" T cells on top of an already
developing EAE. Here, a worsening of the disease course and an increased infiltration of
CD3* T cells could be observed in CD20" T cell-transferred mice. Another attempt at this
strategy might result in a more distinct effect of CD20" T cells, if more T cells are transferred
than the two times 200 000 cells from the previous experiments. Moreover, it would be
preferable to transfer CD20" and CD20" T cells from a mouse line with genetically fluorescent
cells to be able to distinguish the CNS-infiltrated T cells from host T cells. This would help to
understand, if the transferred T cells are also the infiltrated T cells. So far, we are unable to
make that distinction otherwise, since we cannot detect or isolate and stain CD20" T cells in the
CNS.

Pilot experiments selectively depleting CD20" T cells in passive EAE are ongoing and need to
be completed, but they already show promising results. Here, CNS-antigen reactive T cells are
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transferred to naive mice to induce EAE in CD20KO. Thus, only the transferred CD20* T cells
are depleted, which would demonstrate the effect of CD20" T cells in EAE development and
progression.

In perspective and summary, in case the depletion of CD20™ T cells shows a positive therapeutic
effect, the clinical benefit of anti-CD20 ab treatment may refer to the depletion of both B and
T cells and may disrupt pathogenic B cell-T cell interaction far more thoroughly than previously
thought.
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