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ABSTRACT

Multiple sclerosis (MS) is an autoimmune, neuroinflammatory disease where peripheral
immune cells infiltrate the central nervous system (CNS), causing inflammation and
subsequent demyelination that ultimately leads to neuronal degeneration. The pathogenesis
of MS is thought to be primarily driven by autoreactive T cells, which are the first immune cells
to migrate into the CNS. Although efforts to restrict T cell migration into the CNS have yielded
some success in treating MS, the need for additional treatment options remains. With this in
mind, this study aimed to identify crucial genes necessary for T cell migration in the CNS in

experimental autoimmune encephalomyelitis (EAE), an animal model for MS.

In this work we used an adoptive T-cell transfer EAE model in Lewis rats to conduct an in vivo
genome-wide loss-of-function CRISPR/Cas9 screening in encephalitogenic T cells. Through a
subsequent validation screening, a diverse set of molecules essential for T cell migration during
the initial phase of EAE pathogenesis was identified. To gain comprehensive insights into the
functional role of these identified candidates in regulating T cell migration, we performed
validation experiments involving the generation of single knockout Tyge cells and elucidated
their underlying mechanisms. This systematic approach facilitated the clustering of these
genes into functionally coherent modules with significant implications for understanding T cell

migration regulation.

The adhesion module comprises of the a4-integrin, its binding partner Bl-integrin and the
integrin chaperone Hsp90b1l. Loss of those genes leads to impaired attachment of T cells to
vascular endothelial cells, consequently hindering the process of transmigration into the CNS.
The second chemotaxis module involves the Chemokine receptor Cxcr3, its intracellular
binding partner Gnai2, and its transcription factor Tbx21. Perturbation of this module alters
the overall chemoattractive response of T cells. The third module, centered around the kinase
Grk2, influences T cell egress. In vivo microscopy experiments revealed that Grk2-deficient
T cells are capable of adhering to vascular endothelial cells but fail to complete the diapedesis
process. Mechanistically, this impairment arises from defective S1PR1 internalization mediated
by Grk2 phosphorylation. Moreover, we identified two interacting proteins, Arihl and Ube2I|3,
both involved in the ubiquitination process to affect T cell migration. Lastly, we discovered that
Ets1 acts as an inhibitor of T cell migration, as evidenced by the accumulation of Ets1-deficient

T cells within the CNS.

Collectively, our study offers valuable insights into the regulatory mechanisms underlying T cell
migration in the context of EAE, thereby holding promising implications for the development

of innovative therapeutic strategies.



ZUSAMMENFASSUNG

Multiple Sklerose (MS) ist eine autoimmune, neuroinflammatorische Erkrankung, die durch die
Infiltration von Immunzellen in das zentrale Nervensystem (ZNS) gekennzeichnet ist und zu
Entziindungen und anschlieBender Entmarkung fihrt, was letztendlich in der Degeneration
von Neuronen endet. Die Pathogenese von MS wird hauptséachlich durch autoreaktive T-Zellen
getrieben, die als erste Immunzellen in das ZNS migrieren. Obwohl| Bemihungen, die Migration
von T-Zellen in das ZNS zu begrenzen, teilweise erfolgreich waren, besteht weiterhin Bedarf an
zusatzlichen Behandlungsoptionen. Vor diesem Hintergrund zielte diese Arbeit darauf ab,
essentielle Gene zu identifizieren, die fir die T-Zell-Migration in das ZNS wahrend der
experimentellen autoimmunen Enzephalomyelitis (EAE), einem Tiermodel fir MS, erforderlich

sind.

In dieser Arbeit verwendeten wir ein EAE Modell des adoptiven T-Zell-Transfers in Lewis
Ratten, um ein in vivo genomweites CRISPR/Cas9-Screening in enzephalitogenen T-Zellen
durchzufiihren. Durch ein anschlieBendes Validierungsscreening konnten wir eine Gruppe von
Molekilen identifizieren, die wahrend der initialen Phase der EAE-Pathogenese fir die
Migration von T-Zellen essentiell sind. Um weitere Erkenntnisse Uber die funktionelle Rolle
dieser identifizierten Kandidaten bei der Regulation der T-Zell-Migration zu gewinnen, fihrten
wir Validierungsexperimente mit individuellem Gen-Knockout in T-Zellen durch. Dieser Ansatz
ermoglichte die Gruppierung dieser Gene in funktional kohdrente Module die entscheidend

zur Regulation der T-Zell-Migration beitragen.

Das Adhédsionsmodul besteht aus a4-Integrin, seinem Bindungspartner B1-Integrin und dem
Integrin-Chaperon Hsp90bl. Der Verlust dieser Gene fiihrt zu einer beeintrachtigten
Anheftung von T-Zellen an die endothelialen Zellen der BlutgefaRe, was die Transmigration in
das ZNS behindert. Das zweite Chemotaxis-Modul umfasst den Chemokinrezeptor Cxcr3,
seinen intrazelluldren Bindungspartner Gnai2 und seinen Transkriptionsfaktor Tbx21. Die
Beeintrachtigung dieses Moduls hat Auswirkungen auf die Reaktion von T-Zellen auf chemo-
taktische Signale. Das dritte Modul, das sich um die Kinase Grk2 zentriert, beeinflusst den
Austritt von T-Zellen. In vivo Mikroskopie-Experimente zeigten, dass Grk2-defiziente T-Zellen in
der Lage sind, an endotheliale Zellen zu binden, jedoch den Prozess der Diapedese nicht
vollstandig abschlieBen kénnen. Mechanistisch gesehen entsteht diese Beeintrdchtigung durch
eine fehlerhafte Internalisierung von S1PR1, welcher von Grk2 phosphoryliert wird. Dariiber
hinaus identifizierten wir zwei interagierende Proteine, Arihl und Ube2l3, die beide am

Prozess der Ubiquitinierung beteiligt sind und die T-Zell-Migration beeinflussen. SchlieRlich



entdeckten wir, dass Etsl eine inhibitorische Rolle bei der T-Zell-Migration spielt, was sich

durch die Ansammlung von Etsl-defizienten T-Zellen im ZNS zeigte.

Zusammenfassend liefert unsere Studie wertvolle Erkenntnisse Uber die regulatorischen
Mechanismen, die der T-Zell-Migration im Kontext von EAE zugrunde liegen, und hat somit

vielversprechende Implikationen fiir die Entwicklung innovativer therapeutischer Strategien.
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1 INTRODUCTION

1.1 Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune, inflammatory, demyelinating disease of the central
nervous system (CNS) afflicting around 2.8 million people worldwide (Walton et al., 2020,
Baecher-Allan et al., 2018). Among young adults it is the most common neurological disease
and the leading cause of non-traumatic disability (Attfield et al., 2022). MS patients display a
heterogeneous disease course with a wide spectrum of neurological dysfunction and varying
clinical presentation, which makes clinical characterization challenging. Depending on the
lesion side symptoms can range from an inflammation of the optic nerve with complete or
partial loss of vision in one or both eyes to inflammation in the spinal cord or brain leading to
muscle weakness, spasticity, sensory disturbances, and bladder or bowel dysfunction. If the
lesion side is located in the brainstem, symptoms can also consist of dizziness or vertigo,
nausea, fatigue, double vision and pain (Garg and Smith, 2015, Miller et al., 2005, Sastre-
Garriga et al., 2010). In most cases the disease onset occurs between the age of 20 and 40 with
a clinically isolated syndrome (CIS) that consists of a single episode of neurological impairment
for at least 24 hours (Attfield et al., 2022). Although not necessary, the CIS often progresses
into a relapsing-remitting MS (RRMS) where patients experience reversible episodes of
neurological dysfunction that can last for some days up to several weeks (Miller et al., 2005).
The RRMS is characterized by clearly defined relapses of new or increasing neurological
symptoms followed by periods of remission with partial or complete recovery (Figure 1). With
time, the recovery after each episode becomes incomplete and irreversible neurological
deficits persist, however there is no progression of disease during the periods of remission.
This changes if patients transition into a secondary-progressive MS (SPMS) where symptoms
do not revolve but progress further outside of attacks (Miller and Leary, 2007). However, an
SPMS patient can still have relapses and time periods without progression. While 85 % of MS
patients develop RRMS and about half of them progress into SPMS, a minority of around 15 %
of the patients develops a primary-progressive MS (PPMS) (Ruiz et al., 2019). The PPMS is
characterized by the progressive development of irreversible clinical and cognitive deficits
from the beginning without relapses (Figure 1). In all forms of the disease, the pathological
hallmark is the formation of focal inflammatory demyelinating lesions in the CNS that
disseminate in time and space. The lesions are caused by the infiltration of autoreactive
immune cells into the parenchyma where they induce inflammation and attack the myelin
sheath. This results in demyelination, oligodendrocyte loss, reactive gliosis, and axonal

degeneration ultimately causing neurological deficits (Baecher-Allan et al., 2018).
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Figure 1 Types and progression of multiple sclerosis

Before onset of the first CIS, preclinical disease activity without clinical symptoms can already occur. In
RRMS relapses are followed by partial or complete clinical recovery, while disease progresses in
between relapses once transitioned into SPMS. In PPMS, there is a constant progression from disease
onset on without relapses. Own graphic, based on (Baecher-Allan et al., 2018).

The cause of MS is unknown but it is considered to be multifactorial by a combination of
genetic and environmental influences. The observation of increased heritability within families
and studies with twin and sibling pairs as well as adoptees provide evidence that there is a
genetic component in the development of MS (Sawcer et al., 2014). While the general
population carries a risk of developing MS around 0.1 %, this increases to 2-4 % for first-degree
family members (Compston and Coles, 2008, Reich et al., 2018). Genome-wide association
studies identified over 200 risk alleles that are associated with a higher susceptibility to MS
(Thompson et al., 2018). Most of them have a direct link to the immune system, for example
the regions of the interleukin (IL) 7 receptor, IL-2 receptor, or tumor necrosis factor receptor
superfamily member 1A, lymphocyte function-associated antigen 3 or tyrosine kinase 2
(Sawcer et al., 2014, Hafler et al., 2007). The strongest association was found with the human
leukocyte antigen (HLA) region of chromosome 6, where the most prominent gene variant is
the major histocompatibility complex (MHC) allele HLA DRB1*15:01, which increases the risk
of developing MS threefold (Lill, 2014). However, genetic factors can only account for 30 % of
the explainable risk of MS (Dendrou et al., 2015). Indeed, a monozygotic twin of an MS patient
has only a 25 % risk of developing the disease themselves and no singular genetic, epigenetic
or transcriptomic mechanism explaining the disease discordance of monozygotic twins was
detected yet (Baranzini et al., 2010). This indicates that common risk alleles, each exerting only
modest effects, affect the susceptibility to MS but additional environmental factors play an
essential role in the development of MS (Hafler et al., 2007). MS exhibits a latitudinal gradient
in its global distribution, with the prevalence of the disease increasing as one moves further
north or south of the equator in areas where individuals of European descent live (Simpson et
al., 2011). The discrepancies in prevalence can be attributed to differences in sunlight
exposure, reflected in changes in ultraviolet radiation and vitamin D levels. Elevated levels of

both are associated with a protective effect on the MS risk (Lucas et al., 2015). In addition,
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according to the hygiene hypothesis, exposure to multiple pathogens especially in early life, as
is often the case in subtropical and tropical regions, suppress allergic and autoimmune
disorders (Bach, 2002). Also an increased numbers of younger siblings reduces the risk of
developing MS, as well likely due to a higher exposure to infections (Olsson et al., 2017). In
contrast, the infection with the Epstein-Barr virus (EBV) has long been implicated with the
development of MS. Over 95 % of the population becomes infected in their adult life and while
infection during children often remains symptom free, an infection later in life often leads to
infectious mononucleosis, therefore the time point of EBV infection in life seems to be
important for determining the severity of the disease (Kuri et al., 2020). A recent study in a
cohort of more than 10 million people showed that the risk of developing MS increased 32-fold
after infection with EBV but not after infection with similarly transmitted viruses. In the same
study, the onset of MS was nearly always only after EBV seroconversion (Bjornevik et al.,
2022). Although the data suggest that EBV might be essential for the development of MS, the
exact mechanism still remains elusive. Like in most autoimmune disorders, females are more
often affected by MS than males. Over the past 30 years, the female to male sex ratio has
increased markedly due to increased incidence of MS in women (Koch-Henriksen and
Sgrensen, 2010). This is likely to be explained by environmental factors and changes in
lifestyle, such as increased smoking and adolescent obesity, which are well-established risk
factors for MS (Olsson et al.,, 2017). In addition, changes in female reproductive behaviour
might play a role since pregnancies exert a beneficial effect on autoimmune diseases like MS
(Ponsonby et al., 2012). Recently, the gut microbiome has come into the focus of science as it
participates in immunoregulatory pathways. Studies showed that composition of the
microbiota differed between MS patients and healthy controls (Jangi et al., 2016). In addition,
when transferred into mice the MS patient derived gut microbiota induced autoimmunity at a
significantly higher incidence than the control-derived microbiota (Berer et al., 2017). Although
causality has not been established yet, it is likely that the microbiome plays an important role
in MS. In order to provide comprehensive medical care for people at risk, further research and
analysis of risk factors is crucial. As far as known, no single factor but rather the combination of
genetic and environmental factors that interact with each other causes the development of

MS.

1.2 Experimental Autoimmune Encephalomyelitis

To gain insight into the complex pathogenesis of MS, which involves various interactions
between cells of the immune system and the CNS, research has relied extensively on animal

models. However, in a complex disease like MS with profound heterogeneity in clinical
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symptoms and immunological phenotypes, there is no single animal model that reflects the
entire pathology (Wekerle et al., 1994, Wekerle et al., 2012). Hence, multiple animal models
have been developed to study different aspects of the disease. Frequently used animal models
are the toxin-induced demyelination model and the Theiler's murine encephalomyelitis virus
infection, which is based on virally-induced chronic demyelination. Those models are suitable
to study the de- and re-myelination processes as well as axonal injury and repair (Procaccini et
al., 2015). Nonetheless, to study the autoimmune pathology of MS the best characterized and
most common used animal model is the experimental autoimmune encephalomyelitis (EAE). It
was first described in 1925, when Koritschoner and Schweinburg discovered that inoculation of
rabbits with human spinal cord emulsion inflicts inflammation of the spinal cord and paralysis
in the animals (Koritschoner and Schweinburg, 1925). This observation was later reproduced
by repeated injections of rabbit brain extracts into monkeys, which developed clinical signs of
a CNS disease with immune cell infiltration and demyelinating lesions (Rivers et al., 1933). A
major breakthrough was the discovery of the mineral oil-based Freund’s adjuvant, a potent
immunostimulant that can be supplemented with heat-inactivated mycobacteria tuberculosis
(complete Freund’s adjuvant, CFA) to further potentiate the immune response (Freund and
McDermott, 1942). When the brain extract was emulsified in CFA, only one injection is
sufficient to elicit EAE in the animal, whereas earlier approaches required multiple injections
(Kabat et al., 1951). In the following years, EAE experiments have been performed in multiple
animal species like monkey (Kabat et al., 1947, Morgan 1947), guinea pig (Freund et al., 1947),
mouse (Olitsky and Yager, 1949) and rat (Lipton and Freund, 1952, Procaccini et al., 2015).
Until the 1980s, rats and guinea pigs were the model of choice to study EAE due to high
reproducibility and consistent disease course (Croxford et al.,, 2011, Gold et al., 2006). This
changed when more susceptible mouse strains were identified, and pertussis toxin (PTX) was
introduced to enhance the EAE incidence. Subsequently, with the ease of genetic manipulation
leading to new transgenic and gene knockout (KO) mouse strains and the availability of
antibodies for mouse immune markers, mice became the most regularly used EAE model
species.

EAE can be broadly categorized into three sub forms: active EAE, adoptive-transfer EAE and
transgenic spontaneous EAE models. In the above described active EAE, disease is induced by
immunization with either brain homogenate, brain-specific antigens such as myelin
oligodendrocyte protein (MOG), proteolipid protein (PLP) and, myelin basic protein (MBP) or
peptides with encephalitogenic epitopes of those proteins in an emulsion with CFA (Robinson
et al., 2014). The initial immunization can be followed by single or multiple injections of PTX to

open the blood-brain barrier (BBB) or a second round of immunization a week after the initial
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dose (Stromnes and Goverman, 2006). The susceptibility as well as the disease phenotype of
EAE varies between different mouse strains depending on the used encephalitogen and the
protocol of immunization. While for example immunization of SJL/J mice with PLP134 15, leads
to a relapsing-remitting EAE course, C57BL/6J mice immunized with MOG3s.s5 display a chronic
EAE progress (Procaccini et al., 2015).

However, the ability of encephalitogenic T cells to induce disease is not restricted to the
immunized animal itself. In 1960, Paterson described that the transfer of lymph node cells
from an immunized rat to a naive rat can also mediate EAE (Paterson 1960). Subsequently, in
the 1980s, Ben-Nun demonstrated that MBP-specific T cells that were isolated from an
immunized rat and in vitro stimulated can induce EAE when injected into naive rats and
thereby established the basis for the so-called adoptive transfer EAE (aT-EAE) (Ben-Nun et al.,
1981). Building on this accomplishment, the model was subsequently expanded to include
mice (Mokhtarian et al., 1984). Over time, the aT-EAE mice model underwent continual
refinement and modification, facilitating the exploration of diverse T cell subpopulations and
their corresponding impacts (Jager et al., 2009, Kroenke et al., 2008). While active EAE relies
on strong adjuvants, which can confound the study, the aT-EAE is solely mediated by transfer
of encephalitogenic T cells that initiate the recruitment of other immune cells (Robinson et al.,
2014). The Tcells are isolated from a brain-specific antigen-primed donor animal and
stimulated with their corresponding peptide in vitro before they are either injected
intravenously (i.v.) or intraperitoneally (i.p.) into a recipient animal. This method allows the
generation of a homogenous population of antigen-specific T cells, which can be in vitro
manipulated, e.g. by fluorescent labelling, genetic editing or specific polarization (Robinson et
al., 2014).

With the advances of technology and genetic engineering, transgenic mice strains that do not
rely on an exogenous stimulus but spontaneously develop EAE have become available. Most
mediate disease via a transgenic T cell receptor (TCR) and/or a transgenic B cell receptor (BCR)
with reactivity towards specific CNS antigens. One of those models is the SJL/J relapsing-
remitting (RR) mouse that carries a transgenic TCR reactive to MOGg,_106. In around 80 % of the
animals transgenic T cells manage to recruit autoreactive B cells from the endogenous pool
ensuing disease, which is characterised by spontaneous onset followed by episodes of
remission (Pollinger et al., 2009). A second model of spontaneous EAE is the double transgenic
opticospinal EAE (OSE) mouse with a C57BL/6 background (Krishnamoorthy et al., 2006). It
combines the TH mouse line, which expresses a BCR derived from a rearranged
immunoglobulin h chain of a MOG-specific monoclonal antibody (Litzenburger et al., 1998)

with the 2D2 mouse line that expresses a MOG-specific T-cell receptor (Bettelli et al., 2003).
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While only a minor percentage of 2D2 and none of the TH mice spontaneously develop
symptoms of EAE, around 50 % of OSE mice develop lesions that are restricted to the spinal
cord and optic nerve (Krishnamoorthy et al., 2006).

Although initiation and manifestation of EAE differ in the individual animal models, e.g.
chronic-progressive, monophasic, or relapsing-remitting EAE, the clinical symptoms are usually
similar and are assessed by a 5-point scale (Stromnes and Goverman, 2006). The first symptom
is body weight loss, often already paired with a weakness in the tail, followed by a paralysis
with increasing intensity. The paralysis progresses from caudal to rostral, first affecting the tail
and progressing into hindlimb and finally forelimb paralysis (Batoulis et al., 2011). These
clinical signs of disease manifestation are due to inflammation predominantly localized in the
spinal cord. Depending on the used EAE model, the disease course could be potentially lethal,

but often the animals recover completely or develop a chronic or fluctuating disease course.

1.2.1 Adoptive transfer EAE in the Lewis rat

Since its initial report in the 1980s, the adoptive-transfer model in Lewis rats has become a
valuable laboratory animal model to study autoimmune-mediated inflammation in the CNS
(Ben-Nun et al., 1981). Until today, aT-EAE is usually induced by intravenous transfer of cluster
of differentiation (CD) 4" effector T cells reactive against MBP (Tygp). The major benefit of the
aT-EAE rat model is the high incidence of EAE with a stable, reproducible clinical course that
follows a steady time kinetic. Following the transfer of activated T cells, the cells do not
immediately enter the CNS, but rather enter a preclinical phase lasting two to three days
during which the cells stay in the lung or secondary lymphatic organs (Kawakami et al., 2012,
Odoardi et al., 2012, Fliigel et al., 2001). The onset of clinical symptoms in Lewis rats typically
coincides with a massive infiltration of T cells into the CNS, and includes weight loss and tail
paralysis observed on day three. In the following two to three days the disease intensity
reaches its maximum and the rats display first hind limb and with increasing severity also front
limb paralysis. The symptoms decline in the following week and the rats reach complete
clinical remission latest two weeks after T cell transfer (Figure 2).

Another major advantage of the Lewis rat aT-EAE model is the possibility to culture and
stimulate the Tygp cells with their respective antigen in vitro for long periods of time, up to 13
cycles of restimulation. This allows for genetic modification or treatment of the T cells prior to
injection. Labelling of Tygp cells with a fluorescent protein allowed exploring the migratory
pathway of the cells from injection to infiltration into the CNS (Fligel et al.,, 1999).
Interestingly, activated Tygp cells do not infiltrate the CNS immediately, but migrate first

through peripheral organs over a latency period of three days. Immediately after injection the
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Twmee cells accumulate in the lung, where they actively migrate within the airways (Odoardi et
al.,, 2012). One to two days after transfer, the Tygp cells migrate into the parathymic lymph
nodes and from there further into the spleen on day three (Fliigel et al., 2001). During their
journey, the Tygp cells maturate and acquire a migratory phenotype, which is characterized by
a profound reprogramming of their expression profile and upregulation of chemokine
receptors and membrane receptors (Odoardi et al., 2012, Fliigel et al., 2001). This maturation
process is essential for the Tygp cell’s ability to cross the blood-brain barrier and infiltrate the
CNS. When Tygp cells isolated on day three from the spleen are directly injected into a naive
rat, they are able to induce EAE much faster than their in vitro activated counterpart. After the
preclinical phase the T cells migrate into the CNS via the leptomeninges. Notably, it was shown

that over 90 % of the infiltrating T cells are transferred autoantigen specific T cells (Fligel et

al., 2001).
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Figure 2 Lewis rat adoptive transfer EAE model

A) Experimental design. A donor Lewis rat was injected with MBP + CFA followed by isolation of
MBP-specific T cells from draining lymph nodes. The Tygp cells were in vitro restimulated by thymocytes
presenting the MBP antigen. After 48 h the Tygp cells were i.v. injected into a naive recipient rat to
induce EAE. On day three, the animal starts to show first clinical symptoms and develop full EAE the
following days. B) Example of a typical clinical course of aT-EAE induced by Tygp cells measured by
percentage of body weight change (lines) and EAE scores (bars) of injected animals.

In the MBP-based aT-EAE model the Tygp cells rather infiltrate into the spinal cord than into
the brain. Lesions occur predominantly in the spinal cord and the medulla oblongata and are
characterized by inflammatory infiltrates concentrated in meningeal and perivascular areas.
They are mainly composed of effector Tcells and recruited monocytes and macrophages
(Kawakami et al., 2004). With ongoing disease, T cells leave the perivascular space and
migrate deeply into the parenchyma, where they trigger clinical EAE (Ben-Nun et al., 2014).
Although the transfer of T cells inflicts a pronounced inflammation in the CNS, no considerable
demyelination occurs at the lesion site, unless anti-MOG antibodies are injected in addition
(Lassmann et al.,, 1988). Remission of the lesions is associated with increased apoptosis of
Tcells at the inflammation site (Schmied et al., 1993). In contrast to human MS, the

monophasic disease course is rather driven by inflammation than demyelination of the CNS,
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which is a critical limitation in the EAE model (Gold et al., 2006). Nevertheless, the early phase
of MS is considered to be directed by T cells and the similarities in the pathological picture
suggest that the Lewis rat aT-EAE is a suitable model to study the earliest phase of the
inflammatory events in MS (Fliigel et al., 2007). Especially the predictable time course of the
disease allows investigation of the behaviour of autoreactive T cells that just breached the BBB

and are about to infiltrate the CNS.

1.3 Pathogenesis of MS and EAE

1.3.1 Role of T lymphocytes in CNS autoimmunity

Currently, the exact pathogenesis of MS is still unknown, but it is believed that CD4" T cells are
the main driver of the disease. This hypothesis is supported by the strong association of the
MHC class Il locus with MS susceptibility, the central role of T cells in the immune response
and the fact that encephalitogenic T cells alone can induce EAE in animal models (Barcellos et
al., 2003). A repertoire of naive myelin-reactive T cells can be found in healthy individuals as
well as in MS patients (Burns et al., 1983, Kaskow and Baecher-Allan, 2018). However, the ones
in MS patients display a higher activation state indicating a presuming activation (Lovett-Racke
et al., 1998, Scholz et al.,, 1998), where reduced suppressive capacity of regulatory T cells
(Treg) possibly plays a role (Venken et al., 2008). While the initial triggering mechanism
remains to be determined, the peripheral activation of autoreactive T cells is considered to be
the initiator of the disease. The activated T cells cross the BBB and infiltrate the CNS. Here the
CD4" T cells are reactivated by local antigen-presenting cells (APC) and recruit further T cells, B
cells, neutrophils and monocytes to establish the inflammatory lesion.

CD4" T cells are usually found deep in acute lesions while CD8" T cells are predominantly found
on the lesion margin, often in chronic lesions (Traugott et al., 1983, Raine, 1994). For the
different subpopulations of CD4" and CD8" T cells mainly proinflammatory but also anti-
inflammatory properties as well as contrasting results between EAE and MS studies have been
described (Kaskow and Baecher-Allan, 2018). This is suggesting a high plasticity and complexity
of these populations, likely driven by local signals of the CNS microenvironment (Attfield et al.,
2022). Nevertheless, CD4" Tcells are believed to be pathogenic initiators of MS. After
encountering their antigen, presented by APC via MHC class |l molecules the activated CD4"
T cells polarize into effector subtypes triggered by the present cytokines in the surrounding
micromilieu. In turn, their produced cytokines affect and recruit further immune cells. The
major proinflammatory CD4" T cell populations are interferon gamma (IFNy) producing Th1
cells, driven by their lineage-specific transcription factor Tbx21/T-bet and Th17 cells that are

characterized by the unique expression of RORC2 and secrete IL-17, IL-21, and IL-22 (Yang et
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al., 2008, Qu et al., 2013). Both are found with increased frequency in the cerebrospinal fluid
(CSF) of MS patients (Giunti et al., 2003, Brucklacher-Waldert et al., 2009). Although the Th17
population is the smaller proportion, their frequency increases during relapses and in later
stages of disease while Th1l cells that are the larger proportion and remain stable before and
during CNS inflammation (Brucklacher-Waldert et al., 2009). However it should be noted that
also a population with an intermediate phenotype, simultaneously expressing IFNy and IL-17,
can be found in MS patients and EAE mice, which preferentially cross the human BBB and
accumulate in the murine CNS (Kebir et al., 2009).

It was long believed, that IFNy-producing Thl cells induced by IL-12 are the driving force during
EAE, since knockout of the IL-12 p40 subdomain protects mice from EAE (Becher et al., 2002).
However, mice lacking IFNy develop even more severe EAE and injection of neutralizing
antibodies to IFNy exacerbates the disease (Billiau et al., 1988). Together with the fact that
administration of recombinant IFNy has a protective effect, it was concluded that IFNy is
beneficial in the mouse model (Segal et al., 1998, Voorthuis et al., 1990). Also in humans IFNy
levels are higher in MS patients and correlate with disability, and IFNy production in T cells of
patients increases before a relapse (Dettke et al., 1997, Petereit et al., 2000). Intriguingly,
transfer of this theory showed that administration of IFNy into MS patients actually
exacerbated the disease (Panitch et al., 1987). With the discovery that the p40 domain is not
only a component of IL-12 but also of IL-23, the focus shifted onto Th17 cells, whose
phenotype is stabilized by IL-23 (Aggarwal et al., 2003). In parallel to IFNy, while mice are
protected from EAE, a human trial with the I1L-12/23 p40 neutralising antibody Ustekinumab
showed no clinical effect in MS patients (Segal et al., 2008). However, in a trial with the anti-
IL-17A antibody Secukinumab, patients showed reduced lesions (Havrdova et al., 2016). While
IFNy, IL-23 and IL-17 and their corresponding T cells appear to play a role in EAE and human
MS, further studies are needed to resolve the paradoxical outcome of IL-23 and IL-17 blocking.
Likely, the different T cell subsets and their cytokines play distinct roles during initiation and
disease progression.

In MS patients the majority of CNS-resident T cells are CD8" T cells, so it is not surprising that
they play a significant role in the disease. CD8" T cells recognize peptides of endogenous
intracellular proteins presented by the MHC class | molecules and kill their target cells via cell
contact-dependent mechanisms or the release of granzymes and perforin (Baecher-Allan et al.,
2018). A correlation between the extent of axon damage and the numbers of cytotoxic CD8"
T cells and macrophages/microglia was shown (Kuhlmann et al., 2002). MHC Class | expression
is increased on astrocytes, oligodendrocytes, and neurons during disease and can be

recognized and lysed by CD8" T cells (Héftberger et al., 2004, Denic et al., 2013). In addition to
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their cytotoxic function, some CD8" Tcells can also produce IL-17 and IFNy and hereby
contribute to the pathogenesis (Tzartos et al., 2008, Zang et al., 2004, Huber et al., 2013). Both
cytokines activate local microglia and APCs, which encourages them to upregulate MHC class |
and Il molecules (Kaskow and Baecher-Allan, 2018). Those in turn can activate microglia to
become phagocytic, present antigens and secrete pro-inflammatory mediators, like cytokines,
reactive oxygen intermediates, proteinases, and complement proteins (Baecher-Allan et al.,
2018). In addition, IL-17 promotes the expression of proinflammatory cytokine IL-6,
granulocyte macrophage colony-stimulating factor (GM-CSF), and tumor necrosis factor a
(TNF-a) (Kaskow and Baecher-Allan, 2018). Nevertheless, with the increased understanding of
the different T effector subsets and the array of cytokines they produce, it become obvious
that no single pathogenic T cell phenotype is responsible for initiation of CNS autoimmunity.
After the initiation of inflammation by T cells, they, along with CNS resident cells such as
microglia or astrocytes, and infiltrating cells including monocytes, macrophages, dendritic cells,
neutrophils, and B cells collectively mediate oligodendrocyte destruction, loss of myelin and
axonal damage, eventually leading to neurological dysfunction.

In MS a relapse is usually followed by at least partial remyelination, which is due to the fact
that most cell types have immune-modulatory subtypes that display anti-inflammatory
properties, thereby limiting the immune response and initiating repair. Similar to effector
T cells, there are multiple regulatory CD4" Tcell subsets with a variety of suppressive
mechanisms that play a role in MS. In general, the population of Treg cells is characterized by
the expression of the lineage-determining transcription factor Forkhead box protein P3
(FoxP3). They can limit the immune response by an array of mechanisms; one is the secretion
of anti-inflammatory molecules like cytokines IL-10, IL-35 and transforming growth factor-B
(TGF-B) or adenosine (Sakaguchi et al., 2020). Further, Tregs can secrete Granzyme B to kill
effector cells (Gondek et al., 2005) or directly suppress effector T cells or dendritic cells by cell-
cell interaction (Wardell et al., 2021). In addition, Tregs can take up IL-2, which is essential for
T cell survival and thereby deprive effector T cells of it resulting in their apoptosis (Pandiyan et
al., 2007). Also regulatory subsets of CD8" T cells, B cells and natural killer cells have been

described (Baecher-Allan et al., 2018).

1.3.2 Infiltration of T cells into the CNS

The migration of T cells is considered to be one of the hallmarks of MS and EAE pathogenesis,
since they are the first immune cells to invade the CNS, where they can initiate the
inflammatory cascade and subsequently potential relapses. There are three potential routes to

enter the CNS, the T cell can either egress from the blood to the CSF across the choroid plexus,
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to subarachnoid space or to the parenchymal perivascular space (Ransohoff et al., 2003). With
the exception of the choroid plexus, the capillary endothelium of the cerebral vasculature
forms the BBB with its unique feature of interendothelial tight junctions that prohibit
circulating cells as well as serum macromolecules from entering into the CNS. Resting
lymphocytes do not breach the BBB (Piccio et al., 2002), so in order to cross this barrier, T cells
have to be first activated in the periphery to acquire a migratory phenotype. This phenotype is
characterized by upregulation of migration-related genes and increased expression of
adhesion molecules and chemokine receptors thus enabling the T cells to reach and attach to
the BBB (Kuchroo et al., 1993, Fligel et al., 2001). The process leading to T cell extravasation is
a finely regulated sequence of steps influenced by the lymphocyte subtype, the anatomical site
of egress and the physiological or pathological situations in the CNS, which are influencing the
expression and accessibility of adhesion molecules and activating factors. Nevertheless, a

typical T cell extravasation involves the following steps (Figure 3).
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Figure 3 Molecular mechanisms involved in T cell migration across the BBB

The endothelial cells of post-capillary venules express P-selectin, that allows T cell in the blood stream to
tether via its ligand PSGL-1 and thus reduce their velocity. Activation by chemokines via their respective
receptors is followed by firm T cells adhesion mediated by VLA-4 and LFA-1 and their respective ligands
VCAM-1 and ICAM-1. After intraluminal crawling the T cells cross the BBB and enter the perivascular
space between the endothelial basement membrane and the glial limitans, consisting of astrocyte feet.
T cells get activated by presentation of autoantigens by local APCs and initiate the inflammation cascade
and further immune cell recruitment. Own graphic, based on (Mapunda et al., 2022, Engelhardt and
Ransohoff, 2012).
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Initially, the circulating T cell builds transient contact with the vascular endothelium to induce
rolling on the vessel wall and reduce velocity. This can be mediated by selectins, like
endothelial E-selectin or P-selectin interacting with its ligand P-selectin glycoprotein ligand 1
(PSGL-1). Further integrins participate in the rolling process. The leucocyte surface ligand very
late antigen 4 (VLA-4), a heterodimer of a4- and B1l-integrins can engage with its endothelial
counterpart of the immunoglobulin superfamily, vascular cell adhesion molecule (VCAM)-1 to
mediate adhesion (Engelhardt and Ransohoff, 2012). Once the lymphocytes tether and slowly
roll along the vascular wall, they can then sense chemokines on the luminal surface of the
endothelium via G protein coupled receptors (GPCRs). Those rapidly increase affinity and
induce conformational change of integrins and thus mediate the shear resistant arrest of the
leucocyte to the vessel wall (Constantin et al., 2000). Most relevant to the firm leukocyte arrest
are the integrins belonging to the PBl-integrin and B2-integrin subfamilies, especially VLA-4
(a4B1-integrin) and lymphocyte function-associated antigen 1 (LFA-1), consisting of al-integrin
and B2-integrin and there endothelial ligands VCAM-1 and intercellular adhesion molecule
(ICAM)-1 (Ley et al., 2007). Before extravasation, T cells crawl along the intraluminal side of the
blood vessel, preferentially against the direction of the blood stream potentially looking for a
preferred site of transmigration (Bartholoméaus et al., 2009). Diapedesis of leucocytes can
occur either via the paracellular route through endothelial junctions by opening their
endothelial contacts or via the transcellular route where the leukocyte migrates through the
endothelial body by inducing the formation of pore-like structures (Engelhardt and Ransohoff,
2012). After the leucocytes have penetrated the endothelium, their basement membrane and
the surrounding pericytes, they enter the perivascular or subarachnoid space. Here, they
encounter MHC class Il-expressing APCs like perivascular macrophages or dendritic cells that
effectively present local autoantigens and thus activate T cells (Kivisdkk et al., 2009).

Upon activation, T cells produce proinflammatory trafficking mediators that recruit additional
immune cells from the bloodstream and cross the glia limitans to migrate deep into the CNS
parenchyma (Kawakami et al., 2004, Bartholomaus et al., 2009). Further, the secreted IL-17
and IL-22 disrupt BBB tight junctions thereby inducing a breach in the BBB and promoting the
recruitment of additional CD4" T cells (Kebir et al., 2007). Also the BBB endothelium undergoes
changes during neuroinflammation and increases the expression of adhesion molecules,
proinflammatory cytokines and chemokines on the luminal surface (Marchetti and Engelhardt,
2020). Under physiological conditions, endothelial cells of the brain do not express the
adhesion molecules necessary for T cell adhesion. Therefore, lymphocytes for immune-
surveillance are assumed to enter via the blood-CSF barrier, where adhesion molecules are

constitutively expressed, and migrate into the subarachnoid space (Goverman, 2009). Indeed,
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in aT-EAE, pioneer Tygp-GFP cells arrive first on the spinal cord leptomeninges within 3 h after
transfer and are restricted to subarachnoidal areas, while the majority of the cells does not
infiltrate until day three and only then induce inflammation (Bartholomaus et al., 2009).

The surface expression of the a4B1-integrin (VLA-4 receptor) is essential for this process. In an
in vitro adhesion assay tested against various adhesion molecules only the blockage of a4fB1-
integrin inhibited binding (Yednock et al., 1992). In addition, in vivo infusion of anti-a4p1-
integrin antibodies diminished intraluminal crawling and diapedesis of T cells and prevented
the development of EAE (Yednock et al.,, 1992, Bartholoméaus et al., 2009). Likewise, the
administration of Natalizumab, a humanized anti-a4 integrin monoclonal antibody that blocks
the binding of a4Bl-integrin and a4B7-integrin to their respective receptors, into RRMS
patients efficiently attenuated the rate of clinical relapses (Polman et al., 2006). While the
effective inhibition of T cell migration with Natalizumab is beneficial in MS, it can have
disastrous adverse effects in patients that contracted the John Cunningham virus (JCV), a
human polyoma virus. JCV is usually harmless and asymptomatic in immunocompetent
humans, but can cause progressive multifocal leukoencephalopathy (PML) in immuno-
compromised people. PML is characterized by inflammatory demyelination of the white
matter at multiple locations that often ends fatal, since no specific treatment is available
(Cortese et al., 2021). Therefore, blocking the migration of only autoreactive T cells is essential

in the treatment of MS but solely targeting those remains still a challenge.

1.4 CRISPR/CAS9 mediated gene editing

1.4.1 Genome editing with CRISPR/Cas9

The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) system is a naturally occurring defence mechanism used by bacteria and
archaea against bacteriophage infection and plasmid transfer (Barrangou et al., 2007). Its main
feature — the ability to cleave site-specific double-stranded breaks (DSB) into DNA sequences —
has been adapted in the last years to serve as a genome editing tool in mammalian cells (Jinek
et al.,, 2012, Mali et al.,, 2013, Cong et al., 2013). So far around 93 Cas genes have been
identified in different organisms (Butiuc-Keul et al., 2022), but the best known in genetic
engineering is the Cas9 enzyme that originates from the bacteria Streptococcus pyogenes
(SpCas9) (Haeussler and Concordet, 2016). In general, the CRISPR/Cas9 technique utilises a
ribonucleoprotein (RNP) that consists of the RNA-guided endonuclease Cas9 and a noncoding
guide RNA (gRNA) to localise the target sequence on the DNA. The guide RNA is originally a
unique dual-RNA hybrid structure consisting of a CRISPR-RNA (crRNA) that encodes at its 5’

end a so called “spacer” of 20 - 30 nucleotide long complementary sequence to the target DNA
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and on its 3’ end a repeat sequence that allows binding to a second RNA; the trans-activating
CRISPR RNA (tracrRNA). The tracrRNA binds the repeat sequence of the crRNA at its 5’ end and
has a complex secondary structure on its 3’ end that enables the binding of the RNA complex
to the Cas9 enzyme (Deltcheva et al., 2011). Both structures can be combined in a synthetic
single guide RNA (sgRNA) that features the user-defined nucleotide sequence and the scaffold
for the endonuclease (Jiang and Doudna, 2017). To successfully target a gene of interest, two
factors are required. First, the gRNA and the target DNA need to have extensive
complementarity with a sequence that is unique compared to the rest of the genome to avoid
off-target cut sites. Secondly, the target sequence needs to be flanked by a protospacer-
adjacent motif (PAM) of 2 -6 nucleotides that serves a binding signal for the Cas9. The
sequence of the PAM is specific to the Cas protein, when using the SpCas9, it is 5'-NGG-3' with
N being any nucleobase followed by two guanine (G) nucleobases (Ran et al., 2013). If both
conditions are met, the gRNA guides the RNP to the complementary nucleic-acid sequence in
the target gene which the Cas9 endonuclease enzymatically cleaves. The resulting DSB is then
repaired by one of the cell’s DNA repair mechanisms. The two major pathways are the efficient
but error-prone, template-independent non-homologous end joining (NHEJ) and the less
efficient but high-fidelity, template-dependent homology-directed repair (HDR) (Xue and
Greene, 2021). Unlike HDR, NHEJ is active throughout the entire cell cycle making it the most
active repair mechanism with only minimal DNA end processing. NHEJ relies on the binding of
the Ku70/Ku80 protein heterodimer onto the broken DNA ends, which prevents further DNA-
end resection and provides high affinity for the binding of the DNA-dependent protein kinase
catalytic subunit. This in turn recruits further NHEJ polymerase, nuclease and ligase complexes.
Depending on the base pairing between the ends, the complex can resect and/or add
nucleotides in order to achieve compatible DNA ends and ligate those, thus repairing the DSB
(Chang et al., 2017). Although NHEJ is capable of joining two DNA ends without nucleotide loss
or addition from either DNA end, it often causes small (1-10 bp) nucleotide insertions or
deletions (indels) at the DSB site (Figure 4). Those mutations can be extremely hetero-
geneous, if the length of an indel is a multiple of three, there is either in an addition, exchange
or loss of one or multiple amino acids in the coding regions of the genome. Any other indel size
will introduces a frameshift mutation that leads to premature stop codons within the open
reading frame of the targeted gene during mRNA synthesis. Depending on the position of the
stop codon, the resulting faulty mRNA can be either degraded by nonsense mediated mRNA
decay or transcribed into a truncated, likely malfunctioning version of the protein (Tuladhar et
al., 2019). Apart from disruptions in the coding sequence also the binding sites of trans-acting

factors in promoters or enhancers can be affected. In contrast, during HDR a desired sequence
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can be inserted into the target locus by recombination with either an exogenous double-
stranded or single-stranded DNA donor template that contains a homologous sequence
surrounding the target locus. The precise sequence modifications make it a versatile tool for
genomic engineering, especially for the generation of knockin or knockout animal models if
germline competent cells are used. However, since recombination events occurs rarely and
infrequent, the low efficiency presents an enormous challenge for certain experimental setups
(Hsu et al., 2015). Further limitations are off-target edits due to sequence similarity with the
target DNA, while rare, they may have severe consequences. In addition, delivery of
CRISPR/Cas9 to a large number of cells can be challenging. Therefore, delivery by viral vectors
is often the method of choice, which raises further issues. First, constant expression of the
RNAs and the Cas9 enzyme may increase the chance of off-targets effects, secondly the
presence of exogenous DNA can activate cellular receptors (e.g. Toll-like receptor 9), which in
turn can induce an immune response (Xue and Greene, 2021). While only transient delivery of
the CRISPR/Cas9 RNP can overcome some of these problems, it may result in decreased editing
efficiency. Nevertheless, the simple two-component CRISPR/Cas9 allows easy, precise and
efficient modification of the DNA, providing a cost-effective genome editing method to achieve

a targeted KO of specific genes.
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Figure 4 CRISPR/Cas9 mediated DNA editing

The CRISPR/Cas9 system comprises two components: A guide RNA and the Cas9 Nuclease. The guide
RNA can either be a crRNA, that consists of a spacer that recognizes the target-sequence and a repeat
sequence, that allows binding to the tracrRNA. The tracrRNA is a scaffold that in turn binds the Cas9
protein. Both can be combined in a single guide RNA that directs the Cas9 to the genomic DNA target
side to introduce a site-specific DSB. This can be repaired by either HDR leading to gene correction or
replacement with a given template or NHEJ that often results in indels resulting in a compromised gene.
Own graphic, based on (Jiang and Doudna, 2017).
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1.4.2 CRISPR/Cas9 library screening

An interesting application of the CRISPR/Cas9 system is its use in genetic screening studies of a
specific phenotype or biological process to identify previously unknown genes, pathways and
molecular mechanisms. For the purpose of discovery usually a pooled CRISPR/Cas9 screening is
conducted in a model system, which can range from in vitro cell lines or primary cells to
organoids and in vivo transplanted cells or even direct editing in an organism. Depending on
the chosen model, the gRNAs and the Cas9 protein can be either stably expressed via lentiviral
transduction or genome engineering or transiently introduced as a plasmid, mRNA or protein
in the target cells (Chan et al., 2022). A stable expression is often favoured, since it allows
preselection of clones with high expression levels. The design of the gRNA library is crucial for
the screening. While a genome-wide screenings allows for an unbiased approach that does not
depend on existing knowledge it requires a high number of cells to reach appropriate coverage
making it unfeasible for certain cell types. In contrast, a library with a smaller selection of
genes allows for a higher number of cells per gRNA, but due to the preselection some
unexpected mechanisms might be missed in the screening. CRISPR/Cas9 screens usually target
the protein-coding region of genes, but also non-coding DNA, regulatory regions or miRNAs
can be targeted. Independent of the chosen library each gene should be targeted with at least
four gRNAs (Hart et al., 2017). In a typical screen, the library of gRNAs is delivered to a pool of
cells by viral transduction with a low multiplicity of infection to ensure that a majority of cells
receive only one gRNA at once. The integration of the gRNA into the DNA serves as a distinct
barcode that allows to determine the induced mutation and to count the number of cells
carrying the gRNA sequence (Wang et al., 2014). The bulk gene-editing creates a pool of cells,
where each has a unique loss-of-function mutation. Those are usually challenged with a
selection pressure that forces them to compete with each other for representation in the final
pool of the phenotypic read-out. The challenge can range from simple survival or proliferation
studies to more complex drug treatment, environmental toxins, viral infection or functional
biological assays in vitro or in vivo (Bock et al., 2022). Succeeding the phenotypic screen, the
genomic DNA is extracted, the gRNA amplified and then identified and counted by high-
throughput sequencing (Joung et al., 2017). In a pooled screening the raw sequencing reads
are mapped to reference, processed and converted into a count matrix. In the resulting data,
the abundance of the gRNAs are compared between treatments and controls and ranked
according to their effect on the phenotype (Li et al., 2014). Depletion of multiple gRNAs,
targeting the same gene in the final pool indicate that the disruption of this gene makes the
cell more prone to the selective pressure, in contrast enriched gRNAs identify genes whose

disruption gives cells an advantage in the challenge. The gene ranking can further be analysed
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to identify enriched or depleted pathways or gene sets in the screening (Bock et al., 2022).
Since the first descriptions of CRISPR/Cas9 screens in mammalian cells in 2014 (Wang et al.,
2014, Shalem et al., 2014, Zhou et al., 2014, Koike-Yusa et al., 2014), they have been used in a
wide range of applications. Among those are fundamental biological processes such as
regulation of transcription (Grevet et al.,, 2018), cell signaling (Breslow et al., 2018) and
differentiation (Li et al., 2019), but also general immunological processes including T cell
activation (Chen et al., 2021), proliferation (Shifrut et al., 2018) and fate determination (Sutra
Del Galy et al., 2021). CRISPR/Cas9 screens were also intensely used to study cancer-specific
processes, including oncogenic transcriptional regulation (Lopes et al., 2021), immune evasion

(Sheffer et al., 2021) and drug targets (Shi et al., 2015).
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2 OBJECTIVES

MS and EAE share a similar pathogenesis, where the infiltration of encephalitogenic T cells
over the BBB into the CNS is a critical event. Once in the CNS, these T cells become reactivated
and trigger an inflammatory cascade, leading to damage and disability. Therefore, limiting
T cell migration into the CNS has been a primary target for MS treatment. Despite significant
progress in understanding MS/EAE and its treatment, research efforts have mainly focused on
the roles of molecules involved in T cell trafficking. While these studies have provided valuable
insights into the mechanisms of Tcell entry into the CNS, there remain critical areas of
knowledge that require further investigation. Specifically, we still lack a comprehensive
understanding of the essential molecular cues and signaling pathways that enable or limit
T cell entry into the CNS. Identifying these pathways could lead to the discovery of alternative

targets for therapy, which may provide new treatment options for MS patients.

The first aim of this work was to conduct an unbiased in vivo genome-wide CRISPR/Cas9 KO
screening in activated encephalitogenic CD4" Tygp cells in an adoptive-transfer EAE model in
Lewis rats to identify essential regulators of T cell that enhance or inhibit T cell transmigration

across the BBB into the CNS.

The second objective of this study aimed to validate the potential candidates that were
identified by the CRISPR/Cas9 KO screening in single KO Tygp cells. The validation procedure
encompassed both in vitro and in vivo experiments to elucidate the mechanism of action of
the identified candidates and to gain a deeper understanding of their role in the regulation of

T cell migration.
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3 MATERIAL AND METHODS

3.1 Material

3.1.1 Plasmids

Table 1 Plasmids

Name Provider

pCL-Eco Mues et al. (2013)
pMSCV-neo Clontech
MSCV-pU6-(Bbsl)-CcdB-(Bbsl)-Pgk-Puro-T2A-BFP Addgene

3.1.2 Antigens

The MBP was prepared from frozen guinea pig brain homogenates as previously described

(Campbell et al., 1973).

3.1.3 Media, Reagents and Buffers

Table 2 Media, reagents and buffers

Medium Amount Constituent Company
ACK buffer 8.024 mg/I NH,CI Merck KGaA
1.001 mg/I KHCO, Merck KGaA
3.722 mg/I EDTA.Na,-2H,0 Merck KGaA
EH 97.5 % Vol. DMEM Sigma-Aldrich
2.5 % Vol. HEPES solution, 1 M Sigma-Aldrich
Flow cytometry buffer 99 % Vol. PBS -
1% Vol. Rat serum -
0.05 % Vol. NaNj; Carl Roth GmbH
Freezing medium 50 % Vol. Horse serum Gibco
40 % Vol. EH -
10 % Vol. Dimethylsulfoxide (DMSO) Sigma-Aldrich
Isotonic Percoll 90 % Vol. Percoll Cytiva
10 % Vol. 10x PBS -
Lysis Buffer 100 pl/ml Tris, 1M, pH=8.0 Sigma-Aldrich
10 pl/ml EDTA, 0.5 M, pH=8.0 Merck KGaA
40 pl/ml NaCl,3 M Carl Roth GmbH
5 ul/ml Tween 20 Sigma-Aldrich
Nycoprep 141 g/l Nycodenz Serumwerk
3g/l NacCl VWR Chemicals
50 ml/I Tricine, 100mM Sigma-Aldrich
PBS, adjustedtopH 7.4 100 mM Na,HPO, Carl Roth GmbH
[10x] 18 mM KH,PO, Merck KGaA
1.4 M Nacl Carl Roth GmbH
27 mM KCl Merck KGaA
90 % Vol. MilliQ water -
Restimulation medium 99 % Vol. TCM -
(RM) 1% Vol. Rat serum -
Sorting buffer 99 % Vol. PBS -
1 % Vol. Rat serum -
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2mM EDTA Merck KGaA
Tris-Acetat-EDTA (TAE) 48.9 g/l Trizma base Sigma-Aldrich
[10x] 11.1 ml/I Glacial acetic acid Sigma-Aldrich
3.7 g/l EDTA Merck KGaA
T cell medium (TCM) Ad1l DMEM Sigma-Aldrich
2mM L-Glutamine Sigma-Aldrich
100 pg/ml Penicillin/Streptomycin Sigma-Aldrich
36 mg/I Asparagine Sigma-Aldrich
1mM Sodium-Pyruvate Sigma-Aldrich
10 ml/I Non-essential amino acids Sigma-Aldrich
4 ul/l B-Mercaptoethanol Merck KGaA
TCM + Fetal Bovine 90 % Vol. TCM -
Serum (FBS) 10% FBS Merck KGaA
T cell growth factor 88 % Vol. TCM -
medium (TCGF) 10 % Vol. Horse serum Gibco
Supernatant of ConA -
0,
2% Vol. stimulated EL4.1I-2 cells
Underlay Percoll 65 % Vol. Isotonic Percoll -
35 % Vol. PBS -
3.1.4 Antibodies
Table 3 Antibodies
Primary antibodies
Specificity Host . . Provider Catalogue #
Clone and conjugation
IgG1 Isotype control mouse .
MOPC31c unconjugated Sigma M-1398
1gG2 Isotype control armenilan hamster BD Pharmingen 553961
Ha4/8 unconjugated
IgG1 Isotype control rat .
R3-34 PE conjugated BD Pharmingen 554685
CD4 mouse .
OX38 unconjugated BD Pharmingen 554841
CD11a mouse .
Wt.1 unconjugated Biolegend 201902
CD18 mouse .
Wit 3 unconjugated ThermoFischer MA1817
CD25 mouse .
0X39 unconjugated ThermoFischer MA517490
CDh49d mouse
i D
TA2 unconjugated ThermoFischer MA49D7
CD134 mouse
VA
0OX40 unconjugated Serotec MCA730X
IFNy mouse L
DB1 unconjugated eBioscience 14-7310-85
TCR mouse
R73 unconjugated Serotec MAC453G
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CD29 armenian hamster .
HMB1-1 unconjugated Biolegend 102202
cD49b armenian hamster ThermoFischer ~ 16-0491-85
Hma2 unconjugated
IL-17A rat .
TC11-18H10 PE conjugated BD Pharmingen 259502
Secondary antibodies
Specificity Host . . Provider Catalogue #
and conjugation
Armenian hamster Goat Jackson
127-136-1
1gG (H+L) APC conjugated ImmunoResearch 36-160
Donkey Jackson
M | H+L 715-136-151
ouse IgG (H+L) APC conjugated ImmunoResearch >-136-15
Mouse IgG (H+L) Goat SouthernBiotech 1038-31

AF647 conjugated

3.1.5 Oligonucleotides

Table 4 Primers TIDE Sequencing

Target gene gRNA sequence Forward & reverse primer sequence
Non-Targeting GCTGCATGGGGCGCGAATCA -
TTATAGTATGTCAGCACCCTGC
CCR5 ATAATGTGCAAATTATTCAC ACACGATCAGGATTGACTTGC
AACATCAACTTCTACGCAGG
Cxcr3 TCTGCGTGTACTGCAGCTAG TCTTCCTCTTCTCACACAGG
GTGGAAACCCCCTTCAGTTT
Etsl TGCTGCTCGGAGTTAACAGT GTAACCAGCTCTTCGGTCTG
TACTAATAGCTTCTCCCGCCT
Gnai2 TGGGTGGTCAGCGATCTGAG CTCGTCATACTTGTTGGCCC
TGGCTGTGACTGAAAATGCT
Grk2 GATTTGTCAGAACCTCCGAG CTGAACCATCTGGAAGAGGC
wpsob  GTCTCACGGOMACATIGAG  ATCTAGACGGTGACTCTGTICT
Itgad GATGCTGTTGCTGTACTICG  —(io 2t LT B8
Itgb1 TCCCAACATTCCTACCAATG (Caﬁ':zAG'GI'?SCC;CG:CAT?’-\ACiTCAC?ACCCA
TCTGTCTGCCTCAGTCTTCA
S1PR1 GCGGCTTCGAGTCCTCACCA AGACCTGATCTCCACCCTTC
ATGATGAGACCTACCGCCTA
Tbx21 GACGTATAAGCGGTTCCCTG TGGGATATCGGGACCATCA
CATCTTGGCTGGGAATCCTG
Ube2i3 GCTTGAAGGGATACTCTGCT ATCCCCTAGGACTTGACTGG
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Methods

3.1.6 Cell culture

HEK293T culture

HEK293 T cells were cultured in 10 cm culture dishes with 10 ml TCM + 10 % FBS in an
incubator with culture conditions of 37 °C with 10 % CO,. Once the cells reached around 90 %
confluency they were passaged. Cells were frozen in cryotubes at a concentration of 1 x 10%/ml
in freezing medium first at -80°C and kept in liquid nitrogen for long term storage. Prior to
culturing, cells were thawed in a 37 °C water bath and once washed with 10 ml EH to remove

DMSO.

Retrovirus production

24 h prior to transfection 1.2x10° HEK293 T cells were plated in a 10 cm culture dishes with
10 ml TCM + 10 % FBS. For transfection 3.5 pug pCL-Eco packaging vector and 6 ug pMSCV
retroviral plasmid were first incubated 5 min in 500 ul TCM. After addition of in 20 ul 2 mg/ml
PEI Max (Polysciences) in 500 pl DMEM, vortexing and 20 min incubation at room temperature
(RT) the mixture was added dropwise onto cells. HEK293 T cells were cultured 24 h at 37 °C
with 5% CO,. Successful transfection was confirmed by expression of fluorescent proteins
under fluorescent microscope and medium was exchanged to 8 ml TCM + 10 % FBS. At 48 h
and 72 h after transfection the virus containing cell supernatant was collected, centrifuged at
2000 g for 10 min and stored at 4°C. Prior to virus concentration the supernatant was warmed
up to RT and filtered with a 0.45 um sterile filter (Merck Millipore). To concentrate the virus
the cell supernatant was centrifuged at 4000 g for 20 min at RT in an Amicon Ultra-15 (100K)
Centrifugal Filter Unit (Merck KGaA). The viral concentrate was directly used for retroviral

transduction of Tygp cells.

Tuse cell culture

A stock of Tygp cells has been previously generated in our lab by immunizing Lewis rats with
MBP by PD Dr. Naoto Kawakami as described before (Kawakami et al., 2004) and was stored in
liquid nitrogen until use. Prior to restimulation the T cell were thawed in a 37 °C water bath
and once washed with 10 ml EH to remove DMSO. For restimulation 3.5x10° Tygp cells were
mixed with 70-100x10° irradiated (50 Gy) syngeneic thymic cells in 5 ml RM supplemented
with 1 mg/ml MBP. Cells were cultured in a 6 cm cell culture dishes (BD) in a humidified
incubator at 37 °C with 10 % CO,. After 48 h the Tygp cells reached their maximum activation
capacity and were either used in experiments or expanded by transfer into a 10 cm cell culture
dish and addition of 5 ml TCGF. Tygp cells were cultured under the same conditions as before

for additional 96 h and splitted when needed. Then Tygp cells were either restimulated again or
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20-50x10° cells were resuspended in 1 ml FM and stored at -80°C. For long-term storage the

cells were transferred into liquid nitrogen.

Isolation of Tysp cells with nycoprep gradient

Restimulated T cells were isolated from culture usually 48 h after restimulation by a nycoprep
gradient. For in vitro cytokine stainings, isolation was performed at 24 h after restimulation.
Cells were resuspended in 5 ml EH and carefully overlaid onto 3 ml nycoprep solution. After
centrifugation at 675 g, RT for 10 min with mild acceleration and brake, the lymphocytes were

collected from the interface and once washed with PBS.

Retroviral transduction of Tygp cells

Stable Cas9-EGFP expressing Tygp cells were prior generated by PD Dr. Naoto Kawakami and
Dr. Arek Kendirli by transducing Tygp cells with a pMSCV-Cas9-EGFP-neo vector and expansion
under Neomycin selection followed by cell sorting (Kendirli et al., 2023). The Ty;gp Cas9-EGFP
cells were transduced at a maximum multiplicity of infection of 0.3 to prevent multiple
integrations. In addition T cell numbers were kept high (90 x 10° cells for the genome-wide
screen, and 12 x 10° cells for the validation screen) during the process to ensure a minimum of
1000 T cells having the same sgRNA (1000x coverage). For transduction, 48 h restimulated
Twer cells were isolated by nycoprep gradient and resuspended in TCGF with 8 pg/ml
polybrene (Sigma) at a concentration of 4x10°/ml. After plating 500 pl/well of the cell
suspension in non-tissue culture treated 12-well plates concentrated virus solution was added
at 50 pl/well and plates were centrifuged at 2000 g, RT for 90 min. 1 ml TCGF was added per
well and Tygp cells were further cultured in 10 % CO, at 37°C. The addition of 0.5 pg/ml
Puromycin 24 h later selected for transduced Tygp cells. Those were further cultured and

restimulated as described above, before injection into recipient animals.

Nucleofection of Tysp cells

For the generation of single KO Tygp cells DNA modifications were introduced by RNP
electroporation into previously blue fluorescent protein (BFP) or enhanced green fluorescent
protein (EGFP) transduced Tygp cells. The sgRNAs were designed with the GPP sgRNA designer
and synthesized by Integrated DNA Technologies. The Cas9 protein and the respective sgRNA
were electroporated into Tygp cells by using Amaxa 4D-Nucleofector System and P4 Primary
Cell 4D-Nucleofector® X Kit S (Lonza) according to manufacturer's instructions. Briefly, for the
gRNA 0.75 pl of Alt-R CRISPR-Cas9 tracrRNA (200 pmol/ul; IDT) and 0.75 pl of target-specific
Alt-R CRISPR-Cas9 crRNA (200 pmol/ul; IDT) were mixed. Those were first incubated at 95°C for
5 min, then with decreasing temperature to 70°C at the rate of 0.5°C/sec, at 70°C for 1 min,

then cooled to 22°C. Next 7.5 ug Alt-R S.p. HiFi Cas9 Nuclease V3 (IDT) was added and
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incubated at RT for 20 min. Tygp cells, 48 h after restimulated were isolated by nycoprep
gradient, washed with PBS and resuspended in 21 ul of a master mix consisting of 18 pl of P4
primary solution, 4 pl of supplement 1 and 1 pl of electroporation enhancer (stock: 100 uM;
IDT). After addition of the RNP solution, the mixture was transferred into a nucleofection
cuvette and electroporated with the pulse code CM137. The electroporated Tygp cells were
transferred into 3 ml pre-warmed TCGF in a 6-well plate and further cultured at 37°C with

10 % CO,.

3.1.7 DNA techniques

SgRNA library construction

A list of gene- and miRNA-targeting sgRNAs of the rat genome was kindly provided by the
Functional Genomics Consortium of The Broad Institute, Massachusetts, USA. In the genome-
wide library, four sgRNA per gene or miRNA were selected wherever possible, in some cases
e.g. for miRNAs only fewer unique sgRNAs were available. To increase the confidence of the
hits from the initial screening, six sgRNAs per gene were used in the validation library. For the
genome-wide library a total of 87,690 oligonucleotides and for the validation library 12,000
oligonucleotides were purchased from Twist Bioscience, each as a 79-mer with a sequence of
5’-GCAGATGGCTCTTTGTCCTAGACATCGAAGACAACACCGN,,GTTTTAGTCTTCTCGTCGCC-3’, with
N,o indicating the sgRNA sequence. The library cloning was performed by Dr. Arek Kendirli as
previously described (Koike-Yusa et al., 2014) with minor modifications. The correct insertion

was confirmed with Sanger sequencing (sequencing service, LMU Biozentrum).

Plasmid isolation from Escherichia coli

Transformed Escherichia coli bacteria from glycerol stock were first incubated in a shaker
overnight in 3 ml LB medium at 37°C with 180 rpm. The culture was expanded by adding
400 ml LB medium and cultured under the same conditions overnight. The plasmid DNA was
isolated from the bacteria using the NucleoBond Xtra Midi EF kits (Macherey-Nagel) according
to the manufacturer’s instructions. To establish an Escherichia coli glycerol stock 800 pl

bacteria solution was mixed in a ratio of 1:1 with 50 % glycerol (Sigma) and stored at -80 °C.

Tide assay

The KO efficiency of Tygp single KO cells was validated on the DNA level prior to experiments.
To isolate genomic DNA (gDNA) nycoprep isolated T cells were incubated with 500 pl lysis
buffer that was prior supplemented with 50 pl/ml Proteinase K first at 56°C for 15 min and
then 10 min at 95°C followed by cooling on ice. Next 350 pl isopropanol were added and the
mixture was incubated for 10 min at RT and centrifuged at 16000 g for 10 min at 4°C. After

washing of the pellet by addition of 1 ml of 70 % ethanol and 5 min centrifugation at 16000 g
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at 4°C, the supernatant was discharged and the pellet was first dried for 10 min at 56°C to
remove residual ethanol and then resuspended in 50 ul water. For each KO cell line a DNA
sequence ranging from around 200 bp before to approximately 700 bp after the expected cut
side was amplified by PCR using 10 pl 2x Optima PCR HotStart Polymerase (FastGene), 1 pul
respective primer mix (10 uM) for each target gene and 9 ul DNA solution. After running the
PCR products on a 1 % agarose gel in TAE buffer, they were purified using the Wizard SV Gel
and PCR Clean-Up System (Promega) and resuspended in 50 ul water. The DNA fragments
were submitted to Sanger Sequencing (sequencing service, LMU Biozentrum) and their INDELs
and KO efficiency were assessed by the ICE (Inference of CRISPR Edits) v2 software tool

(Conant et al., 2022).

NGS sgRNA library preparation

The NGS sgRNA library preparation was performed by Dr. Arek Kendirli as previously described
(Kendirli et al., 2023). The gDNA from lymphocytes or sorted Ty cells was isolated with the
DNeasy Blood and Tissue Kit (Qiagen) and a one-step PCR amplification was performed for a
total of 24 cycles using Q5 High Fidelity DNA Polymerase with 2.5 ug of gDNA per reaction,
Fwd-Lib (8 staggered primers) and Rev-Lib (8 bp of unique barcode) primers. lllumina adapters
were introduced together with the amplification primers. The amplified DNA amplicons were
purified with SPRIselect (Beckman Coulter, B23317) with a ratio of 1:0.8 (DNA to beads) and
eluted in nuclease-free water. The presence of ~250 bp DNA amplicons was confirmed and the
concentration was measured with Agilent Bioanalyzer on DNA 1000 Chips (5067-1504). All
samples were sent to “The Laboratory for Functional Genome Analysis” (LAFUGA) at the Gene

Center Munich for sequencing single-end 50 bp on a HiSeq 1500.

3.1.8 Flow Cytometry

Surface staining

In vitro Tygp cells were purified by nycoprep, 48 h after restimulation and transferred into V-
shaped 96-well plates. The cells were incubated 15 min with 150 pl flow cytometry buffer on
ice, followed by centrifugation at 500 g for 3 min at 4°C. Next the cells were incubated with
100 pl 1:100 diluted primary antibodies in flow cytometry buffer for 30 min on ice. Afterwards
the samples were washed three times with flow cytometry buffer with each washing step
following a centrifugation step of 500 g for 3 min at 4°C. The secondary antibodies were added
in a dilution of 1:1000 in flow cytometry buffer and incubated 30 min on ice, protected from
light. After washing once with flow cytometry buffer and once with PBS, the cells were

resuspended in PBS and analyzed by flow cytometry on a CytoFlex S (Beckman Coulter).

35



Intracellular staining

In vitro Tygp cells were purified by nycoprep, 24 h after restimulation and transferred into
V-shaped 96-well plates. Cells of the non-stimulated group were resuspended in 100 ul RM
supplemented with 5 uM Brefeldin A (Sigma Aldrich) and cultured in the incubator at 37°C with
10 % CO, for 5 hrs. The other part of the cells was first stimulated with 100 ng/ml phorbol 12-
myristat 13-acetat (PMA) and 100 nM lonomycin in 100 pl RM for 2 h in the incubator at 37°C
with 10 % CO,. Then brefeldin A was added to a final concentration of 5 uM and cells were
cultured for another 3 h. After centrifugation at 500 g for 3 min at 4°C cells were resuspended
in 150 pl 2 % paraformaldehyde (PFA) and incubated for 15 min on ice. Following fixation and
centrifugation at 500 g for 3 min at 4°C, the samples were resuspended in 150 ul PBS and
stored at 4°C until further use. For staining the cells were permeabilized 15 min with 150 pl 1x
Intracellular Staining Perm Wash Buffer (PB) (Biolegend) on ice, followed by centrifugation at
500 g for 3 min at 4°C. Next the cells were incubated with 100 pl 1:100 diluted conjugated or
unconjugated primary antibodies in PB buffer for 30 min on ice, protected from light.
Afterwards the samples were washed three times with PB with each washing step following a
centrifugation step of 500 g for 3 min at 4°C. The secondary antibodies were added in a
dilution of 1:1000 in PB and incubated 30 min on ice, protected from light. After washing once
with PB and once with PBS, the cells were resuspended in PBS and analysed by flow cytometry

on a CytoFlex S (Beckman Coulter).

Cell sorting

For the ex vivo sorting of the CRISPR screens BFP* Tygp cells were sorted either only from the
spleen in the genome-wide screening or from spleen, blood, meninges and parenchyma for the
validation screening by Dr. Arek Kendirli. In vitro Tygp Itgb1-KO cells were sorted on day four
after restimulation, following surface staining of B1-integrin. All samples were sorted using a
FACS Aria Il (BD) or FACS Fusion (BD) at the Flow Cytometry Core Facility of the Biomedical
Centre, LMU.

Data analysis

The flow cytometry data was analysed using FlowJo (Tree Star Inc).

3.1.9 Chemotactic assay

In vitro Tygp cells were purified by nycoprep, 48 h after restimulation and resuspended in RM.
NT-BFP* and KO-EGFP* Tygp cells were counted and mixed at a ratio of 1:1 that was adjusted
and confirmed by flow cytometry analysis. The chemotaxis assays were performed using a
96-well transwell chamber with 5 um pore size (Corning). While each upper insert received

0.2x10° T cells in 75 ul RM, 235 ul RM with or without chemotactic stimulus of 30 ng/ml
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recombinant CXCL10 (PeproTech, 400-33) or recombinant CCL5 (PeproTech, 400-13) was
added to the lower compartment. After centrifugation at 400 g for 1 min the cells were
incubated at 37°C with 10 % CO, for 5 h and the migrated cells in the lower chamber were
subsequently analyzed by flow cytometry using LSRFortessa (BD) or CytoFlex S (Beckman

Coulter).

3.1.10 Ratroutine

Licence

Lewis rats were purchased from Charles River or Janvier and bred in the Core Facility Animal
Models of the Biomedical Center, LMU. All animal experiments and their care were carried out
in accordance with the regulations of the applicable animal welfare acts and protocols were
approved by the responsible regulatory authority (Regierung von Oberbayern). All animals had
free access to food and water. Animals were kept at room temperature 22 +/- 2°C, humidity
55+/- 10 % with a Light/Dark cycle, 12h/12h (6:30-18:30). Male and female Lewis rats

between 5-20 weeks old were used for the experiments.

Adoptive transfer EAE

AT-EAE was induced by intravenous injection of in vitro activated Tygp cells into the tail vein of
rats. The number of transferred Tyg» cells ranged from 1x10° Tygp cells for the assessment of
the clinical course, a mix of 3.5x10° NT and 3.5x10° KO Tygp cells for the evaluation of
migration into the CNS to 10x10° Tygpe cells for the CRISPR screenings. After the Tygp cell
transfer, the body weight and the clinical score of the rats were monitored daily. The EAE score
was evaluated as follows:

0, no clinical signs; 0.5, partial tail weakness; 1, tail paralysis; 1.5, gait instability or impaired
righting ability; 2, hind limb paresis; 2.5, hind limb paresis with dragging of one foot; 3, total

hind limb paralysis.

Isolation of Tysp cells

For the CRISPR screening and the in vivo migration analysis the rats were sacrificed three days
after Tygp cell transfer. First blood was drawn by heart puncture into a heparinized syringe and
subsequently diluted with PBS in a 1:1 ratio. After a nycoprep gradient with centrifuge settings
at 800 g, 30 min, RT the lymphocytes were collected from the interface, once washed with PBS
and incubated for 2 min with 2 ml ACK buffer to remove remaining erythrocytes, followed by
another washing step. The spleen, parathymic lymph nodes, leptomeninges and parenchyma
of the spinal cord were dissected and homogenized by passing through a metal strainer using a

syringe plunger. Plate and strainer were washed with EH and cells were centrifuged at 400 g
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for 5 min at 4°C. The splenic samples were treated with 5 ml ACK buffer for 2 min, followed by
a washing step with PBS. The cells were resuspended in 13 mlI TCM + 10 % FBS, transferred into
a 10 cm culture dish and incubated for 1 h at 37°C with 10 % CO, to allow macrophages to
attach. After gentle swirling of the plate the suspension cells were collected and passed
through a 40 um cell strainers (Greiner Bio-One GmbH). For sorting during the CRISPR screens
the CD4" T cells were further enriched by using the EasySep™ Rat CD4" T cell Isolation Kit
(StemCell technologies) according to manufactures’ instructions. The lymphocytes from the
spinal cord parenchyma were isolated using a Percoll gradient. For this 25 ml cell suspension in
EH were mixed with 10.8 ml isotonic Percoll and 10 ml underlay percoll were underlayed. After
centrifugation at 1200 g for 30 min at RT with mild acceleration and brake the lymphocytes
were collected from the interface and washed with PBS. For the CRISPR screening experiments
the cells from a minimum of eight animals for a single genome-wide replicate and of six
animals per validation screening replicate were pooled. Depending on the experiment the
isolated T cells were either subjected to sorting, DNA isolation or flow cytometry analysis with

and without surface or intracellular staining as described above.

3.1.11 Intravital two-photon microscopy

Imaging setup

Intravital imaging of the spinal cord leptomeninges was performed on a Leica SP8 microscope
two or three days after intravenous co-transfer of 1x10° NT-BFP* and 1x10° Grk2-KO-EGFP*
T cells as previously described by our lab (Bartholomaus et al., 2009) with Dr. Isabel Bauer.
First the animal was anesthetized by intramuscular injection of MMF (2 mg/kg Midazolam,
150 pg/kg Medetomidine and 5 pg/kg Fentanyl) and a tracheotomy was performed to allow
mechanical ventilation with 1.5-2.0 % isoflurane in air. In addition, a catheter was inserted into
the tail vein, which later allows the intravenous injection of 100 ug Texas-Red conjugated
70 kDa dextran (Invitrogen/ThermoFisher) in order to visualize the blood plasma during
imaging. During the whole procedure the rats body temperature was maintained by a heat-
pad placed underneath. For the laminectomy the skin was opened with a midline incision of
3 cm at the dorsal part of Th12/13 and the paravertebral musculature was removed. For stable
imaging and reduction of artifacts such as breathing three spines were fixed using a custom-
made stage and the animal was slightly lifted. After removal of the dorsal part of the central
spine disc with a dental drill (Foredom) the open spine was surrounded by a ring of low-
melting agarose. This was filled with PBS to keep the tissue hydrated and to allow the use of a
water-immersion 25x objective lens (N.A.: 1.00, WD: 2.6 mm). Last the dura was removed. A

pulsed-laser from an InSight DS+ Single (Spectra Physics) was adjusted to 840 nm for the
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excitation of BFP and EGFP. The fluorescence signals were first separated with a beam splitter
BS560, then the signals of shorter wavelength were again split by BS505 and detected after the
band pass filters HC405/150 (BFP) and ET525/50 (EGFP). The signals of a longer wavelength
were again separated by beam splitter RSR620 and detected after the band pass filter
BP585/40 (Texas Red). All images were acquired from a field of approximately 440 um x
440 um with a resolution of 512x512 pixels and an approximate 100 um z-stack, with an

interval of 2-3 um.

Image processing and analysis

Time-lapse images were acquired with the LAS X software (Leica) and processed and analysed
using ImagelJ (NIH). A Gaussian Blur filter with a cut off of 1 pixel was used before maximum Z-
projection of the stacks. When necessary, bleed-through liner subtraction was applied. The
signal intensity was adjusted by linearly adjusting contrast and brightness. The locations of
T cells were analysed by the Cell Counter Plugin of Imagel. Moving T cells were tracked using
the manual tracking plugin of Imagel. The obtained coordinates in combination with
information on pixel resolution and time were used to calculate the cells speed and track

length in Excel.

3.1.12 Bioinformatic analysis

All bioinformatical analysis and resulting graphs in the figures (Figure 5, Figure 6 and
Supplementary Figure 1) were conducted and described by Clara de la Rosa del Val as followed

(Kendirli et al., 2023):

CRISPR screening analysis

The genome-wide CRISPR screening and the validation screening both consisted of three
replicates each. However, one of the blood replicates in the genome-wide screening was
excluded due to technical issues. Data analysis was performed using the Galaxy platform
(Afgan et al., 2018). De-multiplexing of the raw fastq files was done with Je-Demultiplex-Illu,
followed by Cutadapt and Trimmomatic to obtain the 20 bp sgRNA sequence. MAGeCK was
used for counting (Li et al., 2014) (version 0.5.7.1+) and normalization across samples was
conducted in R (version 4.0.0+) (R Core Team, 2021) using the geometric mean per sgRNA after
applying a 50 raw count threshold. SgRNAs with fewer than 50 counts in more than two
replicates of the same tissue were discarded. The MAGeCK test was run without normalization
or zero removal and with default parameters on Galaxy, where the information of non-

targeting sgRNAs was used for noise correction. Further data processing was performed in R.
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Genome-wide screening analysis and validation screening design

To model the behaviour of a wild-type gene based on individual sgRNAs, four random control
sgRNAs were selected with replacement from the control sgRNA pool, and their log2(Fold
Change) was averaged for plotting the control values in the genome-wide analysis results. This
process was repeated 800 times for a total of 800 combinations of control "genes," each
consisting of four different NT sgRNAs. The validation screening candidates were selected
based on MAGeCK results from the genome-wide screen. Genes with an absolute "neg|1fc" or
"pos|1fc" > 0.5 in meninges vs blood and parenchyma vs blood comparisons were included.
For other comparisons such as meninges or parenchyma vs spleen and spleen vs blood, genes
were included when the absolute “neg|lfc” or “pos|lfc”>1 and the number of
“neg|goodsgrna” for negative “neg|lfc” candidates or of “pos|goodsgrna” for positive
“pos|Ifc” candidates = 2, or the absolute “neg|lfc” or “pos|lfc” >0.6 and the number of
“neg|goodsgrna” or “pos|goodsgrna” > 2.

The validation library was restricted to genes expressed in T cells, as detailed in (Schlager et al.,
2016), with the exception of genes from the meninges or parenchyma vs. blood comparisons,
which were included if their absolute “neg|1fc” or “pos|1fc” was greater than 0.85. We
further included genes that are associated with the following Gene Ontology (GO) terms for
the purpose of validating their functions: GO0:0004896 (Cytokine receptor activity),
G0:0050840 (Extracellular matrix binding), GO:0004930 (G protein-coupled receptor activity),
G0:0005178 (Integrin binding) and G0O:0033627 (Cell adhesion mediated by integrin). Further,
top gene sets were chosen by running GSEA(Broad) with default parameters and the exception
of metric ranking genes =log2_Ratio_of Classes, using the GSEA molecular signature
databases v7.0, and with exclusion of gene sets with maximum and minimum sizes of 20000
and 5, respectively. The selected gene sets were GO:0043112 (receptor metabolic process),
G0:0072583 (clathrin-dependent endocytosis), GO0:0097384 (cellular lipid biosynthetic
process), GO:0042092 (type 2 immune response), GO:0051955 (regulation of amino acid
transport), GO:0098661 (inorganic anion transmembrane transport), GO:0015698 (inorganic
anion transport), G0:0035655 (interleukin-18-mediated signaling pathway), G0:0071277
(cellular response to calcium ion), GO:0016574 (histone ubiquitination), GO:0043968 (histone
H2A acetylation), GO:0006089 (lactate metabolic process), G0O:0070670 (response to
interleukin-4), GO:0032606 (type | interferon production) and GO:0002755 (MyD88-dependent
toll-like receptor signaling pathway). In certain GO terms, only genes with a negative log2(Fold
Change) were included when the GO term was negatively enriched, while genes with a positive

log2(Fold Change) were included when the GO term was positively enriched. This led to the
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inclusion of 1374 genes based on log2(Fold Change) and significance cut-offs in different

comparisons, and 587 genes based on GO terms.

Identification of essential regulators of migration

The validation screening candidates were considered essential regulators of T cell migration to
the CNS if they fulfilled the following conditions, based on the MAGeCK analysis results:
“neg|lfc” < -3 x standard deviation of control (non-targeting) “neg|lfc” and “pos|Ifc” in the
sample, the number of “neg|goodsgrna” > 3, and the “neg|p-value” < 0.05; or “pos|Ifc” >3 x

I “u

standard deviation of control “neg|lfc” and “pos]|Ifc” in the sample, the number of

“pos|goodsgrna” > 3, and the “pos|p-value” < 0.05.

3.1.13 Statistical analysis

Flow cytometry data was analysed using FlowJo (version 10+). Statistical analyses and plotting
were performed using GraphPad Prism version 7+ (GraphPad Software) and R (version 4.0.0+)
(Wickham et al., 2019, R Core Team, 2021). Total cell numbers were calculated using R and
Excel (Microsoft Office). Figures were prepared using Inkscape. The Gaussian distribution of
the data was determined using the Shapiro-Wilk normality test. Parametric tests were used for
data with Gaussian distributions, and non-parametric tests were used for non-Gaussian data,
except for grouped data analysed by two-way ANOVA, such as integrin and activation marker
surface stainings, and intracellular cytokine stainings, where non-parametric tests were not
applicable. If multiple comparisons were run in parallel, the test statistics were corrected for
multiple testing using the two-stage linear step-up procedure of Benjamini, Krieger, and
Yekutieli. The control values for in vitro surface staining experiments and in vitro and in vivo
intracellular cytokine stainings are reused and thus remain identical across all figure panels. In
the flow cytometry evaluation of Tygp KO cell migration validation experiments, animals with
less than 100 cells detected in any organs were excluded from the analysis. The KO/control
phenotype datasets were statistically evaluated using one-sample t-tests (parametric) or
Wilcoxon signed-rank tests (non-parametric). The Grk2-KO values for the Grk2-KO/S1RR1-KO
and double KO experiment are the same as previously depicted for the Grk2-KO migration
phenotype data. An ordinary one-way ANOVA with Tukey's multiple comparison tests
(parametric) and Kruskal-Wallis test with Dunn's multiple comparison test (non-parametric)
were conducted for the KO/NT phenotypes across the different KOs in the Grk2/S1PR1-KO
experiment. In disease course experiments, control animals were chosen based on the same
date of cell transfer as the KO-transferred animals. As a result, some control animals were
utilized for more than one KO. To evaluate the disease induction and weight changes

phenotypes of the KO cell transfer, a repeated measures two-way ANOVA was conducted for
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time and genotype variations (days zero to eight after Tygp cell transfer for disease score and
days zero to eight for weight changes), followed by Sidak’s multiple comparison test. All
measurements were biological replicates and not duplicated, except for clinical course
experiments where the same animal was monitored over multiple days. KO/NT comparisons
were expressed as a ratio of KO phenotype/control NT phenotype, unless otherwise stated.
Relevant information, including sample sizes, was included in the figure legends. The data are
presented as mean * SD (standard deviation) and the significance was indicated by p-value as

follows: * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001
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4 RESULTS

4.1 CRISPR/Cas9 screening in EAE

4.1.1 Unbiased whole-genome screening of Tygp cell trafficking in vivo

To study the mechanisms essential to the migration of T cells into the CNS we used the Lewis
rat aT-EAE model, since its stable clinical course allows specifically observing T cells involved in
the initial phase of EAE. To conduct a genome-wide CRISPR/Cas9 screening first autoreactive
Twmep cells, that stably express Cas9 together with EGFP (Tygp Cas9) were generated and
validated by PD Dr. Naoto Kawakami and Dr. Arek Kendirli (Kendirli et al., 2023). Once the gene
editing capabilities were confirmed the Tygp Cas9 cells were transduced with a genome-wide
sgRNA library that contained 87,690 sgRNAs targeting 21,410 genes and 396 miRNAs (4
sgRNA/gene), as well as 800 non-targeted (NT) control sgRNAs together with BFP for labelling.
The ratio of virus to cells was calculated so that statistically each T cell would receive only one
sgRNA. Following restimulation the Tygp cells were injected i.v. into the rats and the animals
were sacrificed on day three, which coincided with the onset of disease that is mainly
characterised by body weight loss and in some cases first clinical symptoms. The Tygp cells
were isolated from the “peripheral compartment” represented by blood and spleen as well as
the “CNS compartment” consisting of spinal cord meninges and parenchyma (Figure 5 A). The
presence of Tygp cells in each organ was confirmed by BFP expression in flow cytometry. To
achieve a high yield of T cells for a valid library representation eight to ten animals were
pooled per replicate and the splenic samples were sorted for BFP" cells. The extracted genomic
DNA was submitted to NGS and the resulting sgRNA count numbers were analysed by Clara de
la Rosa del Val using the MAGeCK software, which was developed to identify hits from
CRISPR/Cas9 screenings (Li et al., 2014, Kendirli et al., 2023). With this bioinformatic analysis
the sgRNA distribution of each gene could be compared between the peripheral compartment
and the CNS compartment, allowing us to identify genes whose deletion leads to impaired or
enhanced migration of the Tygp cells into the CNS (Figure 5 B). Hereby, the gene Itga4
functioned as a positive control. It encodes for the a4d-integrin, which is part of the VLA-4
heterodimer that has a well-established role in T cell migration into the CNS. Indeed, the count
of the Itga4 sgRNA was lower in both the meninges and the parenchyma compared to the
sgRNA counts in the blood and spleen. Consequently, Itga4 ranked among the top most-
depleted genes in all comparisons of peripheral compartments versus CNS compartments and
thereby confirming the ability of this genome-wide CRISPR/Cas9 screening to identify genes

relevant for migration of Ty;gp cells across the BBB. Interestingly, there is a strong correlation of
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significantly differentially regulated genes between the comparisons of the two CNS
compartments to blood and spleen, indicating that during aT-EAE the same set of genes

regulate the entry of T cells to both the meninges and the parenchyma (Figure 5 C).
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Figure 5 Genome-wide CRISPR/Cas9 screening of T cell migration in aT-EAE

A) Experimental design. Tygp cells were first virally transduced with the Cas9 nuclease and EGFP and
then with the genome-wide CRISPR library and BFP. After selection and in vitro restimulation the cells
were i.v. injected into rats. After three days the rats were sacrificed and Ty;gp cells were isolated from
blood, spleen, and spinal cord meninges and parenchyma for further analysis. B) Volcano plots depicting
the results of the genome-wide CRISPR/Cas9 screening per gene across the four tissue comparisons.
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Green dots represent genes whose KO showed a sizeable change in the ability of Tygp cells trafficking
into the CNS. Blue dots represent the NT control. Threshold lines indicate p-value = 0.05 and log2(Fold
change) = £0.5. C) Correlations of the log2(Fold Change) left for meninges vs. blood compared to
parenchyma vs. blood (Pearson correlation index 0.62) and right meninges vs. spleen compared to
parenchyma vs. spleen (0.48). Green dots represent genes whose KO showed a sizeable change in the
ability of Tygp cells trafficking into the CNS. Blue dots represent the NT control. Modified from (Kendirli
et al,, 2023).

4.1.2 Asecond validation screening increases confidence in the top hits

Since a large sgRNA library used in the genome-wide screening can result in an impaired signal
to noise ratio, we aimed to increase the confidence in the primary hits by performing a
validation screening. The results of the genome-wide screening were subjected to a set of
selection criteria based on effect size and statistical significance and resulted in a list of 1,950
candidate genes, which was used to generate a validation sgRNA library with 12,000 sgRNAs
(6 sgRNAs/gene). The same adoptive transfer experiment as for the whole genome library was
performed, but this time T cells from all organs were sorted to increase their purity and more
stringent selection criteria were used during data analysis (Figure 6 A). Considering the sgRNA
distribution in the different compartments and their relative fold change, we could identify a
list of ranked genes that either enhance or inhibit T cell trafficking into the CNS (Figure 6 B).
Since the aim in the treatment of MS is to decrease the number of autoreactive T cells in the
brain we first focussed on genes that are required for T cell trafficking into the CNS. These
genes act as positive regulators of T cell migration and their knockout reduced the ability of
Twmep cells to transmigrate into the CNS. This subset was characterized by increased counts of
sgRNAs in the peripheral organs and decreased numbers in the CNS compartments. Apart from
our absolute gene ranking we also checked in which gene ontology (GO) our top hits fell,
among those were the clusters “adhesion modules”, “chemokine receptors”, “transcription
factors” and “G protein-coupled receptor (GPCR)” (Figure 6 C-F).

Among our top hit the first two, Itga4 and Fermt3, were part of the “adhesion molecule” GO
term (Figure 6 C). As described above ltga4, which encodes for the a4-integrin and forms part
of the heterodimer VLA-4, is a well-established molecule in T cell trafficking that functioned as
a positive control in the screening. Therefore, it is not surprising but rather a confirmation of
our approach to see it also as the top hit in our validation screening. However, to our surprise
the Itgb1 gene that encodes for Bl-integrin, which is the other subunit of the VLA-4 receptor
only exhibited a milder fold change. This suggests that other integrins might compensate for its

loss.

45



Results

CFA injection . naive
~ recipient rat
| .
donor rat o r )

-—;: > = %4 periphery I CNS
lymph node "/, - | ' GO
isolation ) |I . 2.viral infection ‘ @ Q? e | ®§)> @

.viral infection @ |

@ o | e[ deeoi®?
< @ r@09-d T ©%%e (070
@ @ @@ selection m i
TMmap _ L [
Tmep cells Tmep Cas9- single-KO- impaired CNS enhanced CNS
EGrpY EGFPH-BFPT migration migration

B .

Top depleted candidates
* Kk k % % % * * ‘4‘ CD

* % % % % % * % % %
* k% k% * ¥ % k k¥ k k * %

8 6 4 2" 0 10
-Log10(Mageck score)

10 2 4 6 8
-Log10(Mageck score)

C Adhesion molecules

5 e 111 e 4 | Y - -

impaire: enhance!
XA T I T LT T T e~ branon I
= [ .

<15 41 -05 0 05 1 =215
RN )~ - -Log2(Fold change)

Heén O

* k% % * * * i ] ) [N

Figure 6 Validation CRISPR/Cas9 screening of Tygp cell migration into the CNS

A) Experimental design. Tygp cells were first virally transduced with the Cas9 nuclease and EGFP and
then with the validation CRISPR library and BFP. After selection and in vitro restimulation the cells were
i.v. injected into rats. After three days the rats were sacrificed and Tygp cells were isolated from blood,

spleen, and spinal cord meninges and parenchyma for further analysis. B) Validation screening results
depicting the top-ranking genes whose KO showed impaired (left) or enhanced (right) migration into the
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CNS, across comparisons, displayed as volcano plots. In the middle log2(Fold Change) heatmaps showing
on the top panel positive regulators of Tygp cell entry into the CNS (KO impairs migration, purple) and
the lower panel negative regulators of CNS migration (KO enhances migration, yellow). Essential
candidates were defined as detailed in the methods section. C-F) Log2(Fold Change) heatmaps
illustrating the Tygp cells migratory phenotype of gene KOs based on the validation screening results for
adhesion related genes (C) (GO terms G0.0050901, G0.0033631 and GO0.0005178), chemokine
receptors (D) (GO.0004950), transcription factors (E) (GO.0003700, GO.0003713 and G0.0003714) and
GPCRs (F) (G0O.0004930, G0.0004703, G0.0001664 and guanine nucleotide binding genes of
G0.0001664, excluding genes present in GO.0004950 or GO.0004896). Only genes of the GO term with a
p-value<0.05 (C, D) or p< .01 (E, F) and >3 “neg/pos|goodsgrna” as per the validation screening results
are shown. Stars indicate, for all heatmaps, p-value<0.05, absolute log2(Fold Change) >3 standard
deviations of the log2(Fold Changes) of the controls and >3 “neg/pos|goodsgrna”. Modified from
(Kendirli et al., 2023).

The second hit Fermt3 encodes for Kindlin-3 an intercellular protein that is involved in integrin
activation by allosteric modification of their affinity state. Our results confirmed a study in
which observed that VLA-4 and LFA-1 mediated T cell arrest and adhesion are regulated by
Kindlin-3 and that Kindlin-3-deficient T cells fail to induce adoptive transfer EAE (Moretti et al.,
2013). In close relation to the kindlin family also proteins of the talin family are involved in
integrin activation (Moser et al., 2009). In our screening talin-1 (TIn1) was among the
candidates with a milder fold change, indicating only a moderate effect on T cell migration
compared to Fermt3 (Figure 6 C). Another one of the top regulated candidates was the heat
shock protein 90 beta family member 1 (Hsp90b1) (Figure 6 B). Although it does not belong to
the class of adhesion molecule itself it implicated in the correct surface expression of various
integrins, as it functions as a chaperone (Staron et al., 2010).

Remarkably, among the cluster of chemokine receptors only Cxcr3, which transduces the
signals of its ligands CXCL9, CXCL10 and CXCL11 (Groom and Luster, 2011), was a top hit in our
screening (Figure 6 D). Although a previous study in the same aT-EAE model reported that
Cxcr3 as well as CCR5 are essential for T cell trafficking into the CNS (Schlager et al., 2016), we
could only confirm the imperative nature of Cxcr3 while CCR5 was dispensable for the
migration of autoreactive T cells in our screening.

In the GO cluster of “transcription factors” the core-binding factor subunit beta (Cbfb) was the
gene with the highest fold change (Figure 6 E). It forms a heterodimer with one of three alpha
subunits (RUNX proteins) and so far has been reported to play a critical role in different stages
of Tcell development (Zhao et al.,, 2007). Another transcription factor that reached
significance in all four comparisons was the forkhead box protein O1 (Foxol). Foxol is a
prominent regulator of T cell homeostasis (Newton et al., 2018). Two studies also pointed to

its role in naive T cell homing by regulating the expression of L-selectin and Krupple-like factor
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2 (KIf2) (Fabre et al., 2008, Kerdiles et al., 2009). Interestingly, KIf2 also was among hits,
although it shows only significant changes in the comparisons to spleen and only milder ones
in the blood comparisons. Similar to Foxol, KIf2 expression is assumed to regulate the
migration of naive T cells (Sebzda et al., 2008), however our CRISPR/Cas9 screening also
suggests an implication in differentiated and activated CD4" Tygp cells. Another essential
transcriptional regulator was the T-box transcription factor Tbx21, also known as T-bet. It
regulates T-helper cell commitment to a Thl phenotype and controls the expression of the
hallmark Th1 cytokine, IFNy (Miller and Weinmann, 2010). Similarly, the Prdm1 (PR domain
zinc finger protein 1) gene, encoding the BLIMP-1 transcription factor, has the ability to
function as both an activator and a repressor, which can ultimately decide the fate of multiple
T-cell lineages. Furthermore, it plays a critical role in the modulation of peripheral T cell
activation and proliferation (Fu et al., 2017). Particularly interesting was the observation that
some genes only had a strong effect size in one of the two comparisons of the CNS
compartment with the peripheral organs. Two genes, namely Arih1 and Ube2/3, demonstrated
a substantial fold change in the comparisons between the spleen and the two CNS
compartments, yet their impact was only minimally reduced in the comparisons with the blood
(Figure 6 B). The ubiquitin-conjugating enzyme E2 L3 (Ube2/3), also known as UBCH7, was
described to regulate cytokine-driven nuclear transcription factor-kappa B (NF-kB) activation
(Fu et al., 2014) (Figure 6 B, E). Notably, the second essential gene that showed this particular
profile was the ariadne-1 homolog (Arih1) an E3 ubiquitin-protein ligase, which was shown to
interact with Ube2I3 (Ardley et al., 2001).

In the group of GPCR the G protein coupled kinase 2 (Grk2) and the Guanine nucleotide-
binding protein G(i) subunit alpha-2 (Gnai2) were the top hits with the highest fold change and
significant results in a least three comparisons (Figure 6 F). Grk2 phosphorylates activated
GPCR, which promotes the binding of an arrestin proteins that in turn block their cellular
signaling and resulting in receptor desensitization and internalization. In addition, it can also
establish functional or scaffolding interactions with an extensive number of non-GPCR proteins
making it versatile signaling-hub (Penela et al., 2019). Gnai2 is required to activate
downstream effectors to transduce the signals of the GPCR. The majority of chemoattractants
and chemokines signal through GPCRs, so it is not surprising that Gnai2-deficient T cells have
profound defects in in chemokine receptor signaling and chemoattractant induced cell mobility
(Hwang et al., 2007).

In addition to the genes that limit the entry of autoreactive Tygp cells into the CNS, our

CRISPR/Cas9 screening also identified negative regulator hits, whose loss resulted in enhanced
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T cell migration to the spinal cord meninges and parenchyma (Figure 6 B). Among those genes,
Ets1 was the only top hit with a high fold change that was robust across all comparisons. It
encodes for a transcription factor that was shown to regulate differentiation, survival and
proliferation of lymphoid cells and has been identified as a susceptibility locus for several
autoimmune diseases (Testoni et al., 2015, He et al., 2022) (Figure 6 E). Other regulators that
were only significantly regulated in some of the tissue comparisons were the tyrosin kinase
Janus kinase 3 (Jak3), the Adgre4 gene, which is the gene locus of the GPCR EMR4, ZFP407
encoding for Zinc finger protein 407, and formyl peptide receptor 3 (FPR3) (Figure 6 B, F). None

of them was shown to increase T cell migration before.

4.2 Validation of candidate genes in single knockout Tygp cells

While the two rounds of CRISPR/Cas9 screening identified several candidate genes that appear
to facilitate or restrict the entry of Tygp cells into the CNS during aT-EAE there remains the
possibility of a false positive hit. In order to validate the results of the screening and to
investigate the role of the individual genes further single KO clones had to be established. To
reduce the cell disturbance by the double viral transduction as well as the possibility of
off-target effects by continuous Cas9 and sgRNA expression, both were only transiently
delivered as a RNP to Tygp cells by the nucleofection method. Prior to gene editing the
Twmepe cells were transduced with fluorescent proteins; BFP was used to label NT control cells
while EGFP marked the individual KO cells. The DNA perturbation of each target gene was
confirmed by TIDE sequencing (Supplementary Table 5) and if possible, also by antibody
staining followed by analysis with flow cytometry. For each KO the Ty;gp cells were first tested
in vitro for any phenotypical changes of activation markers, adhesion molecules or the
production of certain cytokines. In the next step we analysed how the KO affects the migration

behaviour of Tygp cells in vivo and whether those cells still have the ability to induce EAE.
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After isolation of MBP-specific T cells from the donor rat, Tygp cells were first transduced with a virus
either containing EGFP or BFP (not shown here) to label the T cells. Following sorting and expansion the
labelled Tygp cells were nucleofected with their specific sgRNA and Cas9. The DNA editing was confirmed
by TIDE analysis and if possible by flow cytometry. The effect of the KO on T cell trafficking was then
tested in vitro and in vivo.

4.3 Validation of the adhesion module

4.3.1 Deletion of ad-integrin in Tygp cells blocks EAE development

As the Itga4 gene is among our strongest candidate hits and essential to T cell adhesion, we
confirmed our validation strategy by testing the KO of a4-integrin as positive control first. To
ensure that the gene KO specifically abrogates the CNS migration and does not affect general
T cell functions, the edited T cells were first characterized in vitro (Figure 8 A). Restimulated
T cells were checked for their production of the cytokines IL-17A and IFNy first under normal
cell culture conditions. In addition, to test whether the T cells have the capability to produce
cytokines following stimulation the same experiment was performed after addition of PMA
and lonomycin. While PMA activates the protein kinase C, lonomycin increases intracellular
calcium ion concentrations. Both compounds bypass the T cell membrane receptor complex
leading to T cell activation and production of a variety of cytokines (Ai et al., 2013). In both
conditions, the proportion of cells exhibiting different cytokine production profiles was
assessed, including those that did not produce IL-17A or IFNy (negative phenotype), only
produced IL-17A (Th17 phenotype), only produced IFNy (Th1l phenotype), or produced both
IL-17A and IFNy (Th1+Th17 phenotype). Without stimulation Tygp Itga4-KO cells and control
Twmer NT cells both show no polarization to a specific phenotype but display a similar
distribution of produced cytokines. However, upon stimulation, the majority of Ty;gp Itga4-KO
cells and Tygp NT cells produced IL-17A and IFNy in parallel, thereby exhibiting a Th1+Th17
phenotype in a similar manner (Figure 8 B, C). To further address the activation status of the
T cells and the expression of integrins important for T cell migration a surface staining followed
by flow cytometry analysis was performed on the day of maximal activation. For the activation
status we checked for the surface expression of the T cell receptor (TCR) and its co-receptor
CD4, the IL-2 receptor alpha chain (CD25) and the OX40 receptor, also known as tumor
necrosis factor receptor superfamily member 4 (CD134). There was no difference in the
activation of Tygp Itgad-KO cells in comparison to control Tyge NT cells (Figure 8 D, E). Further
we analysed the surface expression of the a4-integrin (CD49d) and the B1-integrin (CD29) that
together form the heterodimer VLA-4. Further the components of LFA-1, al-integrin (CD11a)

and P2-integrin (CD18) were stained as well as the a2-integrin (CD49b). There was no
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difference in the expression of al-integrin (CD11a), B2-integrin (CD18) and a2-integrin (CD49b)
between Tygp Itgad-KO cells and Tygp NT cells. Expectedly, ad-integrin (CD49d) is strongly
downregulated, which additionally confirms the successful KO of Itga4 in the T cells. However,
also its binding partner Bl-integrin (CD29) appears to be downregulated in the Ty;gp Itga4-KO
cells although not significantly and not as strong as a4-integrin (CD49d) (Figure 8 D, E). This is
probably due its ability to form further complexes with a variety of different a-integrins
(Takada et al., 2007). Overall, the Tygp Itgad-KO cells appear to have normal T cell function
regarding their activation state and cytokine production and only the KO gene and its

associated binding partner seem to be affected.
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Figure 8 In vitro analysis of Tygp Itga4-KO cells

A) Experimental design. Tygp Itgad-KO and Tygp NT cells were in vitro restimulated. After 24 h cells were
stained for their produced cytokines and after 48 h activation markers or integrins were stained on the
cell surface. B) Quantification of T cell subpopulation based on cytokine profile in flow cytometry
analysis. Two-way ANOVA with multiple comparisons with the two-stage linear step-up procedure of
Benjamini, Krieger and Yekuteli. Unstimulated: F <0.0001, P = ns, n = 4; stimulated: F <0.0001, P =ns,
n = 3. Mean # SD. C) Representative flow cytometry plots showing intracellular staining of IL-17A or IFNy
with or without stimulation and their classification into IFNy" Th1 cells, IL-17A" Th17 and IFNy" and
IL-17A" Th1+Th17 cells. Cells were gated on lymphocytes > single cells > BFP* or GFP* > APC and PE
values. D) Representative flow cytometry plots showing surface expression of various activation markers
and integrins. Cells were gated on lymphocytes > single cells > BFP* or GFP*. E) Quantification of the
AMFI (MFI-MFI isotype control) of the surface staining normalized to the mean AMFI of NT cells. MFI,
two-way ANOVA with multiple comparisons with the two-stage linear step-up procedure of Benjamini,
Krieger and Yekuteli. Activation markers: F=0.04989, P =ns, CD4: n =10, TCR/CD25: n =14, CD134
n=14 (NT)/n=13 (Itgad-KO); integrins: F=5.589, P=0.0199, CD49d/CD11la: n=14, CD29: n=7
(NT)/n = 8 (Itga4-KO), CD18: n = 10 (NT)/ n = 11 (Itga4-KO). CD49b n = 11 (NT)/ n = 13 (Itga4-KO). Mean +
SD.

To validate the effect of the Itga4d KO on Tcell migration we co-transferred stimulated
Twmee 1tgad-KO cells in a 1:1 ratio with Ty NT cells i.v. into rats. With the onset of disease after
three days, the rats were sacrificed and cells from blood, spleen and parathymic lymph nodes
(pT LN) as well as spinal cord meninges, parenchyma and CSF were collected (Figure 9 A). Flow
cytometry analysis allowed us to determine the ratio of EGFP expressing Tygp Itgad-KO cells
and BFP expressing Tygp NT cells in each organ (Figure 9 B). To correct for disturbances in the
injection mix as well as for differences in survival and proliferation the ratios were normalized
to the cell ratio in the blood (Figure 9 C). The significantly reduced ratio in meninges,
parenchyma and CSF confirmed that the deletion of Itga4d significantly reduced the Tygp cell
migration into the CNS. In addition, Tygp Itgad-KO cells migrate less into the parathymic lymph
node (pt LN), but appear to leave the blood stream and accumulate in the spleen. To further
characterize the behaviour of Tygp Itgad-KO cells in vivo cells of the spleen were stained for

activation markers, albeit they are downregulated during the acquisition of the migratory
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phenotype (Fligel et al., 2001). In addition the surface expression of the integrins of VLA-4 and
LFA-1 was assessed. In line with the in vitro data there was no difference in the expression of
CD25, CD134 as well as of aL-integrin (CD11a) or B2-integrin (CD18), while ad-integrin (CD49d)
as well as B1-integrin (CD29) are strongly downregulated (Figure 9 D, E). Additional staining of
cells in the spleen for the cytokines IL-17A and IFNy showed that they were neither produced
by Twgp Itgad-KO cells nor Tyge NT cells (Figure 9 F, G). Likely, the lack of VLA-4, which is
essential for the attachment of T cells on the blood vessels and the subsequent trafficking of T

cells, prevents Tygp Itgad-KO cells to migrate into the CNS during EAE.
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Figure 9 In vivo migration analysis following co-transfer of Tygp Itga4-KO cells

A) Experimental design. Tygp Itga4-KO and Tygp NT cells were in vitro restimulated. After 48 h the fully
restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on day
three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS
compartments (CSF, parenchyma, meninges) were collected. B) Representative flow cytometry plot with
the distribution of Tygp cells in different organs following co-transfer. BFP* Tyge NT cells are highlighted
in blue, EGFP" Tygp Itgad-KO in green. Gated on lymphocytes > single cells > BFP* or GFP*. €) Migratory
phenotype of Tygp Itga4-KO cells compared to Tygp NT cells in different organs, shown as the ratio of KO
cell number/ NT cell number divided by the KO/NT ratio in blood. A ratio of 1 indicates the migration
behaviour of control Tygp cells, a ratio below 1 indicates impaired migration and a ratio above 1
enhanced migration towards an organ. One sample t-test against hypothetical mean = 1. n =7 (spleen,
meninges parenchyma), n =3 (pT LN, CSF). Mean * SD. D) Quantification of the AMFI (MFI-MFI Isotype
control) of the surface staining normalized to the mean AMFI of Tyge NT cells. MFI, two-way ANOVA
with multiple comparisons with the two-stage linear step-up procedure of Benjamini, Krieger and
Yekuteli. Activation markers: F =0.2656, P = ns, all stainings: n = 4; integrins: F = 13.37, P =0.0013, all
stainings: n=4. Mean = SD. E) Representative flow cytometry plots showing surface expression of
activation markers and integrins of ex vivo splenic cells. Cells were gated on lymphocytes > single
cells >BFP" or GFP’. F) Quantification of Tyge cell subpopulation based on the intracellular flow
cytometry staining. Two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. F = 0.000867, P = ns, n = 4. Mean + SD. G) Representative
flow cytometry plots showing intracellular staining of IL-17A and IFNy of ex vivo splenic Tygp Itga4-KO
and Tyge NT cells. Cells were gated on lymphocytes > single cells > BFP* or GFP* > APC and PE values.

We further tested whether and to which extent the Tygp Itgad4-KO cells were able to induce
clinical EAE, therefore they were injected i.v. into rats and the subsequent clinical course was
monitored (Figure 10 A). In accordance to the previous results, rats that received Tygp Itgad-KO
cells did not develop disease symptoms and also did not lose body weight, while the rats that
were injected with Tygp NT cells developed the classical EAE disease course (Figure 10 B, C).
Since Itgad's role in T cell migration is already well-established, these findings served to
validate two important aspects. Firstly, they confirmed the accuracy of the CRISPR/Cas9
screening results, which indicated diminished migration of Itgad-deficient Tygp cells into the
CNS relative to peripheral organs. Secondly, these results demonstrate the effectiveness of our
single KO and validation strategy, establishing its suitability for testing additional candidate

genes.
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Figure 10 Clinical course of EAE induced by Tygp I1tga4-KO cells

A) Experimental design. Tygp Itgad-KO and Tygp NT cells were in vitro restimulated and were injected
solely into rats. The EAE score and body weight was monitored daily. B) Clinical course of EAE measured
by percentage of body weight change (lines) and EAE scores (bars) of injected animals. Repeated
measures two-way ANOVA; days 0-10 disease score: F=424.5 P <0.0001, body weight change:
F =107.8, P <0.0001; n = 6 (Itgad-KO); n = 6 (NT). Mean % SD. C) Overview of additional EAE parameters:
incidence of EAE (%), average onset (days post transfer) no data available (NA) in the ltga4-KO group
since no animal developed disease, average EAE peak score and average EAE cumulative score.
Following Sharpiro-Wilk normality test, Mann-Whitney test was performed. Mean + SD.

4.3.2 The chaperon Hsp90b1 controls surface expression of integrins

Our screening revealed further adhesion-related genes that possibly affect T cell trafficking
along with Itga4, so we continued by assessing the effects of knocking out the heat shock
protein 90 beta family member 1 (Hsp90b1). It was reported to function as a master
chaperone in the endoplasmic reticulum, where it is behind the correct folding of a variety of
integrins (Staron et al., 2010). When characterizing the Tygp Hsp90b1-KO cells in vitro we
observed no difference in the cytokine profile in unstimulated and stimulated conditions
(Figure 11 A, B, C) as well as in the activation status determined by the expression of CD4, TCR,
CD25 and CD134 in comparison to Tygp NT cells (Figure 11 D, E). However, the surface staining
of integrins revealed a marked reduction of a4-integrin (CD49d), thereby arguing that the

presence of Hsp90bl is essential for the surface presentation of ad-integrin. Compared to
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Twmee NT cells there was a trend towards reduced surface presence of the a4-integrin binding
partner Bl-integrin (CD29), the LFA-1 components al-integrin (CD11a) and B2-integrin (CD18)

as well as a2-integrin (CD49b) yet it did not reach statistical significance (Figure 11 D, E).
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Figure 11 In vitro analysis of Tygp Hsp90b1-KO cells

A) Experimental design. Tygp Hsp90b1-KO and Tygp NT cells were in vitro restimulated. After 24 h cells
were stained for their produced cytokines and after 48 h activation markers or integrins were stained on
the cell surface. B) Quantification of T cell subpopulation based on cytokine profile in flow cytometry
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analysis. Two-way ANOVA with multiple comparisons with the two-stage linear step-up procedure of
Benjamini, Krieger and Yekuteli. Unstimulated: F<0.0001, P=ns, n=4 (NT)/n=5 (Hsp90b1-KO);
stimulated: F<0.0001, P=ns, n=4 (NT)/n=5 (Hsp90b1-KO). Mean * SD. C) Representative flow
cytometry plots showing intracellular staining of IL-17A or IFNy with or without stimulation and their
classification into IFNy* Th1 cells, IL-17A" Th17 and IFNy” and IL-17A" Th1+Th17 cells. Cells were gated on
lymphocytes > single cells > BFP* or GFP* > APC and PE values. D) Representative flow cytometry plots
showing surface expression of various activation markers and integrins. Cells were gated on
lymphocytes > single cells > BFP* or GFP”. E) Quantification of the AMFI (MFI-MFI Isotype control) of the
surface staining normalized to the mean AMFI of NT cells. MFI, two-way ANOVA with multiple
comparisons with the two-stage linear step-up procedure of Benjamini, Krieger and Yekuteli. Activation
markers: F=0.05017, P=ns, CD4: n=8, TCR/CD25/CD134: n=10; integrins: F=17.17, P <0.0001,
CD49d/CD11a/CD49b: n =10, CD29: n =6, CD18: n =8 (NT)/n =9 (Hsp90b1-KO). Mean + SD.

To investigate the effect of Hsp90b1 KO on the migratory properties of Tygp cells, we injected
Tmee Hsp90b1-KO cells together with Tyge NT cells into rats and analyses their distribution in
the different organs (Figure 12 A). Relative to the amount of Ty Hsp90b1-KO cells in the
blood we observed decreased migration into meninges, parenchyma, and CSF as well as into
the parathymic lymph nodes, while Ty Hsp90b1-KO cells seem to accumulate in the spleen
(Figure 12 B, C). This resembles the results seen it the Itga4-KO, so it is not surprising to also
see a reduction in the expression of a4d-integrin (CD49d) and Bl-integrin (CD29) in the
Tmer Hsp90b1-KO cells isolated from the spleen compared to control Tyge NT cells. In difference
to results of the ltag4-KO, also the expression levels of the LFA-1 dimer, CD11a and CD18 are
significantly reduced, confirming the role of Hsp90b1 in chaperoning multiple integrins. The
results also suggest that the downregulation of integrins seen in in vitro T cells is even more
pronounced in vivo. This indicates that the T cells undergo structural changes in vivo, and that
the impact of Hsp90b1’s absence becomes apparent in these changes. The surface levels of the
IL-2 receptor (CD25) were almost identical between Tygp Hsp90b1-KO and Tygp NT cells and the
already low expression levels of CD134 were slightly further reduced in Hsp90b1l, yet not
significantly (Figure 12 D, E). Overall, the results suggest that the loss of Hsp90b1 results in a

reduced expression of the VLA-4 and LFA-1 receptors on Tygp cells that impedes their

migration into the CNS.
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Figure 12 In vivo migration analysis following co-transfer of Ty Hsp90b1-KO cells
A) Experimental design. Ty Hsp90b1-KO and Tygp NT cells were in vitro restimulated. After 48 h the
fully restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on

day three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS

compartments (CSF, parenchyma, meninges) were collected. B) Representative flow cytometry plot with
the distribution of Tygp cells in different organs following co-transfer. BFP* Tyge NT cells are highlighted

in blue, EGFP’" Tygp Hsp90b1-KO in green. Gated on lymphocytes >single cells >BFP* or GFP".
C) Migratory phenotype of Tygp Hsp90b1-KO cells compared to Tygp NT cells in different organs, shown
as the ratio of KO cell number/ NT cell number divided by the KO/NT ratio in blood. A ratio of 1 indicates
the migration behaviour of control Tygp cells, a ratio below 1 indicates impaired migration and a ratio
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above 1 enhanced migration towards an organ. One sample t-test against hypothetical mean=1. n=7
(spleen, meninges parenchyma), n =4 (pT LN, CSF). Mean + SD. D) Quantification of the AMFI (MFI-MFI
Isotype control) of the surface staining normalized to the mean AMFI of Tygp NT cells. MFI, two-way
ANOVA with multiple comparisons with the two-stage linear step-up procedure of Benjamini, Krieger
and Yekuteli. Activation markers: F =1.113, P = ns, all stainings: n = 4; integrins: F=51.13, P < 0.0001, all
stainings: n=5. Mean * SD. E) Representative flow cytometry plots showing surface expression of
activation markers and integrins of ex vivo splenic cells. Cells were gated on lymphocytes > single
cells > BFP* or GFP'. F)Quantification of Tygp cell subpopulation based on the intracellular flow
cytometry staining. Two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. F <0.0001, P =ns, n=4. Mean % SD. G) Representative
flow cytometry plots showing intracellular staining of IL-17A and IFNy of ex vivo splenic Ty Hsp90b1-
KO and Tygp NT cells.

Accordingly, when comparing rats that received a single transfer of Tyge Hsp90b1-KO cells to
those that received control Tyge NT cells, notable differences in disease progression and
associated symptoms were observed. The onset of disease symptoms in the Tygp Hsp90b1-KO
recipient rats was delayed, and they experienced only minor body weight loss compared to the
control group (Figure 13 A, B). Not only was the incidence lower but also peak score and the
cumulative score over the course of the EAE was significantly lower, confirming the impaired

ability of Tyge Hsp90b1-KO to migrate into the CNS and induce inflammation there (Figure 13
C).
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Figure 13 Clinical course induced by Tygr Hsp90b1-KO cells
A) Experimental design. Tygp Hsp90b1-KO and Tygp NT cells were in vitro restimulated and were injected
solely into rats. The EAE score and body weight was monitored daily. B) Clinical course of EAE measured
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by percentage of body weight change (lines) and EAE scores (bars) of injected animals. Repeated
measures two-way ANOVA; days 0-10 disease score: F=145.1, P <0.0001, body weight change:
F=13.12, P=0.0016; n=11 (Hsp90b1-KO); n=12 (NT). Mean + SD. C) Overview of additional EAE
parameters: incidence of EAE (%), average onset (days post transfer), average EAE peak score and
average EAE cumulative score. Following Sharpiro-Wilk normality test, Mann-Whitney test was
performed. Mean + SD.

4.3.3 The B1l-integrin is essential for Tygp cell trafficking into the CNS

In our CRISPR/Cas9 screening results Itgb1 only reached significance in the comparison blood
to meninges, despite there being the same trend in the other comparisons. However, since the
B1-integrin forms the VLA-4 receptor together with the a4-integrin and its surface expression
was downregulated in the KO of the other essential adhesion regulators we decided to assess a
KO here as well. In contrast to other candidate genes a surface antibody was available, and the
cell population was sorted before experiments to enrich the KO efficiency close to 100 %.
Characterization of the in vitro cells demonstrated a similar cytokine profile and activation
status of Tygp Itgb1-KO and Tygp NT cells (Figure 14 B-E). The labelling of surface integrin
expression not only confirmed the KO of the Bl-integrin (CD29) but also revealed a marked
reduction of the a2-integrin (CD49b) expression in comparison to Tygp NT cells. This can be
explained by the fact, that the a2-integrin can only bind to the B1 subunit to form the
heterodimer VLA-2 (Adorno-Cruz and Liu, 2019). In addition, we observed a moderate
downregulation of a4-integrin (CD49), although it did not reach significance, presumably also
as a secondary effect to the downregulation of its binding partner, as there were no changes in
the surface expression of al-integrin (CD11a) and B2-integrin (CD18) in Tygp Itgb1-KO cells
(Figure 14 E, G).
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Figure 14 In vitro analysis of Tygp Itgh1-KO cells

A) Experimental design. Tygp-EGFP Itgb1-KO and Tygp-BFP NT cells were in vitro restimulated. After 24 h
cells were stained for their produced cytokines and after 48 h activation markers or integrins were
stained on the cell surface. B) Quantification of T cell subpopulation based on cytokine profile in flow
cytometry analysis. Two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. Unstimulated: F <0.0001, P =ns, n=4; stimulated:
F<0.0001, P=ns, n=4. Mean * SD. C) Representative flow cytometry plots showing intracellular
staining of IL-17A or IFNy with or without stimulation and their classification into IFNy* Th1 cells, IL-17A"
Th17 and IFNy® and IL-17A" Th1+Th17 cells. Cells were gated on lymphocytes > single cells > BFP* or
GFP" > APC and PE values. D) Representative flow cytometry plots showing surface expression of various
activation markers and integrins. Cells were gated on lymphocytes > single cells >BFP" or GFP'. E)
Quantification of the AMFI (MFI-MFI isotype control) of the surface staining normalized to the mean
AMFI of NT cells. MFI, two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. Activation markers: F =0.03804, P = ns, n = 3; integrins:
F=19.16, P =0.0003, n = 3. Mean % SD.

The co-transfer of Tygp Itgh1-KO and Tygp NT cells into rats and the following analysis of
Twee cell distribution in the peripheral and CNS organs revealed a similar result to the other
members of the adhesion module (Figure 15 A). In comparison to Tyg NT cells the
Twee Itgb1-KO appeared to exit the blood stream and accumulate in the spleen but were

unable to migrate into the parathymic lymph nodes and more importantly into meninges and
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parenchyma (Figure 15 B, C). The further analysis of the splenic cells showed no difference in
the surface expression of the activation markers CD25 and CD134 (Figure 15 D, E).
Interestingly, in the ex vivo cells the surface expression of the integrins changed compared to
the results observed in the in vitro cells. While the Bl-integrin (CD29) was still strongly
downregulated its potential binding partner a4-integrin (CD49d) was now expressed at the
same level as in Tygp NT cells, likely because B1-integrin can be replaced by other B-integrins
such as B7-integrin (Ley et al., 2007, Lin et al., 2019). In addition, the expression of B2-integrin
(CD18) and al-integrin (CD11a) was identical between KO and control cells (Figure 15 D, E). In
line with the previous results the cells in the spleen did not produce cytokines in either of the

groups (Figure 15 F, G).

Overall, considering our own experiments in combination with the well-established
interactions described in literature we demonstrated the importance of the adhesion module
that comprises of the a4-integrin (Itga4), its binding partner Bl-integrin (ltgbl) and the
integrin chaperone Hsp90b1l for T cell trafficking. Loss of these genes results in an impaired
expression of the VLA-4 receptor, which is essential for the attachment of T cells to vascular

endothelial cells, thereby affecting the ability of autoreactive T cells to transmigrate into the

CNS.
A in vitro restimulation 1
|nJect|on ‘ ’ ;\FP& =
®e%: % 8 o I
> 1 1
\ 4 eo@e0 ! 0g 0,0
o 0%%c0 | 090 ©
e Periphery I CNS

31 *
¢ .
53
! L]
o]
o 7
el
A ik 2
0.88 My = @ KRR kkx kkk kk
T “ B =
] s 5
,"‘ . c
O TS ¢ o =
(5. r
(@5 & é\’ (.\\ch & o
— 1.95 2 @@ &

104 108

Figure continues on next page

62



(W)
5

@ NT E cD25 CD134
© Iligb1-KO 100 1]

80+ L 1|

@ NT
@ ltgbh1-KO

w
1

80 [ Ho

40+

\S]
h

204

AMFI/mean NTAMFI
AMFI/mean NTAMFI

%

o
I

M
=
=1

4

,_.

o

b=}
L

@ NT
@ ltgh1-KO

E Isotype

10+ @NT
®ltgb1-KO

604

40

o
Fluorescence intensity normalized to mode

204

E O e i T T o
i ; APC >
3 Isotype

3 ONT

ey

Q /\ x ey e )
& ™ A 0 10 10 106 Itgb1-KO
AR IFNy-APC——————» ’

N
T

Frequency of cells
(&) ~
.9
IL-17A-PE ——m
2 2 8 2

Figure 15 In vivo migration analysis following co-transfer of Ty;gp ltgb1-KO cells

A) Experimental design. Tygp Itgh1-KO and Ty NT cells were in vitro restimulated. After 48 h the fully
restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on day
three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS
compartments (CSF, parenchyma, meninges) were collected. B) Representative flow cytometry plot with
the distribution of Tygp cells in different organs following co-transfer. BFP* Tyge NT cells are highlighted
in blue, EGFP" Tygp Itgb1-KO in green. Gated on lymphocytes > single cells > BFP* or GFP*. €) Migratory
phenotype of Tygp Itgh1-KO cells compared to Tygp NT cells in different organs, shown as the ratio of KO
cell number/ NT cell number divided by the KO/NT ratio in blood. A ratio of 1 indicates the migration
behaviour of control Tygp cells, a ratio below 1 indicates impaired migration and a ratio above 1
enhanced migration towards an organ. One sample t-test against hypothetical mean =1. n=4. Mean %
SD. D) Quantification of the AMFI (MFI-MFI Isotype control) of the surface staining normalized to the
mean AMFI of Tygp NT cells. MFI, two-way ANOVA with multiple comparisons with the two-stage linear
step-up procedure of Benjamini, Krieger and Yekuteli. Activation markers: F = 0.905, P = ns, all stainings:
n =4; integrins: F =2.441, P = 0.1313, all stainings: n = 4. Mean * SD. E) Representative flow cytometry
plots showing surface expression of activation markers and integrins of ex vivo splenic cells. Cells were
gated on lymphocytes > single cells > BFP* or GFP". F) Quantification of Tygp cell subpopulation based on
the intracellular flow cytometry staining. Two-way ANOVA with multiple comparisons with the two-
stage linear step-up procedure of Benjamini, Krieger and Yekuteli. F=0, P=ns, n=4. Mean % SD.
G) Representative flow cytometry plots showing intracellular staining of IL-17A and IFNy of ex vivo
splenic Tygp Itgh1-KO and Tygp NT cells.
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4.4 Validation of the chemotactic module

4.4.1 Chemotaxis of Tygp cells to the CNS is mediated by Cxcr3

Our CRISPR/Cas9 screening yielded an intriguing discovery concerning the chemokine receptor
cluster, particularly with regards to Cxcr3, which emerged as the sole receptor ranking as a top
hit. Cxcr3 is known for its involvement in regulating leukocyte trafficking through chemotactic
migration in response to its corresponding chemokines CXCL9, CXCL10 and CXCL11 (Groom
and Luster, 2011). Following the gene editing, we again addressed first whether the KO of
Cxcr3 showed any effects on in vitro stimulated Tygp cells (Figure 16 A). However, Tygp Cxcr3-
KO cells display no differences in their ability to produce cytokines, either in standard cell
culture conditions or after stimulation with PMA/lonomycin (Figure 16 B, C). Further, the
activation profile defined by the expression of CD4, TCR as well as CD25 and CD134 is
comparable between Tygp Cxcr3-KO cells and Tygp NT cells (Figure 16 E, F). Apart from a slight,
yet insignificant trend in the upregulation of the a4-integrin (CD49d) there was no difference
in the surface expression of the a2-integrin (CD49b), al-integrin (CD11a), B1-integrin (CD29) or
B2-integrin (CD18) (Figure 16 E, G).
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Figure 16 In vitro analysis of Tygp Cxcr3-KO cells

A) Experimental design. Tygp Cxcr3-KO and Tygp NT cells were in vitro restimulated. After 24 h cells were
stained for their produced cytokines and after 48 h activation markers or integrins were stained on the
cell surface. B) Quantification of T cell subpopulation based on cytokine profile in flow cytometry
analysis. Two-way ANOVA with multiple comparisons with the two-stage linear step-up procedure of
Benjamini, Krieger and Yekuteli. Unstimulated: F <0.0001, P = ns, n =4; stimulated: F <0.0001, P =ns,
n = 3. Mean + SD. C) Representative flow cytometry plots showing intracellular staining of IL-17A or IFNy
with or without stimulation and their classification into IFNy" Th1 cells, IL-17A" Th17 and IFNy" and IL-
17A" Th1+Th17 cells. Cells were gated on lymphocytes > single cells > BFP* or GFP* > APC and PE values.
D) Representative flow cytometry plots showing surface expression of various activation markers and
integrins. Cells were gated on lymphocytes > single cells > BFP* or GFP". E) Quantification of the AMFI
(MFI-MFI Isotype control) of the surface staining normalized to the mean AMFI of NT cells MFI, two-way
ANOVA with multiple comparisons with the two-stage linear step-up procedure of Benjamini, Krieger
and Yekuteli. Activation markers: F =0.09313, P = ns, all stainings: n = 4; integrins: F=1.504, P =ns, all
stainings: n = 4. Mean £ SD.

To test the functional component of the Cxcr3 KO, we subjected the Tygp cells to a transwell
chemotactic assay. The transwell chamber consists of an upper and lower compartment
separated by a porous membrane that enables for the passage of cells from the upper
chamber to the lower chamber. This setup allowed us to assess the chemotactic response of

the cells following the exposure to a certain chemokine. We compared the migration through a
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transwell plate under three conditions: no chemokine present, the Cxcr3-ligand CXCL10 or the
Cxcr3-unrelated CCL5 present in the medium (Figure 17 A). Comparing Tygp Cxcr3-KO cells to
Tmee NT cells, we observed that a higher percentage of Tygp Cxcr3-KO cells migrated to the
lower well in the absence of any chemokine or in the presence of the unrelated CCLS5.
However, Tygp Cxcr3-KO displayed an impaired chemotactic response specifically towards
CXCL10 (Figure 17 B). These results provide compelling evidence supporting the notion that
the DNA editing of the Cxcr3 target gene led to a reduced expression of Cxcr3 on the T cells

that ultimately resulted in an altered functional response in terms of chemotaxis.
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Figure 17 Altered response of Tygp Cxcr3-KO cells in a transwell chemotactic assay

A) Experimental design. Tygp Cxcr3-KO and Tygp-BFP NT cells were in vitro restimulated. After 24 h - 48 h
a mix with a 1:1 cell ratio was transferred into the upper well of a transwell, while the lower well was
supplemented with or without CCL5 or CXCL10. After 5 h migrated cells in the lower part were counted
by flow cytometry. B) Quantification of migrated cells displayed as ratio of KO cells to NT cells. A ratio of
1 indicates the migration behaviour of control Ty cells, a ratio below 1 indicates impaired migration
and a ratio above 1 enhanced migration. One sample t-test against hypothetical mean = 1. n=13. Mean
+SD.

To further test the migration behaviour of Ty;gp Cxcr3-KO cells, they were co-transferred with
Twmee NT cells into rats and the cell distribution among the different organs was determined
three days later (Figure 18 A). In comparison to blood, there was practically no difference in
the migration towards the spleen, while the CNS compartment (meninges, parenchyma, and
CSF) displayed a pronounced reduction in the ratio of Tygp Cxcr3-KO to Tygp NT cells (Figure 18
B, C). Although the representative flow cytometry plot shows about twice more Ty;gp Cxcr3-KO
than Tyge NT cells in the CNS compartments, there were about five times more KO cells than
control Tygp cells in the blood, therefore we concluded that Ty Cxcr3-KO failed to migrate
into the CNS. The differences in cell numbers likely occur as the proliferation and survival rate
of the T cells after adoptive transfer is not identical among experiments even though we aimed

to inject T cells in a 1:1 ratio. However, this is why we used the co-transfer model as it allowed
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us to normalize the biological deviation by comparing the migration behaviour of KO and
control NT T cells to different organs in the same animal. In addition, we stained the cells of
the spleen for the expression of certain surface markers. In line with the results of the in vitro
T cells, we did observe no differences between Ty Cxcr3-KO and Tyge NT cells in any of the
tested surface proteins. There was a trend in the markers of activation CD25 and CD134 to be
slightly, yet insignificantly, reduced on the Tygp Cxcr3-KO cells, but as those marker are
anyways reduced once the Tygp cells acquire their migratory phenotype, it is presumably
biological negligible (Figure 18 D, E). In addition, there was no difference in the expression
levels on the LFA-1 components al-integrin (CD11a) and B2-integrin (CD18) as well as of the
VLA-4 components a4-integrin (CD49d) and B1-integrin (CD29) (Figure 18 D, E). Moreover, the
staining of the produced cytokines IFNy and IL-17A showed no abnormal activation in neither

of the two Tygp cell types in the spleen (Figure 18 F, G).
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Figure 18 In vivo migration analysis following co-transfer of Tygp Cxcr3-KO cells

A) Experimental design. Tygp Cxcr3-KO and Tyge NT cells were in vitro restimulated. After 48 h the fully
restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on day
three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS
compartments (CSF, parenchyma, meninges) were collected. B) Representative flow cytometry plot with
the distribution of Tygp cells in different organs following co-transfer. BFP* Tyge NT cells are highlighted
in blue, EGFP" Tyge Cxcr3-KO in green. Gated on lymphocytes > single cells > BFP* or GFP*. €) Migratory
phenotype of Tygp Cxcr3-KO cells compared to Tygp NT cells in different organs, shown as the ratio of KO
cell number/ NT cell number divided by the KO/NT ratio in blood. A ratio of 1 indicates the migration
behaviour of control Tygp cells, a ratio below 1 indicates impaired migration and a ratio above 1
enhanced migration towards an organ. One sample t-test against hypothetical mean = 1. n = 8 (spleen,
meninges parenchyma), n =2 (pT LN), n =6 (CSF). Mean % SD. D) Quantification of the AMFI (MFI-MFI
Isotype control) of the surface staining normalized to the mean AMFI of Tyge NT cells. MFI, two-way
ANOVA with multiple comparisons with the two-stage linear step-up procedure of Benjamini, Krieger
and Yekuteli. Activation markers: F=1.941, P =ns, all stainings: n = 4; integrins: F =0.1481, P =ns, all
stainings: n=4. Mean * SD. E) Representative flow cytometry plots showing surface expression of
activation markers and integrins of ex vivo splenic cells. Cells were gated on lymphocytes > single
cells >BFP" or GFP'. F)Quantification of Tygp cell subpopulation based on the intracellular flow
cytometry staining. Two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. F <0.0001, P =ns, n =4. Mean * SD. G) Representative
flow cytometry plots showing intracellular staining of IL-17A and IFNy of ex vivo splenic Tygp Cxcr3-KO
and Tygp NT cells.

In the next step Tygp Cxcr3-KO or Tygp NT cells were individually injected into animals to assess
their respective abilities to migrate to the CNS and induce EAE (Figure 19 A). Compared to the
typical progression of EAE induced by Tygp NT cells, the disease was ameliorated in the animals

receiving Tygp Cxcr3-KO cells. Those animals exhibited less body weight loss and milder clinical
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symptoms throughout the course of the disease (Figure 19 B). Further the incidence of EAE
was reduced by half in the Cxcr3-KO group. For those animals that did eventually show signs of
disease, the onset was delayed by an average of one day, and both the peak and cumulative

scores were substantially reduced (Figure 19 C).
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Figure 19 Clinical course induced by Tygp Cxcr3-KO cells

A) Experimental design. Tygp Cxcr3-KO and Tygp NT cells were in vitro restimulated and were injected
solely into rats. The EAE score and body weight was monitored daily. B) Clinical course of EAE measured
by percentage of body weight change (lines) and EAE scores (bars) of injected animals. Repeated
measures two-way ANOVA; days 0-10 disease score: F=104.7, P<0.0001, body weight change:
F=20.51, P=0.0002; n=12 (Cxcr3-KO); n=12 (NT). Mean + SD. C) Overview of additional EAE
parameters: incidence of EAE (%), average onset (days post transfer), average EAE peak score and
average EAE cumulative score. Following Sharpiro-Wilk normality test, Mann-Whitney test was
performed. Mean £ SD. n = 12 (Cxcr3-KO); n =12 (NT).

4.4.2 Gnai2 transduces Cxcr3 signals

Our analysis of the CRISPR/Cas9 screening results implied that, in addition to CXCR3, other key
proteins might be involved in the chemotactic response of T cells into the CNS. Among those is
the guanine nucleotide binding protein, alpha inhibiting 2 (Gnai2), which links chemoattractant
receptors to downstream effectors thereby mediating cell migration induced by chemokines
(Hwang et al., 2017). After knocking out the Gnai2 gene, we again first checked the in vitro
Tcells for any differences compared to the Tyg NT cells (Figure 20 A). However, the

Twmer Gnai2-KO cells displayed no difference in their ability to produce cytokines neither in an

69



unstimulated state nor following the stimulation with PMA/lonomycin (Figure 20 B, C).
Moreover, the analysis of the expression of surface molecules revealed comparable levels of

activation markers as well as of integrins between Ty;gp Gnai2-KO and Ty,gp NT (Figure 20 D, E).
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Figure 20 In vitro analysis of Tygr Gnai2 KO cells
A) Experimental design. Tygp Gnai2-KO and Tygp NT cells were in vitro restimulated. After 24 h cells were

stained for their produced cytokines and after 48 h activation markers or integrins were stained on the
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cell surface. B) Quantification of T cell subpopulation based on cytokine profile in flow cytometry
analysis. Two-way ANOVA with multiple comparisons with the two-stage linear step-up procedure of
Benjamini, Krieger and Yekuteli. Unstimulated: F < 0.0001, P = ns, n = 4; stimulated: F <0.0001, P =ns,
n =4 (NT)/n=3 (Gnai2-KO). Mean t SD. C) Representative flow cytometry plots showing intracellular
staining of IL-17A or IFNy with or without stimulation and their classification into IFNy* Th1 cells, IL-17A"
Th17 and IFNy® and IL-17A" Th1+Th17 cells. Cells were gated on lymphocytes > single cells > BFP* or
GFP* > APC and PE values. D) Representative flow cytometry plots showing surface expression of various
activation markers and integrins. Cells were gated on lymphocytes > single cells > BFP* or GFP'. E)
Quantification of the AMFI (MFI-MFI Isotype control) of the surface staining normalized to the mean
AMFI of NT cells. MFI, two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. Activation markers: F =1.331, P = ns, all stainings: n = 8;
integrins: F=1.245, P=ns, CD49d/CD11a/CD18: n=5, CD29/CD49b: n =4 (NT)/n =5 (Gnai2-KO).
Mean * SD.

Further we tested the response of Tygp Gnai2-KO cells to certain chemokines in vitro. The
Twee GNai2-KO cells were tested in the same transwell chemotactic assay as the Tygp Cxcr3-KO
cells before (Figure 21 A). Interestingly, the observed results differed. While the Ty Cxcr3-KO
cells showed a general higher migration than Ty;se NT cells and only a reduction in the CXCL10
condition, the Tygp Gnai2-KO and Tygp NT cells had a similar migration behaviour when no
chemokine was present (Figure 21 B). In addition, the chemotactic response of Ty Gnai2-KO
cells was reduced compared to Tygp NT cells, when CCL5 or CXCL10 were present in the
medium, suggesting a reduced ability of Tysp Gnai2-KO cells to integrate signals from different

receptors recognising one of those two cytokines (Figure 21 B).
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Figure 21 Altered response of Tygp Gnai2-KO cells in a transwell chemotactic assay

A) Experimental design. Tygp Gnai2-KO and Tygp-BFP NT cells were in vitro restimulated. After 24 h - 48 h
a mix with a 1:1 cell ratio was transferred into the upper well of a transwell, while the lower well was
supplemented with or without CCL5 or CXCL10. After 5 h migrated cells in the lower part were counted
by flow cytometry. B) Quantification of migrated cells displayed as ratio of KO cells to NT cells. A ratio of
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1 indicates the migration behaviour of control Tygp cells, a ratio below 1 indicates impaired migration
and a ratio above 1 enhanced migration. One sample t-test against hypothetical mean = 1. n=12. Mean
+SD.

To also asses the effect of the Gnai2 KO on the ability of Tygp cell to migrate into the CNS, we
co-transferred them together with Tygp NT cells into rats and analysed their migration into the
different organs (Figure 22 A). Similar to the Tygp Cxcr3-KO cells, compared to blood the
Twmer Gnai2-KO cells migrated less to both peripheral organs (spleen and parathymic lymph
nodes) and the CNS organs (meninges, parenchyma and CSF). A pronounced reduction was
especially seen in the parenchyma (Figure 22 B, C). The characterization of the splenic cells,
revealed further similarities to the Tygp Cxcr3-KO cells. Again, there seemed to be a trend of
mild reduction in the expression of surface CD25 and CD134, although not significant and likely
biologically irrelevant. Moreover, the levels of labelled a4-integrin (CD49d) and B1-integrin
(CD29) were comparable between Tygp Gnai2-KO and Tygp NT cells and also the al-integrin
(CD11a) and B2-integrin (CD18) were expressed at a similar level (Figure 22 D, E). In line with
the observed results before neither Tygp Gnai2-KO cells nor Tygp NT cells produced cytokines in

the spleen (Figure 22 F, G).
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Figure 22 In vivo migration analysis following co-transfer of Ty Gnai2-KO cells

A) Experimental design. Tygp Gnai2-KO and Tygp NT cells were in vitro restimulated. After 48 h the fully
restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on day
three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS
compartments (CSF, parenchyma, meninges) were collected. B) Representative flow cytometry plot with
the distribution of Tygp cells in different organs following co-transfer. BFP* Tygs NT cells are highlighted
in blue, EGFP" Tyge Gnai2-KO in green. Gated on lymphocytes > single cells > BFP* or GFP*. C) Migratory
phenotype of Tygr Gnai2-KO cells compared to Tygp NT cells in different organs, shown as the ratio of KO
cell number/ NT cell number divided by the KO/NT ratio in blood. A ratio of 1 indicates the migration
behaviour of control Tygp cells, a ratio below 1 indicates impaired migration and a ratio above 1
enhanced migration towards an organ. One sample t-test against hypothetical mean=1. n=7. Mean %
SD. D) Quantification of the AMFI (MFI-MFI Isotype control) of the surface staining normalized to the
mean AMFI of Tygp NT cells. MFI, two-way ANOVA with multiple comparisons with the two-stage linear
step-up procedure of Benjamini, Krieger and Yekuteli. Activation markers: F=6.018, P =0.397, all
stainings: n =3; integrins: F=0.4443, P =ns, all stainings: n=3. Mean * SD. E) Representative flow
cytometry plots showing surface expression of activation markers and integrins of ex vivo splenic cells.
Cells were gated on lymphocytes >single cells>BFP* or GFP'. F)Quantification of Tyge cell
subpopulation based on the intracellular flow cytometry staining. Two-way ANOVA with multiple
comparisons with the two-stage linear step-up procedure of Benjamini, Krieger and Yekuteli. F = 0.0002,
P=ns, n=4(NT)/ n=3 (Gnai2-KO). Mean * SD. G) Representative flow cytometry plots showing
intracellular staining of IL-17A and IFNy of ex vivo splenic Tygp Gnai2-KO and Tygp NT cells.

4.4.3 Thx21 is essential for Cxcr3 mediated signaling in Tygp cells

Among the hits that possibly contribute to the chemotaxis of T cells was the transcription
factor Thbx21/T-bet, which is known to control the expression of the Cxcr3 receptor (Beima et

al., 2006, Lord et al., 2005). Since Tbx21 is also known to promote T helper cell commitment to
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the Th1l lineage (Miller and Weinmann, 2010), it was important to first check for possible
phenotypical changes in the Tygp cells carrying a Tbx21 KO (Figure 23 A). Indeed, when we
checked for the production of cytokines in the steady state we observed a shift from the IFNy
producing Thl population, which ended up being less than 1 % of cells, towards the IL-17A
producing Th17 population that was twice as big in Tyg Tbx21-KO cells compared to
Twmee NT cells (Figure 23 B, C). Similar outcomes were observed upon stimulation with
PMA/lonomycin. While the majority of Tygr NT cells shifted towards the double positive
Th1+Th17 phenotype, a quarter of Tygp Tbx21-KO cells remained in the Th17 only
subpopulation (Figure 23 B, C). However, other activation markers like the surface expression
of CD4, TCR, CD25 or CD134 showed no difference between Ty;gp Tbx21-KO and Tygp NT cells
(Figure 23 D, E). Also, among the labelled surface integrins a4-integrin (CD49d), B1-integrin
(CD29), al-integrin (CD11a), B2-integrin (CD18), and a2-integrin (CD49b) we observed no

differential expression (Figure 23 D, E).
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Figure 23 In vitro analysis of Ty Tbx21-KO cells

A) Experimental design. Tygp Tbx21-KO and Tygp NT cells were in vitro restimulated. After 24 h cells were
stained for their produced cytokines and after 48 h activation markers or integrins were stained on the
cell surface. B) Quantification of T cell subpopulation based on cytokine profile in flow cytometry
analysis. Two-way ANOVA with multiple comparisons with the two-stage linear step-up procedure of
Benjamini, Krieger and Yekuteli. Unstimulated: F < 0.0001, P = ns, n =4 (NT)/n=5 (Tbx21-KO); stimulated:
F<0.0001, P=ns, n=4 (NT)/n=5 (Tbx21-KO). Mean * SD. C) Representative flow cytometry plots
showing intracellular staining of IL-17A or IFNy with or without stimulation and their classification into
IFNy* Thl cells, IL-17A" Th17 and IFNy" and IL-17A" Th1+Th17 cells. Cells were gated on
lymphocytes > single cells > BFP* or GFP* > APC and PE values. D) Representative flow cytometry plots
showing surface expression of various activation markers and integrins. Cells were gated on
lymphocytes > single cells > BFP* or GFP’. E) Quantification of the AMFI (MFI-MFI Isotype control) of the
surface staining normalized to the mean AMFI of NT cells. MFI, two-way ANOVA with multiple
comparisons with the two-stage linear step-up procedure of Benjamini, Krieger and Yekuteli. Activation
markers: F=0.7837, P =ns, all stainings: n=3; integrins: F=0.5499, P <0.0001, all stainings: n=3.
Mean + SD.

Since Tbx21 is involved in CXCR3-mediated migration (Lord et al., 2005), we compared the
migration of Tygp Tbx21-KO and Tyep NT cells in our transwell chemotaxis assay (Figure 24 A).
We found that Tygp Tbx21-KO showed a similar transmigration to Tygp NT cells when no
chemokine was present, but a reduced migration toward the chemokine CCL5 and an even
more pronounced reduction in the chemotactic response towards the CXCR3 ligand CXCL10
(Figure 24 B). These results strongly resemble those observed in those of Ty Gnai2-KO cells.
Furthermore, the effect on Cxcr3-mediated transmigration towards CXCL10 was even stronger
in the Tygp Tox21-KO than in the Tygp Cxcr3 cells, highlighting the importance of Tbhx21 for
Cxcr3-mediated chemokine signaling (Figure 24 B). Moreover, as the migration towards CCL5 is
also reduced, likely other receptors or molecules involved in the signaling pathway are

downregulated as well.
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Figure 24 Altered response of Tygp Tbx21-KO cells in a transwell chemotactic assay

A) Experimental design. Tyge Tbx21-KO and Tygp-BFP NT cells were in vitro restimulated. After 24 h - 48 h
a mix with a 1:1 cell ratio was transferred into the upper well of a transwell, while the lower well was
supplemented with or without CCL5 or CXCL10. After 5 h migrated cells in the lower part were counted
by flow cytometry. B) Quantification of migrated cells displayed as ratio of KO cells to NT cells. A ratio of
1 indicates the migration behaviour of control Tygp cells, a ratio below 1 indicates impaired migration
and a ratio above 1 enhanced migration. One sample t-test against hypothetical mean =1.n =9. Mean #
SD.

In order to evaluate the impact of Tbx21 KO on the migratory capacity of Tyge cells, we
conducted co-transfer experiments with Tygp NT cells in rats. Subsequently, we analysed the
distribution and migration of these cells within the CNS and peripheral organs (Figure 25 A).
Interestingly, there was no discernible difference in the migration patterns between
Twmer Tbx21-KO and Tygp NT cells in the spleen and the parathymic lymph node (Figure 25 B).
However, when examining the CNS compartments, a noteworthy finding emerged. Within the
CNS, we observed a moderate decrease in migration of Tyg, Thx21-KO cells specifically in the
meninges, while a slightly more pronounced reduction was observed in the CSF. However,
there was no significant difference in migration observed in the parenchyma between the
Twmer Tbx21-KO and Tyge NT cells. This is particularly interesting as our CRISPR/Cas9 screening
results predicted a reduced migration into the meninges and the parenchyma. In order to gain
further insight, we conducted additional characterization of splenic cells by performing surface
antigen staining. While Tygp Tbx21-KO cells exhibited some upregulation of activation markers,
the expression levels of surface CD25 and CD134 did not reach statistical significance in the
individual comparisons (Figure 25 D, E). Furthermore, when examining the levels of a4-integrin
(CD49d) and B1-integrin (CD29) labelling, there were no notable differences between Tygp
Tbx21-KO and Tygp NT cells. Similarly, the expression of al-integrin (CD11a) and P2-integrin
(CD18) appeared to be comparable between these two groups (Figure 22 D, E). It is

noteworthy that among the KO cells analysed in this study, Ty Tbx21-KO cells were the only
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ones to exhibit an altered cytokine profile in the spleen, albeit the difference was relatively
small. In comparison to Tygp NT cells, the Tygp Tbx21-KO cells demonstrated a slightly higher

production of IL-17A, aligning with the previously observed in vitro results. (Figure 25 F, G).
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Figure 25 In vivo migration analysis following co-transfer of Tyge Tbx21-KO cells

A) Experimental design. Tyge Tbx21-KO and Tyge NT cells were in vitro restimulated. After 48 h the fully
restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on day
three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS
compartments (CSF, parenchyma, meninges) were collected. B) Representative flow cytometry plot with
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the distribution of Tygp cells in different organs following co-transfer. BFP* Tys NT cells are highlighted
in blue, EGFP" Tygp Tbx21-KO in green. Gated on lymphocytes > single cells > BFP* or GFP*. €) Migratory
phenotype of Tyge Tbx21-KO cells compared to Tygp NT cells in different organs, shown as the ratio of
KO cell number/ NT cell number divided by the KO/NT ratio in blood. A ratio of 1 indicates the migration
behaviour of control Tygp cells, a ratio below 1 indicates impaired migration and a ratio above 1
enhanced migration towards an organ. One sample t-test against hypothetical mean =1. n=4. Mean %
SD. D) Quantification of the AMFI (MFI-MFI Isotype control) of the surface staining normalized to the
mean AMFI of Tygp NT cells. MFI, two-way ANOVA with multiple comparisons with the two-stage linear
step-up procedure of Benjamini, Krieger and Yekuteli. Activation markers: F =7.188, P=0.02, all
stainings: n =4; integrins: F = 0.05737, P =ns, all stainings: n =4. Mean + SD. E) Representative flow
cytometry plots showing surface expression of activation markers and integrins of ex vivo splenic cells.
Cells were gated on lymphocytes >single cells >BFP* or GFP'. F)Quantification of Tygp cell
subpopulation based on the intracellular flow cytometry staining. Two-way ANOVA with multiple
comparisons with the two-stage linear step-up procedure of Benjamini, Krieger and Yekuteli. F < 0.0001,
P = ns, n=4(NT)/ n=3 (Tbx21-KO). Mean = SD. G) Representative flow cytometry plots showing
intracellular staining of IL-17A and IFNy of ex vivo splenic Tygp Tbx21-KO and Tygp NT cells.

4.4.4 CCR5 is dispensable for Tygp cell migration into the CNS

Previous work implicated that the chemokine receptors CXCR3 and CCR5 play an essential role
in the regulation of T cell trafficking into the CNS (Schlager et al., 2016). Although CCR5 has not
appeared in the candidate list of our genome-wide CRISPR/Cas9 screening, we anyways
decided to test the effects of knocking out CCR5 in our experimental setup (Figure 26 A). Like
other components implicated in the chemotactic response, we observed no difference in the
phenotype of Ty CCR5-KO cells in vitro compared to Tygp NT cells. Both cell types had the
same distribution of produced IFNy and IL-17A in the unstimulated as well as the
PMA/lonomycin stimulated condition (Figure 26 B, C). Furthermore, there was a similar
expression of the surface markers CD4, TCR, CD25 and CD134 that indicate an identical
activation status and also no difference in the expression of VLA-4 components a4-integrin
(CD49d) and B1-integrin (CD29), LFA-1 subdomains al-integrin (CD11a) and B2-integrin (CD18),
as well as a2-integrin (CD49b) (Figure 26 D, E).
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Figure 26 In vitro analysis of Tyse CCR5-KO cells

A) Experimental design. Tygp CCR5-KO and Tygp NT cells were in vitro restimulated. After 24 h cells were
stained for their produced cytokines and after 48 h activation markers or integrins were stained on the
cell surface. B) Quantification of T cell subpopulation based on cytokine profile in flow cytometry
analysis. Two-way ANOVA with multiple comparisons with the two-stage linear step-up procedure of
Benjamini, Krieger and Yekuteli. Unstimulated: F <0.0001, P = ns, n = 4; stimulated: F <0.0001, P =ns,
n=4 (NT)/n=3 (CCR5-KO). Mean + SD. C) Representative flow cytometry plots showing intracellular
staining of IL-17A or IFNy with or without stimulation and their classification into IFNy* Th1 cells, IL-17A"
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Th17 and IFNy" and IL-17A" Th1+Th17 cells. Cells were gated on lymphocytes > single cells > BFP* or
GFP* > APC and PE values. D) Representative flow cytometry plots showing surface expression of various
activation markers and integrins. Cells were gated on lymphocytes > single cells > BFP* or GFP'. E)
Quantification of the AMFI (MFI-MFI Isotype control) of the surface staining normalized to the mean
AMFI of NT cells. MFI, two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. Activation markers: F = 0.00386, P = ns, all stainings: n = 3;
integrins: F = 1.466, P = ns, all stainings: n = 3. Mean % SD.

To test the effect of the CCR5-KO on the CNS trafficking of Tygp cells in vivo, we co-transferred
them together with Tygp NT cells into rats (Figure 27 A). When we assessed the distribution of
the cells on the onset of disease three days after transfer, we observed a similar distribution of
Tmer CCR5-KO and Tygp NT cells in almost all organs (Figure 27 B, C). Especially in the CNS
organs meninges, parenchyma and CSF that are relevant in EAE, the CCR5 KO did not appear to
have an effect on the migration of the Ty cells. While there was also no difference in the
migration ratio of the spleen, there were less Tygp CCR5-KO migrating into the parathymic
lymph nodes. This suggests that KO of CCR5 seems to have an effect on T cell trafficking but is
not involved in the Tygp cell migration to the CNS in the aT-EAE of Lewis rats, thereby
confirming the results of CRISPR/Cas9 screening. Further analysis of the cells from the spleen
revealed no major differences in the surface expression of the two activation markers that
usually become downregulated when the Tygp cells acquire their migratory phenotype. While
there was no difference in CD25 surface expression, CD134 seems to become less, but not
significantly, downregulated in Tyg, CCR5-KO compared to Tyge NT cells (Figure 27 D, E).
Among the integrins ad-integrin (CD49d), P1l-integrin (CD29), al-integrin (CD11a) and
B2-integrin (CD18) were similarly labelled on the surface. As expected, there was barely a
detectable production of the cytokines IFNy and IL-17A in Tyg CCR5-KO and Tygp NT cells
(Figure 27 F, G).

These results indicate that only a certain set of genes is implicated in the chemotactic response
of Twee cells to migrate into the CNS. Based on our CRISPR/Cas9 screening and the following
validation experiments we demonstrated that the chemotaxis module centres around the
chemokine receptor CXCR3, its intracellular binding partner Gnai2 and its transcription factor
Tbx21. All of them appear to be essential for the entry of autoreactive Tygp cells to the CNS in

our model.

80



A in vitro restimulation i.v. §
injection ‘ , W,
> >/ % SRR L
: i ﬂ;é @
@

e
©

®

@

®e ® o
9.0 WA
periphery CNS
C s

Ratio KO/NT
normalised to blood

a 0 . r : . .
o ) NN R
o . [ ' ¢ oA O @\6\ &
= 7.84 | 28,8/ R NP
" ? 1‘03 I‘D‘ ;05 ’1'05 " FE‘ 1'03 1‘0“ ;Us ’1‘05 0 10 104 105 108 & é
CCR5-EGFP > <
D e s 4 @NT @CCRsKO [E cD25 CD134
O 1001 §
i THEN 80 “f”\ 1 /.\.
% 44 % ® 60 ] I‘R
E = ° | A
z z | s os ns s g -
3 & 21 o 201 / ' 1/ ™
@ ns Q = /‘ \ / N
§2__ £ @ (<] 80--~‘-‘\'~~----\“
Q S 4l I A . N CD49d CcD29
x % _' x © 1004 n
L e . - - . o E \‘l h
5] = 80 I l
[e] | |
04 0 T T T T i 607 "‘ “| I‘\
%) S ) = ] [H |
4 J\QP‘ b‘g “fb ,\\’b N wn 40 | I‘ |
C)O OQ e 00 QQ Oo _5 204 ;'f ‘l‘ |
£ y/ \ ‘k
0 .
ns G,. 8 CD1la CD18
100‘8 NT 3 Olsotype S 100 R ]
w © CCR5-KO 106 @NT S ‘ ] ﬂ
® E @CCR5-KO @ |
o 751 1054 o 604 | H J |
Y 5 |
g\ 104 o 404 d \
Q 1
UCJ 50 1037 204 j ‘\
3 [1N] E| j \
g 25 Q1024 O o g
LS ns *k ns ~101 i APC »
0 _I _I8 — — 3 Isotype
] =01 ONT
\ q B = T il T T T T T T
QQQ N &‘O\ /\\\\«‘\(\ 0 102 104 108 O CCR5-KO

IFNy-APC——»

Figure 27 In vivo migration analysis following co-transfer of Ty CCR5-KO cells

A) Experimental design. Ty;sp CCR5-KO and Ty NT cells were in vitro restimulated. After 48 h the fully
restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on day
three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS
compartments (CSF, parenchyma, meninges) were collected. B) Representative flow cytometry plot with
the distribution of Tygp cells in different organs following co-transfer. BFP* Tygs NT cells are highlighted
in blue, EGFP* Tysp CCR5-KO in green. Gated on lymphocytes > single cells > BFP* or GFP*. €C) Migratory
phenotype of Tyge CCR5-KO cells compared to Tygp NT cells in different organs, shown as the ratio of KO
cell number/ NT cell number divided by the KO/NT ratio in blood. A ratio of 1 indicates the migration
behaviour of control Tygp cells, a ratio below 1 indicates impaired migration and a ratio above 1
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enhanced migration towards an organ. One sample t-test against hypothetical mean =1. n =5. Mean %
SD. D) Quantification of the AMFI (MFI-MFI Isotype control) of the surface staining normalized to the
mean AMFI of Tygp NT cells. MFI, two-way ANOVA with multiple comparisons with the two-stage linear
step-up procedure of Benjamini, Krieger and Yekuteli. Activation markers: F=0.5413, P=ns, all
stainings: n = 6; integrins: F =0.08018, P =ns, all stainings: n=6. Mean + SD. E) Representative flow
cytometry plots showing surface expression of activation markers and integrins of ex vivo splenic cells.
Cells were gated on lymphocytes >single cells>BFP* or GFP'. F)Quantification of Tygp cell
subpopulation based on the intracellular flow cytometry staining. Two-way ANOVA with multiple
comparisons with the two-stage linear step-up procedure of Benjamini, Krieger and Yekuteli. F < 0.0001,
P=ns, n=4 (NT)/ n=3 (CCR5-KO). Mean + SD. G) Representative flow cytometry plots showing
intracellular staining of IL-17A and IFNy of ex vivo splenic Tygp CCR5-KO and Tygp NT cells.

4.5 Validation of the egress module

4.5.1 Grk2 is essential for Tygp cell trafficking into the CNS

In our CRISPR/Cas9 screening, among the GPCR related proteins, the strongest candidate gene
was the G protein coupled receptor kinase 2 (Grk2) as it reached significance in all four
comparisons and had one of the strongest effect sizes of any regulator outside the adhesion
module. Since Grk2 is a central signaling nod for multiple pathways, there was an array of
potential mechanisms how KO of Grk2 can affect the transmigration process in T cells (Penela
et al., 2019). To investigate any phenotypic changes associated with the Grk2 KO in Tygp cells
we conducted in vitro tests comparing them to Tyge NT cells (Figure 28 A). Analysis of the
cytokines produced by these cells revealed no differences in both the unstimulated and
stimulated conditions (Figure 28 B, C). Additionally, we observed nearly identical expression
levels of surface activation markers, including CD4, TCR, CD25, and CD134, as well as surface
integrins such as a4d-integrin (CD49d), B1-integrin (CD29), al-integrin (CD11a), B2-integrin
(CD18), and a2-integrin (CD49b) between the two cell types (Figure 28 D, E). These findings
indicate that, at least at the examined phenotypic levels, Tygr Grk2-KO cells did not exhibit

substantial differences compared to Tygp NT cells in vitro.
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Figure 28 In vitro analysis of Tygp Grk2-KO cells
A) Experimental design. Tygp Grk2-KO and Tygp NT cells were in vitro restimulated. After 24 h cells were
stained for their produced cytokines and after 48 h activation markers or integrins were stained on the
cell surface. B) Quantification of T cell subpopulation based on cytokine profile in flow cytometry
analysis. Two-way ANOVA with multiple comparisons with the two-stage linear step-up procedure of
Benjamini, Krieger and Yekuteli. Unstimulated: F <0.0001, P = ns, n =4, stimulated: F < 0.0001, P =ns,

n=4 (NT)/n=3 (Grk2-KO). Mean

+ SD. C) Representative flow cytometry plots showing intracellular

staining of IL-17A or IFNy with or without stimulation and their classification into IFNy* Th1 cells, IL-17A
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Th17 and IFNy" and IL-17A" Th1+Th17 cells. Cells were gated on lymphocytes > single cells > BFP* or
GFP* > APC and PE values. D) Representative flow cytometry plots showing surface expression of various
activation markers and integrins. Cells were gated on lymphocytes > single cells > BFP* or GFP".
E) Quantification of the AMFI (MFI-MFI Isotype control) of the surface staining normalized to the mean
AMFI of NT cells. MFI, two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. Activation markers: F=0.03834, P=ns, CD4: n=9,
TCR/CD25/CD134: n =11; integrins: F=0.2647, P=ns, CD49d/CD11a: n=11, CD29: n=6 (NT)/n=7
(Grk2-K0), CD18: n =9 (NT)/n = 10 (Grk2-KO), CD49b: n = 10 (NT)/n = 11 (Grk2-KO). Mean = SD.

To investigate how the KO of Grk2 affects the migration of T cells we co-transferred them with
Twmeer NT cells into rats to induce EAE (Figure 29 A). We assessed the distribution of EGFP
expressing Tygp Grk2-KO cells and BFP expressing Tyge NT cells in each organ on the day of
disease onset by flow cytometry (Figure 29 B). This analysis revealed a strong reduction in the
capacity of Tygp Grk2-KO cells to reach all three compartments of the CNS. Not only meninges,
parenchyma and CSF showed a reduced ratio of Tygp Grk2-KO to Tyge NT cells, also less
Twmer Grk2-KO cells were detected in the parathymic lymph node (Figure 29 C). In contrast, the
ratio in the spleen equals almost 1, indicating that there is no difference in the KO to NT T cell
distribution compared to blood. When we further stained the cells in the spleen, we observed
a significant downregulation of CD25 and a slight yet insignificant downregulation of CD134 on
the surface of Tygp Grk2-KO cells compared to Tygp NT cells (Figure 29 D, E). Among the
integrins, both of the subdomains of the VLA-4 receptor a4-integrin (CD49d) and B1-integrin
(CD29) as well as the subdomains of the LFA-1 receptor al-integrin (CD11a) and B2-integrin
(CD18) were equally expressed on the surface of Tygp Grk2-KO cells and Tygp NT cells (Figure 29
D, E). As observed before neither Ty Grk2-KO cells nor Tygpe NT cells produced any of the

tested cytokines in the spleen. (Figure 29 F, G).
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Figure 29 In vivo migration analysis following co-transfer of Ty Grk2-KO cells

A) Experimental design. Tygp Grk2-KO and Ty NT cells were in vitro restimulated. After 48 h the fully
restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on day
three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS
compartments (CSF, parenchyma, meninges) were collected. B) Representative flow cytometry plot with
the distribution of Tygp cells in different organs following co-transfer. BFP* Tygs NT cells are highlighted
in blue, EGFP* Tyge Grk2-KO in green. Gated on lymphocytes > single cells > BFP* or GFP. €) Migratory
phenotype of Tygp Grk2-KO cells compared to Tyge NT cells in different organs, shown as the ratio of KO
cell number/ NT cell number divided by the KO/NT ratio in blood. A ratio of 1 indicates the migration
behaviour of control Tygp cells, a ratio below 1 indicates impaired migration and a ratio above 1
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enhanced migration towards an organ. One sample t-test against hypothetical mean = 1. n = 14 (spleen,
meninges parenchyma), n =8 (pT LN), n =9 (CSF). Mean + SD. D) Quantification of the AMFI (MFI-MFI
Isotype control) of the surface staining normalized to the mean AMFI of Tygp NT cells. MFI, two-way
ANOVA with multiple comparisons with the two-stage linear step-up procedure of Benjamini, Krieger
and Yekuteli. Activation markers: F =1.48, P =ns, all stainings: n =4; integrins: F=0.5042, P =ns, all
stainings: n=4. Mean * SD. E) Representative flow cytometry plots showing surface expression of
activation markers and integrins of ex vivo splenic cells. Cells were gated on lymphocytes > single
cells >BFP* or GFP'. F) Quantification of Tyge cell subpopulation based on the intracellular flow
cytometry staining. Two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. F < 0.0001, P = ns, n =4 (NT)/ n = 3 (Grk2-KO). Mean + SD.
G) Representative flow cytometry plots showing intracellular staining of IL-17A and IFNy of ex vivo
splenic Tygp Grk2-KO and Tygp NT cells.

To test whether the observed difference in migration capacity of T cells also reflects in their
ability to induce EAE Tygp Grk2-KO cells or Tygp NT cells were solely injected into rats (Figure
30 A). Throughout the course of disease, the animals that received the Tygp Grk2-KO cells
showed an ameliorated disease course and lost significantly less body weight (Figure 30 B).
Although the incidence was slightly reduced, the onset of disease was significantly later and
the peak score as well as the cumulative score were markedly reduced in the Grk2-KO group

compared to rats that received Tygp NT cells (Figure 30 C).
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Figure 30 Clinical course induced by Tygp Grk2-KO cells

A) Experimental design. Tygp Grk2-KO and Tygp NT cells were in vitro restimulated and were injected
solely into rats. The EAE score and body weight was monitored daily. B) Clinical course of EAE measured
by percentage of body weight change (lines) and EAE scores (bars) of injected animals. Repeated
measures two-way ANOVA; days 0-10 disease score: F =12.3, P = 0.0014, body weight change: F = 12.03,
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P=0.0017; n=15 (Grk2-KO); n=15 (NT). Mean + SD. C) Overview of additional EAE parameters:
incidence of EAE (%), average onset (days post transfer), average EAE peak score and average EAE
cumulative score. Following Sharpiro-Wilk normality test, Mann-Whitney test was performed.
Mean + SD.

Our next goal was to determine which stage of the transmigration process into the CNS was
affected by the absence of Grk2, so we utilized intravital 2-photon imaging to examine the
leptomeninges of the rat spinal cord two to three days after co-transfer of EGFP expressing
Twmee Grk2-KO cells and BFP expressing control Tygp NT cells (Figure 31 A). While circulating cells
in the blood stream cannot be visualized through imaging due to their high speeds, T cells that
have tethered themselves and are actively moving within blood vessels can be observed using
microscopy. We tracked the number, location, and motility of the labelled Tygp cells crawling in
the meningeal vessels and in the surrounding tissue once they exited the blood vessel (Figure
31 B). While the numbers of intraluminal Tygp Grk2-KO and Tygp NT cells are comparable, we
detected significantly less Tygp Grk2-KO that have extravasated from the vessels than
Twmee NT cells (Figure 31 C). Moreover, with the comparison of the cell ratios inside and outside
the blood vessel it becomes obvious that Tyzp Grk2-KO fail to exit the vasculature (Figure 31 C).
The analysis of additional migration parameters demonstrated that Tyg Grk2-KO cells
exhibited a noticeably slower crawling speed alongside the vessels compared to the control
Twer NT cells. However, it is important to note that the mean difference of 1.5 pum/min
between the two groups was relatively small when considering the overall range and variability
of crawling speeds. This suggests that the observed difference, while statistically significant,
may not had a substantial impact on the overall migratory behaviour of the cells. Therefore, in
terms of their biological implications, this small difference in crawling speed could be
considered negligible. Furthermore, the similarity in crawling distance between both cell types
indicated that they likely encountered a similar number of potential exit sites (Figure 31 D).
This similarity suggests that despite the disparity in crawling speed, both cell types had
comparable opportunities to reach potential exit sites for the diapedesis process.

Overall, the imaging results revealed that Tygp Grk2-KO cells are able to attach to the blood
vessel wall and successfully crawl along it yet fail to accomplish transendothelial migration.
Together with our observations that Tygp Grk2-KO cells had only minor alterations in the
surface expression of activation markers and integrins this suggests that the loss of Grk2 alters

the responsiveness of T cells to signals that determine their diapedesis.
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Figure 31 Leptomeningeal imaging following co-transfer of Tygp Grk2-KO cells

A) Experimental design. Tygp Grk2-KO and Tyge NT cells were in vitro restimulated and were injected in a
1:1 mix into rats. After two to three days intravital 2-photon imaging was performed. B) Time-lapse
images tracking Tygp cells along the meningeal vasculature (white). Blue indicates BFP* Tygp NT cells,
green indicates EGFP* Tygp Grk2-KO cells, filled arrows point to cells inside the blood vessel lumen,
empty arrows point to extravasated cells. C) Absolute numbers of intraluminal or extravasted Tygp cells
in the leptomeningal vasculature and the ratio of KO/control cells derived from the previous two panels.
n =3 animals, 6-8 images per animal. Following Sharpiro-Wilk normality test either paired parametric t-
test or Wilcoxon matched-pairs signed rank test was performed. Mean * SD. D) Analysis of T cell
movement parameters in the lumen of blood vessels: speed (left) and crawling distance (right). Data
summarized per movie, n =3 animals, 2-3 movies per animal, 15-76 cells per condition per movie.
Following Sharpiro-Wilk normality test either paired parametric t-test was performed. Mean + SD.
Modified from (Kendirli et al., 2023).

4.5.2 Grk2 controls Tygp cell attraction to the blood via S1PR1

The results of the intravital microscopy are reminiscent of those observed in a study that
investigated the impact of Grk2-KO on the desensitization of the Sphingosine-1-phosphate
receptor 1 (S1PR1) in T and B cells (Arnon et al., 2011). Signaling over the S1PR1 receptor by its
ligand Sphingosine-1-phosphate (S1P) induces the T cells egress from lymphatic organs to the
blood; later T cells exit the blood stream against the S1P gradient. To do so the S1PR1 receptor
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must be internalized, which might be transacted by Grk2. Therefore, we hypothesised that this
mechanism might also mediate the altered T cell trafficking into the CNS in our model. Since
altered migration in the study was restored in S1P-deficient mice (Arnon et al., 2011), we
established additional Tygp SIPR1-KO and double deficient Tygp Grk2-S1PR1-KO cells and
tested those in our co-transfer setup (Figure 32 A). While the Tygp Grk2-KO cells showed a
drastic reduction in their capability to migrate from the blood into the meninges and
parenchyma, this was not the case for Tygp SIPR1-KO and Tygp Grk2-S1PR1-KO cells. The
Tmee SIPR1-KO migrated in the same ratio as Tygp NT cells from the blood to the CNS and the
additional deletion of S1PR1 in Grk2 deficient Tygp cells restored the trafficking deficits of the
single knocked out Grk2 Tygp cells (Figure 32 B). Interestingly, when we assessed the
distribution of cells in the other organs, we observed a drastic accumulation of Tygp cells that
lacked S1PR1 in the spleen and the parathymic lymph nodes (Figure 32 C). This is particularly

interesting since the opposite was observed in Tygp Grk2-KO cells (Figure 29 C).
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Figure 32 In vivo migration analysis following co-transfer of Tyge Grk2-S1PR1-KO cells

A) Experimental design. Tygp Grk2-S1PR1-KO and Tygp NT cells were in vitro restimulated. After 48 h the
fully restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on
day three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS
compartments (parenchyma, meninges) were collected. B) Migratory phenotype of KO cells compared
to control, shown as the ratio of KO to control in meninges (left panel) or parenchyma (right panel)
divided by the KO/control ratio in blood. n =6 (SIPR1-KO), n = 12 (Grk2-KO) same data as in panel b;
n=5 (Grk2/S1PR1-KO). Following Sharpio Kruskal-Wallis test (Kruskal-Wallis =17.01, P = 0.0002) with
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Dunn’s multiple comparison test for meninges, and ordinary one way ANOVA (F = 75.6, P < 0.0001) with
Turkey’s multiple comparison test for parenchyma. C) Migratory phenotype of Tygp Grk2-S1PR1-KO cells
compared to Tyg NT cells in different organs, shown as the ratio of KO cell number/ NT cell number
divided by the KO/NT ratio in blood. A ratio of 1 indicates the migration behaviour of control Tygp cells, a
ratio below 1 indicates impaired migration and a ratio above 1 enhanced migration towards an organ.
One sample t-test against hypothetical mean = 1. Mean + SD.

In addition, S1IPR1 agonists are already used in the treatment of MS and achieve reduced
lesion formation and disease progression (Brinkmann et al., 2010). It is assumed that the
disrupted S1P signal transmission detains the cells from egressing into the blood stream but
sequesters them in the lymphatic organs, which strongly resembles what we observed in our

S1PR1-deficient Tygp cells (Sanford, 2014).

Taken together, we propose an “egress module” that regulates T cell trafficking from the blood
to the CNS by controlling the expression of S1IPR1 on the surface of T cells. Previous studies
have already established that the deletion of S1PR1 can disrupt this process; accordingly we
observed an accumulation of S1PR1-deficient Tygp cells in the spleen and the parathymic
lymph nodes. However, our findings demonstrate that the Grk2/S1PR1-axis also plays a
significant role in facilitating extravasation at the BBB and subsequent entry into the CNS. The
KO of Grk2 likely results in an impaired internalization of S1PR1, preventing adequate
desensitization of the receptors. Consequently, Grk2-deficient T cells continue to receive
attractive signals from the CNS, compelling them to adhere and crawl along the vascular
endothelium of the leptomeninges. Despite their interaction with the endothelium, these cells
are unable to overcome their strong affinity to the high levels of S1P in the blood, preventing
their transmigration into the CNS. These observations suggest that the Grk2 deficiency
interferes with the proper regulation of S1PR1, resulting in a failure of T cells to complete the
diapedesis process required for CNS entry. This highlights the importance of the Grk2/S1PR1-
axis in orchestrating T cell migration across the BBB and its contribution to the overall

trafficking of T cells from the blood to the CNS.

4.6 Validation of the ubiquitination module

4.6.1 Loss of Arih1 leads to accumulation of Tygp cells in lymphatic organs

In our CRISPR/Cas9 screening, we identified genes that exhibited a strong effect size in only
one of the two comparisons involving the CNS compartment and peripheral organs. Two
candidate genes, namely Arihl and Ube2l3, demonstrated a substantial fold change when
comparing the spleen with the two CNS compartments, while their impact was only minimally

reduced in the comparisons with the blood. Interestingly, these candidates also displayed
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significant enrichment specifically in the comparison between the spleen and blood, further
adding to their intriguing nature (Supplementary Figure 1). One of those specific candidates
was Arih1, an E3 ubiquitin-protein ligase that catalyses the ubiquitination of target proteins. As
in the previous modules we first checked whether any phenotypical changes can be already
observed at in vitro stimulated cells (Figure 33 A). There was no difference between
Twee Arih1-KO cells and Tygp NT cells in production of the cytokines IFNy an IL-17A in the
unstimulated or stimulated condition (Figure 33 B, C). In addition, the expression of the
surface markers that determine activation CD4, TCR, CD25 and CD134 was similar between KO
and NT T cells (Figure 33 D, E). Also, among the labelled surface integrins a4-integrin (CD49d),
Bl-integrin (CD29), al-integrin (CD11a), B2-integrin (CD18), and a2-integrin (CD49b) we
observed comparable expression levels (Figure 33 D, E). Therefore, we concluded that

Twmee Arih1-KO cells have an unchanged activation and adhesion potential despite their KO.
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Figure 33 In vitro analysis of Tygp Arih1-KO cells

A) Experimental design. Tygp Arih1-KO and Tygp NT cells were in vitro restimulated. After 24 h cells were
stained for their produced cytokines and after 48 h activation markers or integrins were stained on the
cell surface. B) Quantification of T cell subpopulation based on cytokine profile in flow cytometry
analysis. Two-way ANOVA with multiple comparisons with the two-stage linear step-up procedure of
Benjamini, Krieger and Yekuteli. Unstimulated: F <0.0001, P =ns, n = 3; stimulated: F <0.0001, P =ns,
n = 3. Mean # SD. C) Representative flow cytometry plots showing intracellular staining of IL-17A or IFNy
with or without stimulation and their classification into IFNy" Th1 cells, IL-17A" Th17 and IFNy” and IL-
17A" Th14Th17 cells. Cells were gated on lymphocytes > single cells > BFP* or GFP* > APC and PE values.
D) Representative flow cytometry plots showing surface expression of various activation markers and
integrins. Cells were gated on lymphocytes > single cells > BFP* or GFP*. E) Quantification of the AMFI
(MFI-MFI Isotype control) of the surface staining normalized to the mean AMFI of NT cells. MFI, two-way
ANOVA with multiple comparisons with the two-stage linear step-up procedure of Benjamini, Krieger
and Yekuteli. Activation markers: F =0.004791, P = ns, all stainings: n = 3; integrins: F =0.01473, P = ns,
all stainings: n = 3. Mean + SD.

To address their migration capacity in vivo, we co-transferred the Tygp Arih1-KO cells together
with Tygp NT cells into rats and analysed the distribution of cells three days later (Figure 34 A).
The flow cytometry analysis revealed reduced migration of the Tygp Arih1-KO cells into all
three compartments of the CNS (Figure 34 B). Interestingly, there was a substantial increase in
the ratio of Tygp Arih1-KO to Tygp NT cells in the spleen and especially in the parathymic lymph
nodes compared to the blood, suggesting that the Tygp Arih1-KO cells exit the blood stream
and remain in the secondary lymphatic organs (Figure 34 C). When we further stained the cells
of the spleen for surface activation markers and integrins, we observed a significant difference
in the expression of CD134, which was downregulated in Tygp Arih1-KO cells, but not in the
levels of CD25 (Figure 34 D, E). Among the integrins, the surface expression of both subunits of
the VLA-4 receptor ad-integrin (CD49d) and B1-integrin (CD29) were significantly reduced,
while the expression of components of the LFA-1 receptor al-integrin (CD11a) and B2-integrin
(CD18) remained similar between Ty Arih1-KO and Tygp NT cells (Figure 34 D, E). As observed

before neither of the Tygp cells produced cytokines in the spleen (Figure 34 F, G).
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Figure 34 In vivo migration analysis following co-transfer of Tygp Arih1-KO cells

A) Experimental design. Tyg Arih1-KO and Tygp NT cells were in vitro restimulated. After 48 h the fully
restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on day
three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS
compartments (CSF, parenchyma, meninges) were collected. B) Representative flow cytometry plot with
the distribution of Tygp cells in different organs following co-transfer. BFP* Tygs NT cells are highlighted
in blue, EGFP" Tygp Arih1-KO in green. Gated on lymphocytes > single cells > BFP* or GFP*. C) Migratory
phenotype of Tygp Arih1-KO cells compared to Ty NT cells in different organs, shown as the ratio of KO
cell number/ NT cell number divided by the KO/NT ratio in blood. A ratio of 1 indicates the migration
behaviour of control Tygp cells, a ratio below 1 indicates impaired migration and a ratio above 1
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enhanced migration towards an organ. One sample t-test against hypothetical mean = 1. n =6 (spleen,
meninges parenchyma), n =4 (pT LN, CSF). Mean % SD. D) Quantification of the AMFI (MFI-MFI Isotype
control) of the surface staining normalized to the mean AMFI of Tyg NT cells. MFI, two-way ANOVA
with multiple comparisons with the two-stage linear step-up procedure of Benjamini, Krieger and
Yekuteli. Activation markers: F =12.42, P = 0.0078, all stainings: n = 3; integrins: F = 3.755, P = 0.0705, all
stainings: n=3. Mean * SD. E) Representative flow cytometry plots showing surface expression of
activation markers and integrins of ex vivo splenic cells. Cells were gated on lymphocytes > single
cells >BFP* or GFP’. F) Quantification of Tyge cell subpopulation based on the intracellular flow
cytometry staining. Two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. F = 0.0002, P = ns, n =4 (NT)/ n = 2 (Arih1-KO). Mean % SD.
G) Representative flow cytometry plots showing intracellular staining of IL-17A and IFNy of ex vivo
splenic Tygp Arih1-KO and Ty NT cells.

Further we induced EAE in rats by i.v. injection of either Tygp Arih1-KO or Tygp NT cells (Figure
35 A). Compared to the typical disease course of the rats that received the NT cells, the rats
that had received the Tygp Arih1-KO cells showed a strongly ameliorated disease course with
reduced clinical score and less body weight loss (Figure 35 B). Moreover, the incidence in the
KO group was only around 25 % and first clinical signs appeared significantly later (Figure 35 C).
Also, the peak score and the cumulate score were drastically reduced, suggesting that loss of
Arih1 has a large effect on the capability of autoreactive T cells to migrate into the CNS and

induce disease (Figure 35 C).
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Figure 35 Clinical course induced by Tygp Arih1-KO cells

A) Experimental design. Tygp Arin1-KO and Tygp NT cells were in vitro restimulated and were injected
solely into rats. The EAE score and body weight was monitored daily. B) Clinical course of EAE measured
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by percentage of body weight change (lines) and EAE scores (bars) of injected animals. Repeated
measures two-way ANOVA; days 0-10 disease score: F=39.03, P<0.0001, body weight change:
F=20.15, P =0.0012; n = 7 (Arih1-KO); n =5 (NT). Mean % SD. C) Overview of additional EAE parameters:
incidence of EAE (%), average onset (days post transfer), average EAE peak score and average EAE
cumulative score. Following Sharpiro-Wilk normality test, Mann-Whitney test was performed. Mean *
SD.

4.6.2 Tyep cells lacking Ube2I3 migrate into the spleen but not the CNS

In addition to Arih1, our CRISPR/Cas9 screening also revealed Ube2I3 as a potential candidate
in the comparison of spleen to the CNS compartments and additionally in the comparison of
spleen to blood (Supplementary Figure 1). This is of particular interest, since Ube2I3 is a E2
ubiquitin-conjugating enzyme that was already described to interact with Arih1 to ubiquitinate
proteins (Wenzel et al., 2011). Following the KO of Ube2I3 we first checked the cells for
phenotypical changes in vitro (Figure 36 A). We observed a consistent pattern in the
production of the cytokines IFNy and/or IL-17A in Tyge Ube2I13-KO and Tyge NT cells. This
pattern remained evident both in the unstimulated condition and after the addition of
PMA/lonomycin to stimulate the cells (Figure 36 B, C). Furthermore, the surface staining of
activation markers including CD4, TCR, CD25 and CD134 showed no difference between the
two cell types (Figure 36 D, E). Also, the surface expression of the integrins a4-integrin
(CD49d), B1-integrin (CD29), al-integrin (CD11a), B2-integrin (CD18), and a2-integrin (CD49b)
was similar between Ty;zp Ube213-KO and Tygp NT cells (Figure 36 D, E).
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Figure 36 In vitro analysis of Tygs Ube2l3-KO cells

A) Experimental design. Tygp Ube213-KO and Tygp NT cells were in vitro restimulated. After 24 h cells
were stained for their produced cytokines and after 48 h activation markers or integrins were stained on
the cell surface. B) Quantification of T cell subpopulation based on cytokine profile in flow cytometry
analysis. Two-way ANOVA with multiple comparisons with the two-stage linear step-up procedure of
Benjamini, Krieger and Yekuteli. Unstimulated: F <0.0001, P = ns, n = 3; stimulated: F =0.0001, P = ns,
n = 3. Mean % SD. C) Representative flow cytometry plots showing intracellular staining of IL-17A or IFNy
with or without stimulation and their classification into IFNy" Th1 cells, IL-17A" Th17 and IFNy" and IL-
17A" Th1+Th17 cells. Cells were gated on lymphocytes > single cells > BFP* or GFP* > APC and PE values.
D) Representative flow cytometry plots showing surface expression of various activation markers and
integrins. Cells were gated on lymphocytes > single cells > BFP* or GFP". E) Quantification of the AMFI
(MFI-MFI Isotype control) of the surface staining normalized to the mean AMFI of NT cells. MFI, two-way
ANOVA with multiple comparisons with the two-stage linear step-up procedure of Benjamini, Krieger
and Yekuteli. Activation markers: F = 0.05086, P = ns, all stainings: n = 3; integrins: F = 0.4075, P = ns, all
stainings: n = 3. Mean £ SD.

When we assessed the distribution of Tygp cells in the peripheral and CNS tissues on day three,
after the co-transferred of Tygp Ube2I3-KO and Tygp NT cells, the observed results resembled
those of the Tygp Arih1-KO cells (Figure 37 A-C). There was a moderate, yet clear reduction in
the migration to meninges, parenchyma, and CSF while there was remarked increase in the

migration of Tyge Ube2I3-KO cells towards the spleen. Unfortunately, due to the instability of
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distribution in the parathymic lymph nodes, conclusive observations could not be drawn.
Nevertheless, these findings indicate a strong preference of Tygp Ube2l3-KO cells to exit the
bloodstream and accumulate in the spleen (Figure 37 C). Notably, upon staining the spleen
cells to evaluate their surface activation and adhesion markers, intriguing variations were
observed between Tygp Ube2l13-KO and Tygp NT cells, exhibiting striking similarities to the
alterations observed in Tygp Arihl-KO cells. While the levels of CD25 were comparable
between the two groups, there was slight trend in Ty Ube2l3-KO to a reduction of CD134
(Figure 37 D, E). Moreover, the surface expression of the VLA-4 subdomains a4-integrin
(CD49d) and B1l-integrin (CD29) was mildly reduced in Tygp Ube2I3-KO cells, while the same
cells showed an modest increase in the expression of LFA-2 subdomains al-integrin (CD11a)
and B2-integrin (CD18) that potentially could be a compensatory mechanism, although this
was not observed in the Tygp Itgad-KO (Figure 9 D, E). As observed previously neither
Tmer Ube2I3-KO nor Tyge NT cells showed a production of the cytokines IFNy and IL-17A in the

spleen (Figure 37 F, G).
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Figure 37 In vivo migration analysis following co-transfer of Tz Ube2I3-KO cells
A) Experimental design. Tygp Ube2I3-KO and Tygp NT cells were in vitro restimulated. After 48 h the fully

restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on day

three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS

compartments (CSF, parenchyma, meninges) were collected. B) Representative flow cytometry plot with
the distribution of Tygp cells in different organs following co-transfer. BFP* Tygs NT cells are highlighted
in blue, EGFP" Tygr Ube2I3-KO in green. Gated on lymphocytes > single cells > BFP* or GFP". €) Migratory

phenotype of Tyge Ube2I3-KO cells compared to Tygp NT cells in different organs, shown as the ratio of

KO cell number/ NT cell number divided by the KO/NT ratio in blood. A ratio of 1 indicates the migration
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behaviour of control Tygp cells, a ratio below 1 indicates impaired migration and a ratio above 1
enhanced migration towards an organ. One sample t-test against hypothetical mean = 1. n =9 (spleen,
meninges parenchyma), n =4 (pT LN, CSF). Mean % SD. D) Quantification of the AMFI (MFI-MFI Isotype
control) of the surface staining normalized to the mean AMFI of Tyge NT cells. MFI, two-way ANOVA
with multiple comparisons with the two-stage linear step-up procedure of Benjamini, Krieger and
Yekuteli. Activation markers: F=0.6326, P =ns, all stainings: n=4; integrins: F=0.4966, P =ns, all
stainings: n=4. Mean = SD. E) Representative flow cytometry plots showing surface expression of
activation markers and integrins of ex vivo splenic cells. Cells were gated on lymphocytes > single
cells >BFP* or GFP'. F) Quantification of Tyge cell subpopulation based on the intracellular flow
cytometry staining. Two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. F =0.0003, P =ns, n =4 (NT)/ n = 3 (Ube2I3-KO). Mean %
SD. G) Representative flow cytometry plots showing intracellular staining of IL-17A and IFNy of ex vivo
splenic Tygp Ube2I3-KO and Tygp NT cells.

We adoptively transferred either Tyge Ube2I3-KO or Tyge NT cells into rats to induce EAE
(Figure 38 A). In line with the previous results, we observed a milder disease course with
reduced clinical score and body weight loss in the rats that received Ty Ube2l13-KO compared
to those that obtained the control Tyge NT cells (Figure 38 B). The incidence was drastically
reduced, but there was no difference in the onset of clinical signs in rats that develop EAE
(Figure 38 C). Furthermore, the peak score as well as the cumulative score was substantial

reduced in rats that received Tygp Ube2I3-KO cells (Figure 38 C).

Overall, the strong resemblance between the results of Arihl KO and Ube2I3 KO together with
their already described interaction argues that these two proteins operate in a coordinated
ubiquitination module and that the target of the ubiquitination likely modulates the altered
migration of the Tygp cells. Our findings demonstrate that the deficiency of either of these
genes causes T cells to depart from the blood stream and instead accumulate in secondary
lymphatic organs. Consequently, this impedes their migration into the CNS. These findings
highlight the importance of the Arih1-Ube2I3 ubiquitination module and their influence on the

migratory behaviour of Tygp cells.
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Figure 38 Clinical course induced by Tygp Ube2I3-KO cells

A) Experimental design. Tygp Ube2I3-KO and Tygp NT cells were in vitro restimulated and were injected
solely into rats. The EAE score and body weight was monitored daily. B) Clinical course of EAE measured
by percentage of body weight change (lines) and EAE scores (bars) of injected animals. Repeated
measures two-way ANOVA; days 0-10 disease score: F=4.948, P<0.0001, body weight change:
F=8.042, P<0.0001; n=11 (Ube2I3-KO); n=9 (NT). Mean + SD. C) Overview of additional EAE
parameters: incidence of EAE (%), average onset (days post transfer), average EAE peak score and
average EAE cumulative score. Following Sharpiro-Wilk normality test, Mann-Whitney test was
performed. Mean + SD.

4.7 KO of Ets1 enhances migration of Tygp cells into the CNS

Our validation of candidate genes mainly focussed on genes whose loss limits the migration of
Twmep cells into the spinal cord meninges and parenchyma, since those might be drug-able
targets in the treatment of CNS autoimmune disorders like MS. However, our CRISPR/Cas9
screening also detected negative regulators of T cell migration that - when knocked out -
enhance the Tygp cells trafficking into the CNS. Among those migration regulators, the
transcription factor Ets1 was the top ranked candidate. As it is implicated in the differentiation,
survival, and proliferation of lymphoid cells (Russell and Garrett-Sinha, 2010), we first tested
Twmee Ets1-KO in vitro to assess the effects of the gene KO on activation and cytokine production
(Figure 39 A). However, we observed no difference in the capability of Tygp Ets1-KO cells to

produce IFNy or IL-17A neither in their non-stimulated state nor following the stimulation with
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PMA/lonomycin compared to control Tygp NT cells (Figure 39 B, C). Interestingly, we also
observed no difference in the surface expression of activation markers. The labels of surface
CD4, TCR, CD25 and CD134 were also similar to those of the Tyg NT cells (Figure 39 D, E).
Likewise, we observed comparable surface expression levels of the adhesion molecules, the
components of the VLA-4 receptor ad-integrin (CD49d) and Bl-integrin (CD29), the
subdomains of the LFA-1 receptor al-integrin (CD11a), B2-integrin (CD18), and a2-integrin
(CD49b) were all similarly detected in Tygp Ets1-KO cells and Tygp NT cells (Figure 39 D, E). On a
side note, we repeatedly observed reduced cell numbers of Ty Ets1-KO compared to all other
Twmep cells at the end of each restimulation cycle that correlated with the KO efficiency, likely

due to increased cell death.
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Figure 39 In vitro analysis of Tygp Ets1-KO cells

A) Experimental design. Tygp Ets1-KO and Tyge NT cells were in vitro restimulated. After 24 h cells were
stained for their produced cytokines and after 48 h activation markers or integrins were stained on the
cell surface. B) Quantification of T cell subpopulation based on cytokine profile in flow cytometry
analysis. Two-way ANOVA with multiple comparisons with the two-stage linear step-up procedure of
Benjamini, Krieger and Yekuteli. Unstimulated: F < 0.0001, P = ns, n =3 (NT)/n = 4 (Ets1-KO); stimulated:
F<0.0001, P=ns, n=4. Mean * SD. C) Representative flow cytometry plots showing intracellular
staining of IL-17A or IFNy with or without stimulation and their classification into IFNy* Th1 cells, IL-17A"
Th17 and IFNy® and IL-17A" Th1+Th17 cells. Cells were gated on lymphocytes > single cells > BFP* or
GFP* > APC and PE values. D) Representative flow cytometry plots showing surface expression of various
activation markers and integrins. Cells were gated on lymphocytes > single cells > BFP* or GFP". E)
Quantification of the AMFI (MFI-MFI Isotype control) of the surface staining normalized to the mean
AMFI of NT cells. MFI, two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. Activation markers: F=0.3116, P=ns, CD4: n=4,
TCR/CD25/CD134: n = 6; integrins: F =0.03323, P =ns, CD49d/CD11a/CD18/CD49b: n =6, CD29: n = 4.
Mean * SD.

As with previous KOs we co-transferred the Ty;gp Ets1-KO together with Ty NT into rats and
examined the distribution of cells in the different organs on the day of disease onset (Figure 40
A, B). We observed a significant increase in the ratio of KO to control cells in all the CNS organs
and especially in meninges and parenchyma (Figure 40 C). While the ratio in the parathymic
lymph nodes decreased significantly, there was no difference in the T cell trafficking between
Ets1-KO and NT cells in the spleen. This confirms that our CRISPR/Cas9 screening is also
sufficient to detect genes that likely inhibit T cell trafficking when present, but if lost facilitate
the migration of autoreactive T cells into the CNS. The additional staining of splenic cells
revealed some changes in the expression of surface markers. While the activation marker
CD25 and was slightly but significantly downregulated on Tygp Ets1-KO cells, there was no
change in the expression of CD134 between Ets1-KO and NT Ty;gp cells (Figure 40 D, E). Among
the surface integrins the expression of the VLA-4 subdomains a4-integrin (CD49d) and B1-
integrin (CD29) was reduced in Tygp Ets1-KO cells, while the same cells showed an increase in

the expression of LFA-1 subdomains aL-integrin (CD11a) and B2-integrin (CD18) compared to
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Twmee NT cells (Figure 40 D, E). The additional staining of cytokines in Tygp cells of the spleen

showed again no difference in the overall very low production of IFNy and IL-17A (Figure 40 F,

G).
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Figure 40 In vivo migration analysis following co-transfer of Tyge Ets1-KO cells
A) Experimental design. Tygp Ets1-KO and Tyge NT cells were in vitro restimulated. After 48 h the fully

restimulated Tygp cells were mixed in a 1:1 ratio and injected into rats. With onset of disease on day

three, rats were sacrificed and cells from peripheral organs (blood, spleen and pt LN) as well as CNS

compartments (CSF, parenchyma, meninges) were collected. B) Representative flow cytometry plot with
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the distribution of Tygp cells in different organs following co-transfer. BFP* Tyse NT cells are highlighted
in blue, EGFP" Tygp Ets1-KO in green. Gated on lymphocytes > single cells > BFP* or GFP*. €) Migratory
phenotype of Ty Ets1-KO cells compared to Tygp NT cells in different organs, shown as the ratio of KO
cell number/ NT cell number divided by the KO/NT ratio in blood. A ratio of 1 indicates the migration
behaviour of control Tygp cells, a ratio below 1 indicates impaired migration and a ratio above 1
enhanced migration towards an organ. One sample t-test against hypothetical mean = 1. n = 11 (spleen,
meninges parenchyma), n =7 (pT LN, CSF). Mean * SD. D) Quantification of the AMFI (MFI-MFI Isotype
control) of the surface staining normalized to the mean AMFI of Tyge NT cells. MFI, two-way ANOVA
with multiple comparisons with the two-stage linear step-up procedure of Benjamini, Krieger and
Yekuteli. Activation markers: F=16, P=0.0039, all stainings: n=3; integrins: F=3.871, P=ns, all
stainings: n=3. Mean = SD. E) Representative flow cytometry plots showing surface expression of
activation markers and integrins of ex vivo splenic cells. Cells were gated on lymphocytes > single
cells >BFP* or GFP'. F) Quantification of Tyge cell subpopulation based on the intracellular flow
cytometry staining. Two-way ANOVA with multiple comparisons with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekuteli. F =0.0005, P =ns, n =4 (NT)/ n = 3 (Ets1-KO). Mean # SD.
G) Representative flow cytometry plots showing intracellular staining of IL-17A and IFNy of ex vivo
splenic Tygp Ets1-KO and Tygp NT cells.
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5 DISCUSSION

5.1 Opportunities and constraints of the CRISPR/Cas9 screening

The infiltration of autoreactive CD4" T cells from the peripheral organs into the CNS is the
initial critical step in the formation of MS lesions. In this context, the migration of T cells across
the BBB is a complex and tightly regulated process that involves a series of molecular
interactions between T cells and blood vessel endothelial cells (Engelhardt and Ransohoff,
2012). CRISPR/Cas9 screenings are a powerful technique that allows for rapid and efficient
identification of genes that play critical roles in various biological processes by disrupting their
function (Hsu et al., 2015). To identify the key molecules that regulate T cell migration into the
CNS, we conducted a genome-wide CRISPR/Cas9 screening in vivo, taking advantage of the
benefits of studying gene function in the complex environment of a living organism and on the
onset of disease (Kendirli et al., 2023). We first initiated an unbiased whole-genome screening
with lenient criteria to ensure that we identified all potential genes that could affect CNS
migration (Figure 5). Next, we subjected those genes to a more rigorous validation screening
to narrow it down to the genes that were "essential regulators" of CNS migration (Figure 6).

Although our CRISPR/Cas9 screening is a valuable tool for identifying potential regulators of
T cell migration in vivo, it has its limitations. It is important to note that the screening may not
been able to capture the full dynamic of gene regulation and interactions over time, since the
screening is performed at a single time point and the CNS microenvironment may affect T cell
migration and alter the function of certain molecules. Moreover, CRISPR/Cas9 screenings, like
all CRISPR/Cas9 experiments, are affected by off-target effects, which can make it difficult to
distinguish between on-target and off-target effects that can potentially result in inaccurate
results (Ran et al., 2013). In addition, CRISPR/Cas9 screenings are unable to detect functionally
important but molecularly redundant regulatory mechanisms, so they were likely not
identified by the screening approach used in our study. Another limitation is the possibility of
missing molecules that only regulate the trafficking of a smaller subset of the studied cell
population, since all samples were analysed in a bulk. However, those restrictions are inherent
to the technology and unavoidable to some extent. To address the limitation of false negative
results due to inefficient CRISPR editing, we utilized multiple sgRNAs per gene, which helped to
reduce the probability of missing essential regulators of CNS migration. Nevertheless,
variations in the fold change could arise from the intrinsic variation of the sgRNA efficiency,
and as such, further confirmation of the KO efficiency is necessary to determine the relative
importance of the hits identified in our screening (Bock et al., 2022). Finally, false positive

results may arise if a gene regulates a functional property such as T cell activation that is
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required for subsequent CNS migration, but does not have a direct influence on migration. To
address this issue, we performed additional analyses to assess potential effects on T cell
adhesion, activation, and differentiation for candidate genes. In order to investigate potential
effects on Tcell adhesion and activation, we conducted a thorough analysis of adhesion
molecules such as the oad-integrin and the Bl-integrin, which together form the VLA-4
heterodimer, as well as components of the LFA-1 receptor al-integrin and B2-integrin, and the
a2-integrin. Additionally, we studied the expression of activation-dependent molecules like
CD25 and CD134 in both Tygp cells cultured in vitro and those isolated from the spleen. Since
Twuee cells in general downregulate activation markers in the spleen to acquire their migratory
phenotype, the minor differences in the activation profile observed in some of the candidate
genes are negligibly (Fligel et al., 2001). To assess potential effects on the differentiation of
T cell subsets we studied the expression of the hallmark cytokines IFNy and IL-17A. We found
that overall no substantial alterations in the expression of adhesion, activation, or
differentiation molecules were observed in T cells deficient for any of the essential regulators
we studied; if it was not directly linked to the gene KO itself. Therefore, our results suggest
that the essential regulators we identified were not false positives due to their involvement in
T cell activation processes, but that they are likely to play a role in the regulation of T cell
migration.

Our study has revealed several important insights into the molecular mechanisms underlying
T cell migration into the CNS. Firstly, it was found that only a small number of molecules are
essential for this process, and that these molecules naturally cluster into four functional
modules (Kendirli et al., 2023). The first module centers around the adhesion molecule a4-
integrin (ltga4), which has previously been implicated in T cell migration (Yednock et al., 1992).
The second module involves the chemokine receptor Cxcr3, which is known to be important
for T cell migration in general (Groom and Luster, 2011). The third module involves the Grk2-
S1PR1 axis, which is involved in regulating T cell trafficking. While the role of SIPR1 in T cell
egress from lymph nodes to the blood is already well-established (Schwab and Cyster, 2007),
we have also demonstrated its significance in the trafficking of T cells from the blood to the
CNS. The fourth module is focused on the ubiquitination by Arihl and Ube2I3 via a yet
unknown mechanism. The central functional hubs identified in our genome-wide screen,
namely blocking ad-integrin and interfering with the S1PR1 receptor, align with two major
clinical strategies employed to limit CNS infiltration of T cells in MS patients. These findings
suggest that our screening has identified important targets with potential therapeutic
implications. While some of the molecules identified in our analysis have been previously

implicated in T cell migration, our study is the first to provide an unbiased analysis of all non-

106



redundant targets among transcriptional regulators, chaperones, binding partners, and
intracellular signaling pathways (Kendirli et al., 2023). These findings represent a significant
advancement in this research area, as to our knowledge, there has been no previous study in
the literature that has investigated T cell trafficking in an in vivo environment at a genome-

wide scale in EAE.

5.2 Adhesion molecules and their importance in T cell migration

The extravasation of T cells involves a series of steps, including initial tethering and rolling of
T cells on the endothelium, firm adhesion, crawling, and transmigration across the endothelial
barrier. These steps are mediated by a variety of adhesion molecules, chemokines, and
signaling pathways that are tightly regulated (Engelhardt and Ransohoff, 2012). This includes
P-selectin glycoprotein ligand-1 (PSGL-1), which facilitates the initial rolling of T cells in brain
vessels through its interaction with endothelial ligands E- and P-selectin during EAE, but is not
essential for the successful entry of T cells into the CNS and initiation of EAE (Sathiyanadan et
al., 2014). Also, our CRISPR/Cas9 screening did not identify PSGL-1 as crucial regulator,
suggesting that other mechanisms like integrin-mediated adhesion and crawling may
compensate for the tethering and rolling steps, making the interaction of P/E selectins
dispensable for T cell transmigration. Integrins are a family of cell surface adhesion receptors
that play a crucial role in cell migration and adhesion, including T cell migration into the CNS
during EAE (Rossi et al., 2011). They are composed of a and B subunits and exist in various
combinations, with each combination having a unique ligand specificity and signaling
properties (Anderson et al., 2014). Itga4, a ad-integrin molecule in the VLA-4 complex, plays a
crucial role in Tcell migration during EAE (Yednock et al.,, 1992). It is required for
encephalitogenic T cell adhesion to its endothelial ligand VCAM-1, which is expressed on the
surface of endothelial cells in the CNS vasculature. VCAM-1 is upregulated in the CNS during
EAE, and its interaction with VLA-4 on T cells is a critical step in T cell migration across the BBB
(Steffen et al., 1994). Our CRISPR/Cas9 screening identified /tga4 as a top hit, and subsequent
validation experiments confirmed its efficacy in preventing T cell migration into the CNS and
their subsequent inability to induce EAE (Figure 9, Figure 10). This finding aligns with the
efficacy of Natalizumab, an FDA-approved drug that targets VLA-4 to prevent T cell infiltration
into the CNS, and has been demonstrated to decrease disease activity in MS patients (Polman
et al., 2006). Despite its success, Natalizumab has been linked to serious side effects such as
progressive multifocal leukoencephalopathy (PML), an opportunistic brain infection that can

be fatal (Cortese et al., 2021). Therefore, it is crucial to develop alternative therapies that
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specifically target the migration of autoreactive T cells while preserving the CNS
immunosurveillance function.

During CRISPR/Cas9 screening, the /tghbl gene encoding for Bl-integrin, which is the other
subunit of VLA-4, showed a relatively minor fold change (Figure 6). However, in validation
experiments where a 100 % knockout was achieved through sorting, a significant reduction in
T cell migration into the CNS was observed (Figure 15). It is worth noting that a4-integrin
surface expression was not affected, most likely due to the replacement of Bl-integrin by
other B integrins such as B7-integrin, which can interact with Mucosal vascular addressin cell
adhesion molecule 1 (MAdCAM-1) to mediate adhesion (Ley et al., 2007, Lin et al., 2019).
However, although binding to other B integrins may result in a normal level of a4-integrin
surface expression, their interaction seems to be inferior compared to the VLA-4 receptor,
which would explain the observed decrease in the numbers of ltgbl-deficient T cells in the
CNS. Interestingly, while the surface staining of Itgb1-deficient T cells revealed no alteration in
the surface expression of its VLA-4 partner a4-integrin, we observed a marked reduction in a2-
integrin (Itga2) expression. The a2-integrin exclusively forms heterodimers with B1-integrin,
generating the a2p1 receptor (VLA-2) that acts as a receptor for collagen and laminin (Emsley
et al., 2000). In contrast, Bl-integrin can form a heterodimer with at least 12 different a
subunits (Adorno-Cruz and Liu, 2019). In a study conducted on SJL/J mice immunized with PLP
peptide to induce EAE, the administration of VLA-2 antibody during the induction phase did
not affect disease onset, clinical scores, and weight loss when compared to control-treated
mice. However, in the same study treatment with VLA-2 antibody immediately after disease
onset led to a significant reduction in clinical signs and CNS inflammation of EAE (Tsunoda et
al., 2007). This indicates that VLA-2 is not essential in the initial phase of T cell migration to the
CNS, although it is important to note that this study was conducted in an active EAE model
targeting a different peptide. Nonetheless, since the /tga2 gene was not identified as a crucial
factor in our CRISPR/Cas9 screen, it suggests that VLA-2 also plays a non-essential role in T cell
migration in our aT-EAE model. Also previous unpublished data from our lab showed that
injection of anti-a2-integrin antibodies has no protective effect on aT-EAE. The reason for this
could be that the loss of VLA-2 can be easily compensated by other integrin receptors like
VLA-4, which is the preferred receptor for T cell trafficking. Overall, our study has
demonstrated that the presences of the VLA-4 components are critical for T cell transmigration
into the CNS. Although a4-integrin and Bl-integrin are both necessary to form the VLA-4
receptor, our results suggest that the loss of ad-integrin has a more pronounced effect on T
cell migration than the loss of Bl-integrin. Likely compensatory mechanisms involving other

integrins partially account for the observed effects of B1-integrin KO (DeNucci et al., 2010). It is
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noteworthy that our CRISPR/Cas9 screening did not identify any other integrins that exhibited
a migration deficient phenotype.

Integrin activation is regulated by various mechanisms, including changes in the conformation
of integrin molecules, the binding of intracellular and extracellular ligands, and the activity of
intracellular signaling pathways. The process of integrin activation involves a switch from a
low-affinity to a high-affinity state, which is necessary for the interaction of integrins with their
ligands on the extracellular matrix or cell surface (Calderwood, 2004). One key mechanism of
integrin activation is the binding of intracellular proteins, such as kindlins and talins, to the
cytoplasmic tails of integrin molecules. These proteins induce conformational changes in
integrins that promote their activation and binding to extracellular ligands (Chen et al., 2019).
During our CRISPR/Cas9 screening, we identified Fermt3 (Kindlin-3) and Tin1 (Talin-1) as
intracellular proteins that are involved in T cell migration (Figure 6). Specifically, TIn1 was
identified as a candidate with a milder fold change compared to Fermt3, suggesting that it has
a less pronounced effect on T cell migration. However, it should be noted that the variations in
the fold change observed could arise from the intrinsic variation of sgRNA efficiency, which
may lead to false interpretations. Thus, it is crucial to further confirm the KO efficiency to
determine the relative importance of TInl and Fermt3 in integrin activation and CNS
transmigration. A study has shown that Kindlin-3 plays a regulatory role in VLA-4 and LFA-1
mediated T cell arrest and adhesion, consistent with our own findings (Moretti et al., 2013).
The study also found that T cells lacking Kindlin-3 were unable to induce adoptive transfer EAE,
but were still able to induce active EAE effectively. This inconsistency may be attributed to
variations in the levels of integrin ligands expressed on endothelial cells during EAE induction.
Moreover, a study has reported that fever enhances T cell trafficking through the activation
and signaling of a4-integrin induced by two isoforms of heat shock protein 90 Hsp90aal and
Hsp90ab1 (Lin et al., 2019). Although Hsp90aal or Hsp90ab1 were not identified as essential in
our CRISPR/Cas9 screening, we observed a migration-deficient phenotype in T cells lacking the
Hsp90 paralogue Hsp90b1. The master chaperone Hsp90b1, which resides in the endoplasmic
reticulum, was among the top essential candidates in our CRISPR/Cas9 screening. It has been
postulated that Hsp90b1 is essential for chaperoning the majority of a-subunits and B-subunits
of integrins, thereby being critical for the cell surface expression of 14 of 17 integrin pairs in
hematopoietic cells of mice (Staron et al., 2010). Notably, the in vitro surface staining of
integrins in Tygp Hsp90b1-KO cells revealed a significant reduction only in the expression of
ad-integrin, whereas the expression levels of Bl-integrin and LFA-1 components al-integrin
and B2-integrin as well as a2-integrin showed a noticeable decrease, but the difference was

not statistically significant (Figure 11). In contrast, the results obtained from ex vivo cells
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isolated from the spleen indicated a lowered surface expression of all tested integrins in the
Hsp90b1 deficient group, which could be attributed to the reorganization of integrins once
T cells acquire a migratory phenotype (Figure 12). In summary, the presence of Hsp90b1 is
crucial for the surface presentation of integrins, including VLA-4 and LFA-1. The reduced
expression of these receptors on Tygp cells inhibits their migration into the CNS, consequently
reducing the onset and severity of EAE (Figure 13).

Apart from VLA-4, also the interaction of LFA-1 interaction with ICAM-1 plays a role in T cell
adhesion (Ley et al.,, 2007). However, our screening did not reveal a migration deficient
phenotype of the LFA-1 subunits al-integrin and B2-integrin. This is consistent with the
findings from the same rat aT-EAE model, where anti-LFA-1 treatment did not block the
migration of Tygp cells into the CNS and had no protective or therapeutic effect on the
development of EAE (Bartholoméus et al., 2009). In the same setting anti-VLA-4 treatment
prevented cells from crossing the BBB, suggesting that in this aT-EAE model only the VLA-4 -
VCAM-1 interaction is indispensable for T cell trafficking onto the CNS. In a general sense, the
involvement of distinct integrins and receptors in T cell trafficking appears to be dependent on
various factors, including the subtype of T cell, the used EAE model, and the specific target
tissue for migration. Blocking a4 integrins has differential effects on the trafficking of Th1 and
Th17 cells into the CNS during EAE, as Itgad deletion reduces the homing of Th1 cells but has
minimal impact on Th17 cell migration (Glatigny et al., 2011). Thl cells require a4-integrin
expression to infiltrate the CNS, while Th17 cells can only infiltrate the brain, not the spinal
cord, without a4d-integrin expression, but depend on LFA-1 for infiltration (Rothhammer et al.,
2011). In contrast another study reported that blockage of LFA-1 only affected Th1 but not
Th17 and that the a4B7 integrin is the key molecule in Th17 cell trafficking (Rossi et al., 2023).
This highlights how different integrins are important for different subpopulations varying
between models. Additionally, similar to Th17 cells Tregs can enter the CNS independently of
ad-integrin, but their entry is LFA-1-dependent in the absence of a4-integrin (Glatigny et al.,
2015). However, it is important to note that the experiments in these studies were conducted
in mice, whereas our study utilized an aT-EAE model in Lewis rats. It is worth mentioning that
Lewis rats do not exhibit as distinct a Th1/Th17 subdivision of T cell subsets as observed in
mice. This is evident in our cytokine staining experiments (with the exception of the Thx21-
KO), where unstimulated rat T cells mainly produce IL-17A alone or in combination with IFNy.
Furthermore, upon stimulation, they consistently produce both cytokines. A compelling
avenue for future research would be to examine how distinct T cell subpopulations behave and
differ in their migration patterns, thereby elucidating the mechanisms underlying autoimmune

migration.
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Numerous adhesion molecules have been reported to participate in T cell migration and EAE,
such as Ninjurin 1 (Odoardi et al., 2012), the melanoma cell adhesion molecule (MCAM)
(Larochelle et al., 2012), the transmembrane glycoprotein CD6 (Cayrol et al., 2008, Freitas et
al., 2019), and the dual immunoglobulin domain containing cell adhesion molecule (DICAM)
(Charabati et al., 2022). However, none appeared as an essential regulator in our screening
(Kendirli et al., 2023). This raises intriguing questions regarding the functional redundancy of
these mediators in our aT-EAE model. Alternatively, it is possible that these adhesion
molecules are only required for a specific subpopulation of CD4* T cells that were not targeted
in our screening, as some of those molecules were reported to be primarily implicated in Th17
migration. Further investigations are necessary to elucidate the specific functions and
potential interactions of these adhesion molecules in T cell migration and whether they are
implicated in EAE pathogenesis. In summary, our study emphasizes the significance of a set of
molecules that work together to regulate cellular adhesiveness, which we call the adhesion
module. This module revolves around the a4-integrin (Itga4), which forms the VLA-4 receptor
together with the less significant Bl-integrin (ltgb1). Additionally, the chaperone Hsp90b1l,
essential for integrin folding, and the intracellular binding partners of integrins Kindlin-3

(Fermt3) and Talin-1 (TIn1) play a crucial role in T cell migration into the CNS.

5.3 The significance of chemotaxis in T cell trafficking

Chemokines and their corresponding receptors are critical for leukocyte migration into tissues
and play an essential role in the induction of directed cell movement, activation of integrin-
mediated binding and subsequent involvement in inflammatory responses (Hughes and Nibbs,
2018). Our CRISPR/Cas9 screening approach identified Cxcr3 as one of the top hits, and the
only hit among chemokine receptors. Cxcr3 is primarily expressed on CD4"and CD8" T cells and
responds to its corresponding chemokines CXCL9, CXCL10, and CXCL11 (Groom and Luster,
2011). Although CXCL10 has been shown to promote the activity and recruitment of effector
Tcells at inflammatory sites, the role of Cxcr3 depending on the bound ligand in
neuroinflammation is complex and controversial (Karin, 2020). Nevertheless, CXCR3" T cells
were observed to be increased in the peripheral blood of progressive MS patients compared to
healthy controls (Balashov et al., 1999), and anti-Cxcr3 treatment in Lewis rats inhibited T-cell
migration into the CNS during EAE and prevented the development of adoptively transferred,
but not actively induced disease (Sporici and Issekutz, 2010, Schlager et al., 2016). The findings
are consistent with our observed migration impairments of Cxcr3-deficient T cells into the CNS,
and with the results of the validation study which indicate no noteworthy impact on T cell

activation, adhesion, and differentiation (Figure 18). However, Tygr Cxcr3-KO cells have a
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deficiency in the ability to migrate in response to CXCL10 (Figure 17), resulting in reduced
incidence and severity of EAE (Figure 19).

Chemokine receptors are part of the GPCR superfamily and activate intracellular G-proteins,
which trigger downstream signaling pathways that regulate the processes of cell migration and
differentiation. One important member of the Gai protein family, Gnai2, is involved in
chemoattractant receptor signaling (Hwang et al., 2017). In our CRISPR/Cas9 screening, we
identified Gnai2 among the essential regulators in the group of GPCRs. Our subsequent
validation studies demonstrated that the lack of Gnai2 result in impaired cell migration, as it
affects the ability of cells to respond to the chemokines CXCL10 and CCL5 (Figure 21, Figure
22). These findings are consistent with previously published data, which revealed that Gnai2 is
necessary for T cell responses to three Cxcr3 ligands, specifically CXCL9, CXCL10 and absence of
Gnai2 leads to profound defects in chemokine-induced chemotaxis, and homing (Thompson et
al., 2007, Hwang et al., 2007).

Tbx21, or T-bet, is a transcription factor that is of utmost importance in the development and
function of Th1 cells. It functions as a master regulator of Thl differentiation and is required
for the proper activation of Th1 genes, including those that encode the hallmark Th1 cytokine,
IFNy (Szabo et al., 2000). Our CRISPR/Cas9 screening also identified it as one of the essential
regulators in T cell migration among the group of transcription factors. Our analysis of in vitro
Twee Tbx21-KO cells showed a significant decrease in the production of IFNy in both
unstimulated and stimulated conditions, indicating the impact of our knockout, while there
was no change observed in the expression of surface activation markers and adhesion
molecules (Figure 23). The analysis of the in vivo migration assay revealed a decrease in the
migration of Tyg cells deficient in Tbx21 to the meninges and CSF, but not into the
parenchyma (Figure 25). This finding is of particular interest as it contrasts with the predictions
made by our CRISPR/Cas9 screening, which suggested a reduced migration into both the
meninges and the parenchyma. The underlying reason for this discrepancy remains elusive,
possibly due to the limitations of CRISPR/Cas9 screenings discussed earlier. Nonetheless, this
difference underscores the importance of further validating the screening results. Another
intriguing observation is that Tygp cells lacking Tbx21 appear to bypass migration through the
leptomeninges and instead directly migrate into the parenchyma, possibly utilizing intra-
parenchymal blood vessels. However, additional experiments are necessary to provide support
for this hypothesis. Previous research has suggested that Tbx21 controls the binding of CD4"
T cells to P-selectin, and the absence of Thx21 abolishes the selective migration of T cells in
vivo (Lord et al., 2005). However, as discussed above binding to selectins does not appear to be

essential for T cell transmigration into the CNS in our model. Intriguingly, it was shown that
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Tbx21 is also required for the expression of the chemokine receptor Cxcr3 in CD4" T cells
(Beima et al., 2006, Lord et al., 2005), and that Tbx21 deficiency in CD8" T cells leads to
decreased RNA levels of CCR5 (Prier et al., 2019). Likewise, we observed impaired migration of
T cells lacking Tbx21 towards the chemokines CCL5 and CXCL10, implying that the migration
deficient phenotype of Tygr Tbx21-KO in our CRISPR/Cas9 screening is linked to the decreased
expression of Cxcr3 and the resulting altered chemotactic response (Figure 24).

Chemokine receptors are a key component of the T cell recruitment process and apart from
Cxcr3 also CCR5 has also been suggested to play a role in MS an EAE. A study suggested the
involvement of CCR5 in the migration of T cells to the CNS, as evidenced by the increased
number of CCR5" T cells in the peripheral blood of progressive MS patients (Balashov et al.,
1999). In addition, CCR5 knockout led to a reduction in the severity of active EAE in C57BL/6
mice (Gu et al., 2016), and interference with CCR5 chemokine signaling in Lewis rats led to the
release of Tygp cells from the leptomeninges, thereby preventing their entry into the CNS
(Schlager et al., 2016). However, conflicting results have been reported, as another study
demonstrated that CCR5 blockade does not affect leukocyte trafficking in chronic-relapsing
EAE in C57BL/6 mice (Matsui et al., 2002). In our CRISPR/Cas9 screening, despite previous
suggestions of CCR5 playing a role in T cell migration into the CNS, we did not identify it as an
essential regulator in our study. Nonetheless, we decided to investigate its role further.
Consistent with the screening results, depletion of CCR5 did not affect the migration of
Twep cells to the spinal cord meninges or parenchyma (Figure 27). Hence, we can draw two
conclusions. Firstly, our screening accurately excluded CCR5 as an essential candidate.
Secondly, CCR5 appears to be dispensable for T cell transmigration into the CNS, probably
because other chemokine receptors compensate for its function or it is only necessary for the
migration of a specific subpopulation.

Therefore, our CRISPR/Cas9 screening and subsequent validation experiments led us to
conclude that the efficient migration of T cells into the CNS relies on the chemotaxis module,
which includes the chemokine receptor Cxcr3, its intracellular G protein Gnai2, and its
transcription factor Tbx21. Our findings suggest that these components play a crucial role in

facilitating T cell migration into the CNS.

5.4 The S1P-S1PR1 axis regulates T cell egress dynamics

One of the top essential regulators identified through our CRISPR/Cas9 screening was Grk2,
which captivated our interest as a potential new candidate for T cell transmigration into the
CNS. Grk2 is best known for its capability to recognize and phosphorylate agonist-activated

GPCRs, which promotes B-arrestin recruitment and functional uncoupling from heterotrimeric
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G proteins, resulting in receptor desensitization (Penela et al., 2019). Additionally, B-arrestin
binding targets phosphorylated receptors for clathrin-mediated endocytosis, which ultimately
results in either their recycling back to the plasma membrane or their degradation (Reiter and
Lefkowitz, 2006, Tian et al., 2014). Grk2 not only regulates receptor activity but also interacts
with various signaling molecules, which can affect downstream activity or initiate alternative
signal transduction pathways independently of receptor phosphorylation. For example, it can
modulate cell signaling by interacting with Gag and GBy subunits (Evron et al., 2012). In
addition, emerging evidence suggests that Grk2 phosphorylates various non-GPCR substrates
and has a complex network of functional interactions with proteins including diverse
receptors, molecular switches, structural proteins, scaffolding molecules, and kinases (Penela
et al., 2019). As a result of these interactions and regulatory mechanisms, Grk2 as a key
integrative signaling node, is capable of modulating numerous biological processes such as cell
growth, proliferation, cell motility, and chemotaxis (Cheng et al., 2021). Grk2 is expressed at
high levels in cells of the immune system (Chuang et al., 1992). Notably, alterations in the
expression and activity of Grk2 have been reported in various inflammatory conditions in both
humans and animals, indicating a potential role of this kinase in immune regulation. Reduced
expression levels of Grk2 were found in peripheral blood mononuclear cells from MS and
rheumatoid arthritis patients (Giorelli et al., 2004, Lombardi et al., 1999). However, it was
reported that T cells obtained from MS patients during remission exhibit even lower levels of
Grk2 expression (Vroon et al., 2005). Interestingly, during EAE the expression of Grk2 protein
in spleen cells of Dark Agouti rats is decreased (Vroon et al., 2003). Additionally, Grk2*" mice,
which express only 50% of the Grk2 protein, were found to have an earlier onset of EAE but
did not develop relapses (Vroon et al.,, 2005). These cells also exhibited increased
responsiveness to the chemokines CCL3, CCL4, and CCL5 (Vroon et al., 2004). These studies
suggest that a reduction in Grk2 leads to an increased chemotactic response and thus
presumably to an enhanced migration of T cells into the CNS. However, in our CRISPR/Cas9
screening and subsequent validation experiments, we clearly observed a reduction of T cell
trafficking (Figure 29), leading to an alleviated EAE course (Figure 30).

Our intravital microscopy of Tygp Grk2-KO cell migration in the leptomeninges revealed that
Twmer Grk2-KO cells are able to attach to the blood vessel wall and successfully crawl along it in
a similar manner to NT Tygp cells (Figure 31). However, Tygp cells deficient in Grk2 failed to
accomplish transendothelial migration and as a result their number of extravasated T cells
across the endothelial barrier was markedly reduced. These observations are analogous to
those from a previous study, which examined the effect of Grk2 knockout on the

desensitization of S1IPR1 in T and B cells (Arnon et al., 2011). Based on these findings, we
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hypothesize that the migration deficient phenotype of Tygse Grk2-KO cells is linked to the
S1PR1-S1P axis. The receptor S1PR1 and its ligand S1P have emerged over the past decade as a
central mediator of lymphocyte egress from lymph nodes. S1P is a signaling molecule that that
is abundant in the blood originating from erythrocytes (Pappu et al., 2007), and in the lymph
where it is produced by lymphatic endothelial cells (Pham et al., 2010). Naive T cells increase
their expression of S1PR1, exit the thymus, and migrate towards the blood following the S1P
gradient. Once in the blood, lymphocytes downregulate S1PR1 after binding of S1P, but
upregulate them again upon entering secondary lymphoid organs (Schwab and Cyster, 2007).
Studies in mice with hematopoietic cells deficient in SIPR1 have demonstrated that mature
Tcells are unable to exit the thymus (Matloubian et al., 2004). Additionally, it has been
observed that T cells lacking Grk2-mediated constitutive S1PR1 signaling exhibit a defect in
entering lymph nodes (Arnon et al., 2011), underscoring the critical role of this pathway in
Tcell egress. In our migration experiments we also observed a strong reduction of the
Twmer Grk2-KO cells migration into the CNS organs (meninges, parenchyma, and CNS), but also
into the parathymic lymph nodes indicating a similar mode of action (Figure 29). Arnon et al.
demonstrated that the migration of T cells from the bloodstream to the lymph nodes is
reduced in the absence of Grk2, but this effect is reversed in S1P-deficient mice (Arnon et al.,
2011). Additionally, Grk2 deficient B cells treated with an S1PR1 antagonist displayed a partial
restoration of their ability to migrate to lymph nodes and splenic follicles (Hwang et al., 2019).
Based on this, we established additional Tygp SIPR1-KO and double deficient Tygp Grk2-S1PR1-
KO cells and evaluated them in our co-transfer setup (Figure 32). We found that the trafficking
deficits into the CNS of Grk2-deficient Tygp cells were ameliorated by additional deletion of
S1PR1, suggesting that S1IPR1 indeed mediates the altered T cell trafficking. Interestingly, we
also observed a drastic accumulation of Tygp cells that lacked S1PR1 in the spleen and
parathymic lymph nodes, which strongly resembles what is observed when S1PR1 agonists are
used in the treatment of MS to detain cells from egressing into the blood stream but sequester
them in the lymphatic organs (Sanford, 2014). Fingolimod (FTY720), an FDA-approved
medication, functions as an antagonist by inducing internalization and degradation of the
receptors, thereby decreasing the S1P-S1PR1-dependent egress of lymphocytes from lymph
nodes and reducing the recirculation of autoaggressive T cells through the lymph and blood to
the CNS (Brinkmann et al.,, 2010). Drawing on the literature and our own experimental
findings, we postulate that the migratory deficiency observed in Grk2-deficient T cells is likely
due to the absence of desensitization and internalization of S1PR1. This results in prolonged
retention of the cells in the bloodstream and an inability to overcome the S1P gradient in the

blood, thereby impeding their migration into the CNS.
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Our CRISPR/Cas9 screening in Tygp cells not only allowed us to compare peripheral organs to
CNS organs to identify essential regulators of transmigration across the BBB, but also enabled
us to analyse each comparison individually to identify hits that affect the distribution within
the peripheral and central compartments. As expected, S1PR1 was identified as a
compartment-specific hit that regulates T cell entry and egress from blood to the spleen, as
Tmer SIPR1-KO cells were unable to exit the spleen (Supplementary Figure 1). Interestingly, the
transcription factor KIf2, which is known to regulate S1PR1 expression (Bai et al., 2007), was
significantly depleted in comparisons of CNS tissues with the spleen but not with the blood,
suggesting a potential link between its migration-deficient phenotype and S1PR1 (Figure 6).

Further hits of the CRISPR/Cas9 screening that were only significantly depleted in comparisons
of CNS tissues with the spleen but not with the blood were Arihl and Ube2l3. Notably, those
two were the top hits in the comparison of spleen to blood and T cells deficient of those genes
were even more enriched in the spleen than T cells with a S1IPR1 KO (Supplementary Figure 1).
Arih1 is an E3 ubiquitin-protein ligase and Ube2I3 is an E2 ubiquitin-conjugating enzyme. Both
have been described to interacts together to catalyse the ubiquitination of target proteins
(Wenzel et al., 2011). The similar outcomes of our CRISPR/Cas9 screening and the subsequent
migration studies suggest that both genes work in collaboration through a common
mechanism that is essential for spleen egress of encephalitogenic T cells in our model (Figure
34, Figure 37). Currently, not much is known about Arih1, also known as Human Homolog of
Drosophila Ariadne (HHARI). It has been implicated in tumour immunity (Wang et al., 2020,
Howley et al., 2022), genotoxic stress (von Stechow et al., 2015) and antiviral immunity and
autoimmunity (Xiong et al., 2022). Ube2I3 also known as UbcH7 is widely expressed by
lymphocytes (Cui et al., 2013). Genome-wide association studies have found that genetic
variants in the Ube2I3 region are associated with several autoimmune diseases, including
systemic lupus erythematosus (Wang et al., 2012), rheumatoid arthritis (Orozco et al., 2011),
and Crohn's disease (Fransen et al., 2010). Further it is believed to be implicated in in several
signaling pathways, including NF-kB, as well as autophagy and DSB repair (Zhang et al., 2022).
Studies suggest that Ube2I3 can influence the pathogenesis of inflammatory and autoimmune
diseases by enhancing NF-kB activation (Fu et al., 2014, Lewis et al., 2015). However, the role
of Arihl and Ube2l3 in Tcell egress has not been elucidated yet. Although a mild
downregulation of the VLA-4 receptor was observed in both candidates, this does not appear
to be the sole cause of their increased migratory capacity (Figure 34, Figure 37). This is
evidenced by the fact that Ets1-KO cells, which exhibit a comparable level of VLA-4
downregulation, displayed enhanced migration (Figure 40). Therefore, it seems likely that

other factors are involved in mediating this phenotype. Given their selective enrichment in
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lymphoid organs, it is tempting to speculate that Arihl and Ube2I3 may collaborate in a
mechanism that is relevant to the regulation of S1PR1, especially since it has been suggested
that ubiquitination of S1PR1 triggers its rapid and quantitative degradation and Arihl was
predicted to be an E3 ligase in this process (Oo et al., 2007, Li et al., 2017). However, additional
investigations are needed to determine whether a connection exists between Arih1/Ube2I3

and the modulation of S1PR1.

5.5 Transcription factor involvement in T cell transmigration

In our CRISPR/Cas9 screening, several transcription factors were identified as regulators of
T cell migration, including Cbfb (Figure 6). It is a non-DNA binding subunit that essential for the
transcriptional activity of the three DNA binding CBFa units, also known as Runx proteins and
deleting Cbfb leads to the complete loss of Runx function (Rudra et al., 2009, Speck, 2001). The
Runx-Cbfb heterodimer is involved in definitive haematopoiesis, thymic T cell development
(Taniuchi et al., 2002), and differentiation and function of peripheral T cells (Djuretic et al.,
2007, Komine et al., 2003). It is particularly recognized for its role in maintaining a constant
and elevated level of FoxP3 expression, which is a key determinant of the Treg cell lineage
stability (Rudra et al., 2009, Kitoh et al., 2009). Like Cbfb, the transcription factor Foxol is
implicated in T cell homeostasis and was also identified in our CRISPR/Cas9 screening as
essential regulator (Newton et al.,, 2018, Ouyang et al., 2009). The impaired migration
phenotype of T cells lacking Cbfb and Foxol function may be due to the importance of both
proteins in Tcell differentiation and development and therefore may be attributed to
disrupted T cell function. Nonetheless, it is important to acknowledge that the CRISPR/Cas9
DNA perturbations were performed in already differentiated antigen-activated CD4" T cells.
Foxol has been demonstrated to play a role in promoting the expression of KIf2 and L-selectin
in human T cells (Fabre et al., 2008). Furthermore, in mice, it is required for the expression of
the transcription factor KIf2, the adhesion molecule L-selectin, and the chemokine receptor
CCR7 (Kerdiles et al., 2009, Gubbels Bupp et al., 2009, Ouyang et al., 2009). Given KIf2's
connection to the S1P-S1PR1 axis, it is plausible that all three molecules may operate together
in a shared mechanism. However, further investigation is required to determine whether these
transcription factors have a novel function in T cells that are already differentiated or if they
act through established pathways.

Furthermore, we observed that the absence of the transcription factor Blimp-1, which is
encoded by the Prdm1 gene locus, led to a reduction in T cell trafficking into the CNS during
our CRISPR/Cas9 screening. As a transcriptional repressor, BLIMP-1 plays a critical role in the

regulation of T cell differentiation, homeostasis, and activation and is present in both CD4" and
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CD8" T cells (Martins et al., 2006, Kallies et al., 2009, Rutishauser et al., 2009, Fu et al., 2017).
In T-cell biology, BLIMP-1 is a transcription factor that can function as an activator or a
repressor depending on the cellular context. It has been shown to have a critical role in
regulating the fate of multiple T-cell lineages. BLIMP-1 can inhibit Th1 differentiation, suppress
T follicular helper cell differentiation, and maintain Treg cell function, among other functions
(Cimmino et al., 2008, Johnston et al., 2009, Cretney et al., 2011). Moreover, it plays a part in
regulating the activity of IL-17 producing Th17 cells (Lin et al., 2013, Salehi et al., 2012). The
impact of BLIMP-1 has been evaluated in animal EAE models with inconsistent outcomes; one
study demonstrated that T cell-specific BLIMP-1 deficiency worsened EAE by increasing
encephalitogenic Thl and Th17 cells in the CNS (Lin et al., 2014), whereas another study found
that peripheral deletion of Blimp-1 led to decreased Th17 activation and EAE severity (Jain et
al., 2016). In the same study Blimp-1 has been identified as a crucial transcription factor that
activates the Th17 inflammatory program by inducing the expression of GM-CSF and IFNy in
response to IL-23 (Jain et al., 2016). The observed discrepancies in the role of BLIMP-1 in EAE
could potentially be attributed to variations in the mouse models employed. Nevertheless, this
emphasizes the intricate nature of this transcription factor and underscores the need for
additional investigations to elucidate its function in the context of the observed migration
deficient phenotype in our aT-EAE model.

In our CRISPR/Cas9 screening, the primary objective was to identify positive regulators that
enhance T cell transmigration in the CNS, as they could be potential therapeutic targets for MS
treatment. However, the identification of negative regulators that impede T cell migration
under normal conditions is also of interest, as they could be potentially augmented in a MS
therapy or utilized as a therapeutic approach for other diseases where an increased immune
response is desired, such as brain cancers. One interesting observation is that there are fewer
negative regulators that show a clear effect on Tcell migration compared to positive
regulators. This might be because autoreactive, encephalitogenic Tygp cells, being antigen-
specific and activated, are already predisposed to migrate to the CNS, making it harder to
detect further increases in migration. We identified the Ets1 transcription factor as the top hit
among the positive regulators, as its knock out led to a stronger migration phenotype in all
tissue comparisons (Figure 6). Ets1 has been identified as a susceptibility locus for various
autoimmune diseases, such as systemic lupus erythematosus, rheumatoid arthritis, and atopic
dermatitis, through genome-wide association studies (Sullivan et al., 2000, Yang et al., 2010,
Paternoster et al., 2015). Additionally, in patients with inflammatory bowel disease, Ets1 was
found to be highly expressed in CD4" T cells (He et al., 2022). Ets1 expression is particularly

high in lymphoid cells and has a major influence on the differentiation, survival and
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proliferation of T helper cell subsets (Russell and Garrett-Sinha, 2010). Research has shown
that T cells lacking Ets1 exhibit defects in activation and survival, as well as reduced ability to
produce Thl and Th2 cytokines (Muthusamy et al., 1995, Russell and Garrett-Sinha, 2010).
Ets1-KO mice exhibit a reduction in Treg cell population, and the remaining Treg cells have
decreased suppressive activity in vitro (Mouly et al., 2010). Although CD4" T cells lacking Ets1
expression have been shown to upregulate the expression of IL-17 and other Th17-specific
genes when differentiated into the Th17 pathway (Moisan et al., 2007), we did not observe a
shift in the production of IL-17 or IFNy in our Tygp Ets1-KO cells (Figure 39). Notably, Ets1 was
found to have interactions with other transcription factors that were identified in our
screening. For example, it has been shown to interfere with the activity of the transcription
factor Blimp-1 in B cells (John et al., 2008). In addition, it was shown that Ets1 is required for
Tbx21 to promote interferon-gamma production, which is essential for Thl inflammatory
responses (Grenningloh et al., 2005). Although Etsl has been implicated in various immune
functions, the underlying mechanism by which Ets1 regulates the migration of T cells remains
largely unknown. Our study revealed that Etsl-deficient Tygp cells exhibit an enhanced
migration phenotype into the CNS (Figure 40). Nonetheless, further investigations are
warranted to decipher the precise molecular mechanism by which Ets1 regulates the migration
of T cells into the CNS in the context of aT-EAE.

While the only gene that reached significance in all four tissue comparisons was Ets1, we also
found genes that showed an enhanced migration phenotype in only part of the comparisons.
Little is known about the majority of these genes, and none of them have been previously
associated with promoting T cell migration. Among those was the tyrosin kinase Jak3, which
absence was shown to have a defect in very early T-cell development as well as impaired
chemokine-induced migration (Soldevila et al., 2004, Baird et al., 2000), Further it was shown
that Jak3-deficient T lymphocytes have intrinsic defects in CCR7-mediated homing to
peripheral lymphoid organs (Garcia-Zepeda et al., 2007). How this reconciles with our
observed phenotype of increased migration in Jak3-deficient T cells will require further
research. Additional candidates that emerged from our CRISPR/Cas9 screening were relatively
understudied, such as the ZFP407 gene that encodes for Zinc finger protein 407, which has
only been described in the context of glucose homeostasis (Buchner et al., 2015). Additionally,
Adgre4 that encodes for the GPCR EMR4, is thought to play a role in immunity related to cell
adhesion and migration due to the fact that it is almost exclusively expressed on leukocytes
(Kwakkenbos et al., 2004). Nevertheless, the precise mechanism by which this protein
operates in these processes remains obscure. Another hit was the formyl peptide receptor 3

(FPR3), which is a member of the formyl peptide chemoattractant receptor family belonging to
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the GPCR. It is known to be involved in inflammation and antibacterial host and was further
identified as a critical gene in the pathogenesis of the autoimmune disease cutaneous lupus
erythematosus (Gao et al., 2022). Unlike other formyl peptide receptors that have been linked
to leukocyte trafficking and immune responses, FPR3's role in these processes is not well
characterized (Chen et al., 2017). Therefore, subsequent investigations are required to uncover

the molecular mechanisms driving these gene effects.
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6 CONCLUSION

In this work, we performed an in vivo unbiased genome-wide CRISPR/Cas9 KO screening in
activated encephalitogenic CD4" Tygp cells using an adoptive-transfer EAE model in Lewis rats.
Through this approach, we identified essential positive and negative regulators of T cell

transmigration across the BBB into the CNS.

To gain a deeper understanding of the role of the identified candidates in regulating T cell
migration, our second objective was to validate them by generating single KO Tygp cells and
investigate their mechanism of action. Through a combination of in vitro and in vivo
techniques, including surface protein and cytokine stainings, chemotactic and migration assays
as well as intravital two-photon microscopy experiments, we grouped the identified hits into

modules related to adhesion, chemotaxis, egress, and ubiquitination.

As expected, some of the molecules identified in our screening were already known to be
involved in T cell migration and some are even used in MS therapy already. This highlights the
applicability of our screening approach and suggests that additional discovered molecules may
also have clinical relevance. In this work we have elucidated the mechanism of action of Grk2,
which operates through the S1PR1 axis but disrupts the T cell migration process at a distinct
stage compared to S1PR1 KO. Additionally, we could underscore the importance of Cxcr3
mediated signaling and discover completely unknown genes that have the potential to limit
T cell migration, such as Arihl and Ube2I3. Unravelling their mechanisms of action is one of

our next objectives.

Overall, this comprehensive characterization of distinct molecular modules sheds light on the
intricate regulatory mechanisms underlying T cell migration in the context of EAE. These
findings contribute to a deeper understanding of the pathogenesis of autoimmune diseases

and may hold potential for the development of novel therapeutic strategies.
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SUPPLEMENT

Table 5 INDEL frequency of KO genes

Target gene INDEL % by ICE (Synthego)

N.A. reduced protein counts were detected in proteomics

Arihl
n analysis (data not shown)
CCR5 Clone 1: 88 %
Cxcr3 Clone 1: 77 %
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Itgbl Twuee Itgb1-KO cells were enriched by sorting based on protein
surface expression from around 60 % KO to almost 100 % KO
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Supplementary Figure 1 Compartment specific T cell migration

Results of the validation screening depicting the top-ranking genes whose KO showed impaired (left) or
enhanced (right) migration of Tygpcells to the spleen compared to blood. In the middle
log2(Fold Change) heatmaps showing on the top panel positive regulators of Tygp cell entry to the
spleen from the blood (KO impairs migration, purple) and the lower panel negative regulators of spleen
migration (KO enhances migration, yellow) Stars indicate, for all heatmaps, p-value < 0.05, absolute
log2(Fold Change) >3 standard deviations of the log2(Fold Changes) of the controls and >3
“neg/pos|goodsgrna”. Modified from (Kendirli et al., 2023).
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