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Abstract

Multiple Sclerosis (MS) is an inflammatory demyelinating autoimmune disease of the brain and
spinal cord. In healthy conditions, the infiltration of immune cells into the central nervous system
(CNS) is tightly controlled by the blood-brain barrier (BBB). In MS, however, activated myelin-
specific T cells can cross the BBB and accumulate in the CNS. After re-activation, they then recruit
and instruct other immune cells including monocyte-derived macrophages that contribute to
tissue damage. In my thesis, | used CRISPR gene editing in MS models to perform a comprehensive
characterization of two critical steps in the disease pathogenesis, the CNS infiltration of T cells

and the local instruction of phagocyte phenotypes.

In the first part of my thesis work, we used an adoptive T-cell transfer EAE model in Lewis rats to
perform an in vivo genome-wide loss-of-function CRISPR screen in Myelin Basic Protein (MBP)-
specific T cells (Tmep). Our CRISPR screen identified the essential genes required for Twmep cell
transmigration into the CNS, which included previously reported regulators such as Itga4, Fermt3,
Cxcr3, as well as novel regulators such as Grk2. In vivo two-photon imaging experiments
performed by our collaborators revealed that Grk2-deficient Tmee cells can attach to the
intraluminal surface of the blood vessels and crawl similarly to control Twmgp cells, but they fail to
extravasate to the abluminal side, which also prevents EAE. This impaired transmigration
phenotype was rescued upon the knockout (KO) of Sphingosine-1-phosphate receptor (S1pri),
suggesting that Grk2 executes its function on transmigration through the S1prl regulation. We
also found that Ets1 acts as an inhibitor of T cell migration, since Etsl-deficient Twmep cells were
enriched in CNS compartments. Overall, our genome-wide in vivo CRISPR screen identified
regulators of MBP-specific T cell migration, paving the way for the discovery of new therapeutic

targets in MS.

In the second part of my thesis, | focused on the molecular regulation of phagocyte phenotypes
in the inflamed CNS. This is of interest as monocyte-derived macrophages, a highly abundant cell
type in MS and EAE inflammatory lesions, can perform dual functions and contribute to both the
formation and resolution of CNS lesions. When exposed to lesion microenvironments, these

phagocytes develop into pro-(Minos) and anti-(Mar1) inflammatory phenotypes, which are



associated with microbicidal activity and tissue repair, respectively. Here, we developed a novel
method for studying the polarization dynamics of macrophages in vivo in the inflamed CNS by the
adoptive transfer of Hoxb8 cells, immortalized bone marrow progenitor cells, into EAE-induced
mice. Given the unlimited proliferative capacity of Hoxb8 cells in vitro, CRISPR manipulations
could be introduced before transferring them to EAE-induced animals. We showed that in vitro
myeloid-primed Hoxb8 cells complete their differentiation into monocytes in vivo, which are then
recruited to the inflamed spinal cord in a Ccr2-dependent manner during EAE. In the CNS, they
become macrophages and exhibit polarization characteristics comparable to endogenous
macrophages. We performed an in vivo CRISPR screen using this Hoxb8 transfer model, targeting
cytokine receptors and their key signaling intermediates, and discovered that TGF-B and GMCSF
are both required to drive cells to the Marg1 phenotype, while IFN-y and TNF-a are required to
drive cells to the Minos phenotype. Surprisingly, none of the classical Marg1 driving cytokines such
as IL4, IL13, or IL10 play a role in our active EAE model. Moreover, we demonstrated the
synergistic effects of TGF-B and GMCSF on Marg polarization and IFN-y and TNF-a on Minos
polarization in classical bone marrow-derived macrophages (BMDM:s) in vitro. Overall, our in vivo
CRISPR screen in Hoxb8-derived macrophages identified cytokines that regulate macrophage
activation and polarization towards Marg1 and Minos phenotypes, shedding light on the complex
cytokine milieu of the inflamed spinal cord during EAE. Furthermore, our Hoxb8 transfer model
offers a highly useful tool for studying the role of monocytes/macrophages in health and disease

in vivo.

Overall, | believe that using in vivo CRISPR screens in animal models of MS to identify essential
regulators of T cell transmigration and macrophage polarization will improve our understanding
of disease initiation, progression, and resolution, and thus contribute to the development of

targeted therapeutic strategies for MS.
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1. INTRODUCTION

1.1 Multiple Sclerosis

1.1.1 Epidemiology and Risk Factors

Multiple Sclerosis (MS) is an autoimmune disease of the central nervous system (CNS), where the
dysregulated immune system targets myelin proteins, leading to impaired function of the nervous
system. Based on a 2020 global study, approximately 2.8 million people worldwide have MS (The
Multiple Sclerosis International Federation, September 2020). This disease affects mostly young
adults with an onset age range of 20 to 45 years. The prevalence and incidence of MS are higher
in Western developed countries and the female to male ratio of MS is 3:1 (Figure 1), both of which
suggest that several genetic and environmental factors might play a role (Alonso & Hernan, 2008)
(Palacios, Alonso, Brgnnum-Hansen, & Ascherio, 2011) (Napier et al., 2016). Although the direct
cause of MS remains unknown, it has been shown that a combination of genetic and
environmental factors can contribute to the disease development. Epstein-Barr virus (EBV)
infection, low vitamin D levels, exposure to ultraviolet B-light (UVB), obesity and smoking are well
known environmental risk factors for MS development (Ascherio, 2013) (Ramagopalan, Dobson,
Meier, & Giovannoni, 2010) (Olsson, Barcellos, & Alfredsson, 2017). In a more recent study
involving a cohort of 10 million people over the course of 20 years, it was discovered that after
infection with EBV, the risk of developing MS increased 32-fold, with no link to other viruses
(Bjornevik et al., 2022). As for the genetic factors, genome-wide association studies (GWAS) have
identified over 230 genetic risk variants for MS mainly including polymorphisms in HLA class | and
Il genes and in other genes associated with immune function such as TNFR1, IL7R, IL2RA (Cotsapas
& Mitrovic, 2018) (Beecham et al., 2013). A more recent GWAS has identified MS risk genes not
only in peripheral innate and adaptive immune cells but also in CNS resident microglia cells,
however it failed to associate any to astrocytes or neurons (International Multiple Sclerosis

Genetics Consortium, 2019).
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There are 2.8 million people living with MS worldwide.

Figure 1 | Worldwide prevalence of MS. Around 2.8 million people worldwide have MS with a
high prevalence in Western countries. Image taken from The MS International Federation’s Atlas
of MS, 2020.

1.1.2 Clinical Features of MS

As MS lesions can occur throughout the CNS a broad range of neurological symptoms can be
observed that often affect vision and locomotion (McAlpine, Lumsden, & Acheson, 1972). There
are four types of MS that have been defined based on the clinical course of the disease by the
International Advisory Committee on Clinical Trials of MS (Lublin et al., 2014) (Figure 2). Typically,
when a person develops an initial clinical attack resembling MS, it is classified as a clinically
isolated syndrome (CIS). The majority (about 85%) of MS patients develop relapsing-remitting MS
(RRMS), which is characterized by clinical attacks at irregular intervals with full or partial recovery.
Secondary progressive MS (SPMS), characterized by progressive worsening of the disease, is
developed by most patients with RRMS 10-15 years after onset. Primary progressive MS (PPMS)
affects approximately 10% of MS patients, showing a gradual and continued disease progression
without early relapses or remissions. Lastly, a rare form of MS, progressive relapsing MS (PRMS),
is seen in less than 5% of the patients and shows progressive disease course from the onset with

no remission intervals. Each MS type can have active or inactive lesions in the brain and spinal
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cord, detected by magnetic resonance imaging (MRI). MRI scans are not only the key to
diagnosing MS, but also very useful to follow disease progression and to evaluate response to
treatments. In addition to MRI scans, clinical signs and cerebrospinal fluid (CSF) examinations are
considered for the diagnosis of MS along with other guidelines included in the McDonald criteria
(A. ). Thompson et al., 2018). MS-like abnormalities detected with MRI in the absence of clinical
symptoms are classified as asymptomatic MS or radiologically isolated syndrome (RIS) (De Stefano
et al., 2018). Approximately 34% of people with RIS develop MS in the next 5 years (Okuda et al.,

2014), indicating a potential window for pre-symptomatic diagnosis.

CIS
Pre-symptomatic Relapsing-remitting Secondary Progressive Inflammatory

A relapses

Clinical Disability

---------- Clinical threshold

Clinical Disability

v

Time

Figure 2 | Clinical course of MS. The first episode of clinical symptoms before developing MS is
referred to clinically isolated syndrome (CIS). Relapsing-remitting MS (RRMS) is characterized by
inflammatory relapses at irregular intervals. Secondary Progressive MS (SPMS) is characterized by
progressive and irreversible clinical disability. Based on Figure 1 from (Massimo Filippi et al., 2018)

1.1.3 Treatment options for MS

Until now, there is no FDA-approved curative treatment for MS. Currently, available treatments
include disease-modifying therapies (DMT) directed to reduce disease activity and progression,
and treatments aimed at reducing the main symptoms in order to improve quality of life. Acute
MS relapses can be treated with short-term high-dose corticosteroids to reduce the duration of

the relapse and to minimize the neurological damage (La Mantia et al., 1994). Although there are
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several available DMTs with different mechanisms of action, they are mostly used to treat RRMS
patients as they show no or only limited benefits for PPMS patients (Filippini et al., 2013),
indicating the need for better understanding of MS pathology in order to provide better
treatments for the different types of disease. Current DMTs are either immunomodulatory such
as interferon-beta (IFNB), glatiramer acetate, and teriflunomide, or immunosuppressants such as
fingolimod, natalizumab, and ocrelizumab. Immunomodulatory DMTs are often used as first-line
treatment for RRMS patients as they show moderate but safe effects. On the other hand,
immunosuppressant DMTs, are more commonly used as a second-line treatment, as they are
more effective but with a higher risk profile (M. Filippi et al., 2018). More recently, the success of
depleting B cells in MS with anti-CD20 therapies revealed the importance of B cells in MS
pathology (Greenfield & Hauser, 2018). The anti-CD20 monoclonal antibody, Ocrelizumab, is the
first FDA-approved drug used for the treatment of patients with PPMS (Montalban et al., 2017).
In addition to the DMTs, treatments with neuroprotective and remyelinating functions are in
clinical trials and may show beneficial effects with fewer side effects compared to existing DMTs
(T. Kapoor & Mehan, 2021) (Hooijmans et al., 2019). In a more recent study, an mRNA vaccine,
coding for disease-related autoantigens, has been shown to provide antigen-specific immune
tolerance with no other effect on immune function, resulting in the suppression of disease in
animal models of EAE (Krienke et al.,, 2021). Developing mRNA vaccines to induce
immunosuppression towards autoantigens stands as a very promising therapy for MS and points

out the importance of personalized medicine.

1.1.4 Immunopathology of MS

Inflammatory demyelinating lesions in the white and gray matter of the brain and spinal cord are
the pathological hallmarks of MS. MS is traditionally thought to be a two-stage disease, with the
early inflammatory phase causing relapsing—remitting disease and the neurodegenerative phase
causing non-relapsing disease (Steinman, 2001) (Leray et al., 2010). These two phases implicate
multiple cell types in MS pathology, as they link peripheral innate and adaptive immune systems
with CNS resident cells. Macrophages and CD8+ T cells are the predominant cell types in the early
stages of active demyelinating lesions, when inflammation is more pronounced, whereas CD4+ T

cells, CD20+ B cells, and plasma cells are found in smaller numbers at first, increasing as the
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disease progresses (Chard et al., 2002). Although recent studies have shown that interactions
between the peripheral immune system and CNS can exist through skull channels and meningeal
lymphatic vessels (Cugurra et al., 2021) (Brioschi et al., 2021), the CNS is thought to be an
immune-privileged tissue, with tightly controlled trafficking of immune cells by the blood-brain
barrier (BBB), which protects the neurons in the CNS (Forrester, McMenamin, & Dando, 2018).
During MS, BBB breakdowns due to the effect of pro-inflammatory cytokines and chemokines
such TNF, IFN-y, IL-6, IL1-B produced by CNS resident cells, endothelial cells, or infiltrating
immune cells, allows more trans-endothelial migration of activated T cells, B cells, and
macrophages which further contributes to inflammation and neurodegeneration (Ortiz et al.,
2014) (Frohman, Racke, & Raine, 2006). The pro-inflammatory environment is also sensed by CNS
resident cells, such as microglia and astrocytes, which makes them involved in neuro-axonal
damage through the production of neurotoxic mediators and reactive oxygen species (ROS) (J. M.

Frischer et al., 2009).

Cortical gray matter lesions, which are more prominent in PPMS and SPMS patients, have
characteristics of lower degree BBB breakdown, less inflammation, and more efficient
remyelination compared to white matter lesions, underlying different pathophysiological
mechanisms of lesion formation and resolution between gray and white matter (Vercellino et al.,
2009) (Strijbis, Kooi, van der Valk, & Geurts, 2017). Synaptic loss has been also observed in MS
patients with normal-appearing cortex even outside of demyelinated cortical lesions (Jirgens et
al.,, 2016). A recent study in an animal model of MS has shown that activated microglia and

invading macrophages can cause synaptic removal by phagocytosis (Jafari et al., 2021).

Remyelination can occur in demyelinated lesions (Strijbis et al., 2017). Although the degree of
remyelination differs based on several factors such as the location of a lesion, the duration of
inflammation, the presence of myelin-producing oligodendrocyte and its progenitors, it is more
pronounced at early phases of MS and in younger individuals, whereas it decreases in PPMS and
SPMS patients (Goldschmidt, Antel, Kdnig, Briick, & Kuhlmann, 2009). Since demyelination is a
key factor in MS pathology, it has been considered that CNS autoantigens, which can be
composed of myelin-derived peptides, are the main drivers of autoreactive T cells. Indeed, it has

been shown that antigens such as myelin basic protein (MBP), proteolipid protein (PLP), and
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myelin oligodendrocyte glycoprotein (MOG) can be recognized by circulating CD4+ T helper cells
(Bielekova et al., 2004). The antigens can be presented to T cells by antigen-presenting cells (APCs)
such as dendritic cells, macrophages, and B cells both in the periphery and CNS (Bar-Or, 2008).
There are two main types of CD4+ T helper cells that contribute to the disease progression by
secreting their signature cytokines; IFN-y secreting T helper 1 (Th1) cells and IL-17 secreting T
helper (Th17) cells (Cao et al.,, 2015). CD4+ T cells are also known to produce Granulocyte-
macrophage colony-stimulating factor (GM-CSF) which contributes to inflammation by activating
myeloid cells (Rasouli et al., 2015). Another aspect of aberrant autoreactive T cells activation is
inadequate suppressor function of regulatory T cells (Tregs) Which can express anti-inflammatory

cytokines such as IL-10 (Kaskow & Baecher-Allan, 2018).

The role of B cells in MS has been recently more appreciated due to the success of selective anti-
CD20 treatment, including in progressive MS (Montalban et al., 2017). B cells expressing pro-
inflammatory cytokines such as IL-6, GM-CSF, and TNF and reduced expression of the regulatory

cytokine IL-10 have been found in MS patients (Bar-Or et al., 2010).

As one of the abundant cell types in lesions, macrophages play a dual role in MS pathology by
contributing both to the initiation and resolution of inflammation (Briick et al., 1996). Pro-
inflammatory macrophages can cause demyelination and axonal damage, whereas anti-
inflammatory macrophages contribute to tissue repair and resolution of inflammation (see
section 1.4 for more detailed discussion). Their functional plasticity is dictated by cytokines
secreted from other immune cells and CNS resident cells. While most available treatments are
focused to reduce the trafficking or depleting leukocytes, targeting macrophage plasticity to drive
them into a further tissue repair phenotype holds a potential therapeutic approach (Nally, De

Santi, & McCoy, 2019).

1.2 Animal models of MS

Experimental autoimmune encephalomyelitis (EAE) is a broadly used animal model to study MS
pathology. EAE was initially induced by delivering CNS tissue homogenate as a source of CNS
autoantigens which required multiple injections to achieve robust disease incidence (Rivers,

Sprunt, & Berry, 1933). Later, by the discovery of complete Freund’s adjuvant (CFA), a mix of
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Freund’s Adjuvant, which enhances the immunogenicity of antigens, and heat-inactivated
mycobacteria tuberculosis as a strong immune stimulant (Kabat, Wolf, Bezer, & Murray, 1951),
and by the identification of disease-causing CNS autoantigens such as MBP, MOG, PLP, highly
reproducible EAE models were obtained (Mendel, Kerlero de Rosbo, & Ben-Nun, 1995). Since
then, several EAE models have been established to cover multiple different aspects of MS
pathology such as inflammation, demyelination, and glial scar formation (Lassmann & Bradl,

2017).

1.2.1 Passive T-cell transfer model

The concept that MS might initially be driven by auto-aggressive T cells found in the periphery
originated after studies in animal models showed that adoptive transfer of antigen-specific T cells
that are propagated in vitro is sufficient to trigger an encephalomyelitis in healthy recipients (Ben-
Nun, Wekerle, & Cohen, 1981). In the Lewis rat model described by Ben-Nun et al (1981), the
transfer of MBP-specific encephalitogenic T cells, but not of ovalbumin (OVA)-specific T cells,
induced strong inflammation in the CNS, leading to clinical signs three days after the transfer,
followed by clinical recovery in the next few days with the resolution of inflammation. These T
cells are activated CD4 Twl lymphocytes that are activated by recognizing MBP peptides via MHC
class Il. Rapid inflammatory CNS pathology following adoptive transfer of T cells is not restricted
to myelin antigens only; T cells that are specific to autoantigens derived from neurons and
astrocytes can also induce EAE (Wekerle, Kojima, Lannes-Vieira, Lassmann, & Linington, 1994),
although pathology induced by specific autoantigens shows differences in location and cellular
content of inflammation (Berger et al., 1997). MBP-specific T cells induce massive inflammation
in the spinal cord, while the forebrain is mostly unaffected. Upon intravenous transfer of MBP-
specific T cells, a small number of cells can be found in the CNS before the onset, but the majority
of cells travel first to lymph nodes, the lung, and the spleen, where they gain a functional
migratory phenotype by changing their gene expression profile to overcome the BBB and reach
the CNS (Flugel et al., 2001) (Bartholomaus et al., 2009) (Odoardi et al., 2012). Cells that encounter
antigens in the CNS become reactivated, leading to massive inflammation and further breakdown
of the BBB (Kawakami et al., 2005). Although the disease course is monophasic and there is little

demyelination, the passive T cell transfer model is particularly suitable to study two key aspects
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of T cell-mediated CNS pathology that can shed light on our understanding of MS: how T cells
overcome the BBB and enter the CNS and how they remain in there and how their reactivation

contributes to the inflammation.

Passive EAE can also be induced in mice by adoptive transfer of in vitro polarized CD4+ Th
subtypes (Th1l, Th17, Th9), obtained from MOG-specific TCR transgenic mice (2D2), to naive
syngeneic recipients (Jager, Dardalhon, Sobel, Bettelli, & Kuchroo, 2009). The lesion pathology
induced in the CNS by each subset of Th cells differs anatomically (Peters et al., 2011) and
mechanistically (Rothhammer et al., 2011), indicating the various contributions of different Th

subtypes to the disease.

1.2.2 Active EAE model

Active immunization of myelin antigens emulsified with CFA also requires the injection of
pertussis toxin (PTX), a protein-based exotoxin produced by the bacterium Bordetella pertussis,
to generate more robust disease incidence in mice (Bernard & Carnegie, 1975). The exact
mechanism of PTX remains unknown, however, studies have shown that PTX can increase the
permeability of BBB (Lu et al., 2008), and can enhance auto aggressive T cells activation by
inhibiting peripheral anergy (Kamradt, Soloway, Perkins, & Gefter, 1991) or suppressing
regulatory T cells (Chen et al., 2006). The most widely used antigens for sensitization in C57BL/6
mice are recombinant MOG35-55 or MOG1-125, which induce acute EAE with clinical signs within
10-12 days followed by remission and recovery of symptoms (Bettadapura, Menon, Moritz, Liu,
& Bernard, 1998). Different types of EAE can also be induced by using different genetic
backgrounds, different antigens, or different peptide epitopes. For example, PLP139-151 peptide-
induced EAE in SJL mice and MOG-induced EAE in Biozzi ABH mice show a relapsing disease course
(Whitham et al., 1991) (Amor et al., 1994), whereas MOG-induced EAE in NOD mice follows a
progressive course (Basso et al., 2008). Identification of new peptides and epitopes that drive
autoreactive T cells will help researchers to establish different EAE models (Siewert et al., 2012).
Active EAE generates strong MHCII-restricted autoreactive CD4+ T cells (Th1l and Th17) responses
which cause acute inflammation and axonal damage exclusively in the spinal cord, while the
forebrain is mostly not affected as in the passive T cell transfer Lewis rat model (Niki¢ et al., 2011).

The relative contribution of Th1l and Th17 cells to the pathology has not been very clear yet as
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the expression of both signature cytokines IFN-y and IL17A is enhanced in lesions, and they might

even be simultaneously expressed (Kebir et al., 2009).

Although EAE is a heterogeneous disease depending on the genetic background of the mice and
antigen used, mouse EAE models present a powerful tool to improve our understanding regarding

different aspects of the disease.

1.3 T cell trafficking into the CNS

CNS homeostasis is protected from rapid changes in the bloodstream by the endothelial BBB in
parenchymal and meningeal microvessels and the epithelial blood-cerebrospinal fluid barrier
(BCSFB) in the choroid plexus. In addition to BBB, the glia limitans, composed of astrocytic endfeet
and basal membrane of the parenchyma, provides a second barrier to protect the CNS
parenchyma (Coisne & Engelhardt, 2011) (Owens, Bechmann, & Engelhardt, 2008). The BBB
tightly controls the movement of molecules as well as migration of peripheral immune cells due
to their highly complex network of adherens junctions (AJs) and tight junctions (TJs), expressed
by endothelial cells of the CNS, compared to peripheral vascular endothelial cells (Daneman,
2012). For example, VE-cadherin, Claudin-5, Occludin, and junctional adhesion molecules (JAMs),
expressed by CNS endothelial cells, are important for BBB function (Abbott, Patabendige, Dolman,
Yusof, & Begley, 2010). It has been also shown that CNS endothelial cells can present myelin

antigens to T cells via MHCII to facilitate the migration of T cells (Lopes Pinheiro et al., 2016).

As a part of normal CNS immunosurveillance, immune cells can enter the CSF-draining
perivascular and leptomeningeal spaces to search for CNS antigens by interacting with APCs
remaining outside of the CNS parenchyma. However, during EAE, clinical signs occur when
immune cells also penetrate through the glial limitans in order to reach the CNS parenchyma
where they cause tissue damage. Adoptive transfer of non-CNS antigen-specific T cells (Tova) leads
to their accumulation within the leptomeninges but not in the CNS parenchyma, compared to
Twmep cells, therefore causing no clinical signs (Bartholomdus et al.,, 2009). CNS antigen
autoreactive T cells become licensed in the lung and gain migratory capacity in the periphery by
downregulating some activation markers and upregulating chemokine and adhesion molecules

on their surface to be able to cross the BBB to the CNS where they get reactivated and contribute
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to inflammation (Fligel et al., 2001) (Odoardi et al., 2012). Those chemokine and adhesion
molecules are then required to interact with endothelial cells on the BBB to complete the multi-
step process of T cell transmigration, starting with rolling and capture of T cells at the
endothelium, continuing by chemokine-induced integrin activation, followed by arrest and

crawling, and finally diapedesis (extravasation) of cells (Engelhardt & Ransohoff, 2005) (Figure 3).

Upon antigen recognition during CNS immunosurveillance, the initial steps of neuroinflammation
start by triggering the endothelial cells to upregulate signals to enhance T cell tethering and
rolling. Live imaging analysis during EAE has shown that the interaction between inflamed brain
and spinal cord microvessels and T cells is mediated by PSGL-1 with its endothelial ligand P-
selectin (Kerfoot & Kubes, 2002). High levels of PSGL-1 expression have been also found on CD4+
T cells of MS patients (Bahbouhi et al., 2009). However, the lack of either PSGL-1 or P/E-selectin
did not prevent T cell invasion to CNS parenchyma and therefore EAE development in mice,
although T cell rolling was abrogated (Sathiyanadan, Coisne, Enzmann, Deutsch, & Engelhardt,
2014). After tethering and rolling, the firm adhesion of T cells to the vascular endothelium
requires activation through signaling mediated by G-protein-coupled receptors (GPCRs) on the
surface of T cells (Piccio et al., 2002). This signaling leads to clustering and a conformational
change in the integrin molecules, increasing the ligand-receptor binding affinity. Several
chemokines such as CCL19 and CCL21 are expressed on the luminal side of the BBB have been
found to trigger CCR7+ T cell arrest during EAE (Holman, Klein, & Ransohoff, 2011). It has also
been shown that MBP-specific T cells upregulate chemokine receptors such as CXCR3, CXCR4, and
CCR5 before entering the leptomeninges and CNS parenchyma, and blockage of CXCR3 or CCR5

prevents T cell entrance to the CNS (Schlager et al., 2016).

In EAE, inflammation upregulates the expression of adhesion molecules ICAM-1 and VCAM-1 in
endothelial cells at the BBB, and in epithelial cells at the BCSFB, facilitating the arrest of
encephalitogenic T cells by binding to their respective ligands LFA-1 (aLB2) and VLA-4 (a4p1)
(Steffen, Butcher, & Engelhardt, 1994). The interaction of LFA-1 with ICAM-1 and VLA-4 with
VCAM-1 has been shown to cause a firm adhesion of T cells on the cerebral vessels in vitro
(Greenwood, Wang, & Calder, 1995) as well as in MS lesions (Sobel, Mitchell, & Fondren, 1990).
Although T cell arrest is mediated by both interactions, LFA-1 interaction with ICAM-1 and ICAM-
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2 is necessary for the polarization and crawling of cells to find a spot for diapedesis on the
endothelium. However, in the absence of ICAM-1 and ICAM-2, T cells can still get arrested by VLA-
4 and VCAM-1 interaction (Steiner, Coisne, Cecchelli, et al., 2010). Different subtypes of T cells
can preferentially use one or the other of the interactions to enter the CNS. For example,
antibody-mediated inhibition of the VLA-4 and VCAM-1 interaction prevents Thl cells to enter
the spinal cord, whereas Th17 entry into the CNS parenchyma is dependent on LFA-1 and ICAM-
1 interaction (Rothhammer et al., 2011). Furthermore, EAE driven by Thl mediated adoptive
transfer of Twvep cells in Lewis rats is strongly reduced with anti-VLA-4 antibody but unaffected by
anti-LFA-1 treatment, although treatment of both antibodies instantly detaches T cells from the
luminal walls (Bartholomaus et al., 2009). Natalizumab, a monoclonal anti-VLA-4 antibody, has
been approved for RRMS and has been shown to be beneficial in slowing the disease progression
(Hutchinson, 2007). On the other hand, Natalizumab is not beneficial for the progressive forms of
MS (R. Kapoor et al., 2018), indicating differences in the immunopathological mechanisms of MS

types.

Arrested T cells crawl along the CNS microvessels to find a permissive site for diapedesis.
Transendothelial migration of T cells can happen through intercellular junctions and through cell
bodies, referred to as paracellular and transcellular migration, respectively (Mickael et al., 2021).
Tight junctions on the endothelial barrier undergo rapid remodeling to facilitate paracellular
migration (Winger, Koblinski, Kanda, Ransohoff, & Muller, 2014). During the transmigration,
ICAM-1 and VCAM-1 cluster, forming cup-like transmigratory structures (Carman & Springer,
2004), which trigger phosphorylation cascades, production of nitric oxide (NO), and ROS by
endothelial cells (Martinelli et al., 2009). Although the mechanisms of choice for transmigration
routes remain to be investigated, there are several factors that can play a role, such as shear
force, type of T cells, inflammatory induced changes in the expression of junctional and adhesion
proteins. For example, studies have shown that inflammation-induced high cell surface levels of
ICAM-1 favor transcellular migration of T cells (Abadier et al., 2015) by recruiting ICAM-1 to

caveola- and F-actin-rich areas (Millan et al., 2006).

After transmigration of T cells to the other side of the endothelial barrier, as the last step of

immune trafficking into the CNS, the cells need to cross the glia limitans. The interaction of
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laminin a4 at the endothelial basement membrane with a6B1 integrin on T cells facilitates
migration across glia limitans. Indeed a4-laminin deficient mice are less susceptible to EAE,
although this is partially due to migration inhibitory effect of laminin a5 (Wu et al., 2009). During
EAE, CXCR7 upregulation leads to internalization of endothelial CXCL12 which removes the
migration inhibitory effect of CXCL12, allowing T cell migration (Cruz-Orengo et al., 2011). In
comparison to the endothelial basement membrane, glial limitans are enriched for laminin al
and a2, which T cells have no ligands for (Sixt et al., 2001). Therefore, T cells are dependent on
matrix metalloproteinases (MMPs) such as MMP-2 and MMP-9 to cleave B-dystroglycan
anchoring astrocyte endfeet to the parenchymal basement membrane (Agrawal et al., 2006) and

enhance T cell transmigration during EAE (Song et al., 2015).

Transmigration of lymphocytes is a multi-step process and involves multiple different cell types,
which contributes to the complex regulation of the process. Therefore, further understanding of

the process will be helpful to target each step more specifically.



INTRODUCTION 13

m an i av) M)
CaPture/ Activation Arrest Crawling Diapedesis
Rolling paracellular or

transcellular

Blood stream

Subarachnoidal space

lia limitans superficialis

o2 o ® ® ® [

CNS parenchyma

Figure 3 | Multi-step T cell transmigration across the BBB. During neuroinflammation T cells and
endothelial cells express adhesion molecules to enhance the initial steps of T cell transmigration,
capture and rolling (1). T cells then undergo chemokine(C)-induced integrin activation (II) mediated
by GPCR signaling. The interactions between VLA-4 (a4B1) with VCAM-1 and LFA-1 (aLB2) with
ICAM-1 are required for T cell arrest on the endothelium (lll). T cells can crawl on the luminal
surface of endothelium against the direction of blood to search for a spot for diapedesis (V). After
diapedesis, T cells interact with macrophages (M) in the subarachnoidal space to enhance the
inflammation. To enter CNS parenchyma, T cells finally need to across the glia limitans barrier,
composed of astrocytic (Ast) end-feet and basal membrane of the parenchyma. Based on Figure
3 from (Engelhardt & Ransohoff, 2012).

1.4 Macrophage polarization in lesions

CNS homeostasis is maintained by the CNS parenchyma resident macrophages (microglia),
derived from embryonic yolk sac progenitors during embryonic development. Microglia,
therefore, enter the CNS before BBB formation. Microglia play an important role in the

homeostatic function of the nervous system and provide immunosurveillance in the CNS
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(Nimmerjahn, Kirchhoff, & Helmchen, 2005). Although CNS resident non-parenchymal
macrophages such as perivascular, meningeal, and choroid plexus macrophages are also derived
from the same embryonic progenitor populations, choroid plexus macrophages can be replaced
by blood-borne monocytes (Goldmann et al., 2016). On the other hand, macrophages that are
massively recruited during EAE or MS are mostly derived from peripheral monocytes which are
not present in the CNS in healthy conditions (Henderson, Barnett, Parratt, & Prineas, 2009)
(Ajami, Bennett, Krieger, McNagny, & Rossi, 2011). A recent study has also shown that the bone
marrow of the skull and vertebrae can supply monocytes/macrophages to the meninges during
CNS neuroinflammation through specialized channels between the skull and dura. These bone
marrow-recruited monocyte/macrophages display different transcriptional profiles compared to

their blood-derived counterparts (Cugurra et al., 2021)

As one of the major cell types of inflammatory lesions in MS and in EAE, macrophages gained
attention after it was shown that disease severity during EAE correlates with the number of
infiltrating monocyte/macrophages, regardless of the specificity and number of T cells (Berger et
al., 1997) (McQualter et al., 2001) (Briick et al., 1996). Activated macrophages can secrete several
soluble factors associated with tissue damage such as NO, ROS, MMPs, proteases, and
excitotoxins (Redford et al., 1997). On the other hand, macrophages can also contribute to the
lesion resolution by their tissue repair functions and secretion of neuroprotective factors
(Hohlfeld, Kerschensteiner, Stadelmann, Lassmann, & Wekerle, 2000). The high degree of the
functional plasticity of macrophages, mostly regulated by secreted chemokines and cytokines by
other cell types in the lesion area, allows them to have a dynamic spectrum of activation and to
play a dual role in MS. Macrophages responsible for tissue damage or tissue repair are defined as
two ends of the spectrum, pro-inflammatory (M1-like) and anti-inflammatory macrophages (M2-

like), respectively (Murray et al., 2014).

One of the well-known chemoattractants of monocytes for their traffic to the site of inflammation
is CCL2, which mediates its function by binding to the CCR2 receptor on monocytes. CCR2 is highly
expressed on Ly6C+ blood monocytes that are ready to migrate and CCR2 deficient mice have
higher numbers of monocytes in bone marrow due to a lack of egress (C.-L. Tsou et al., 2007). The

absence of CCR2 or blockage of the ligand CCL2 also prevents EAE and CNS histopathology by
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preventing infiltration of monocytes to CNS (Fife, Huffnagle, Kuziel, & Karpus, 2000) (Huang,
Wang, Kivisakk, Rollins, & Ransohoff, 2001). GM-CSF, a pro-inflammatory cytokine expressed by
Th subsets, has been shown to regulate the pathological signature of CCR2+ monocytes during
EAE (Croxford et al., 2015). A recent study with single-cell RNA sequencing of blood monocytes
during EAE identified Cxcl10+ and Saa3+ monocytes, which are derived from early myeloid
progenitors but not from Ly6C+ monocytes, as a pathogenic subtype of blood monocytes (Giladi

et al., 2020).

Upon entry of monocytes to the CNS, they become activated and differentiate into myeloid-
derived dendritic cells or macrophages with heterogeneous functions dictated by the chemokines
and cytokines in the tissue microenvironment (Mantovani et al., 2004). T cells can produce pro-
inflammatory cytokines such as IFN-y, TNF-a, GM-CSF, IL-6 in EAE lesions, which can direct the
spectrum of macrophage polarization towards a pro-inflammatory (M1-like) phenotype
characterized by the expression of iNOS, MHCII, IL-12p40, IL6, IL1-a/B, 1L23, CXCL9/10 (King,
Dickendesher, & Segal, 2009). The inflammatory cytokines secreted by M1-like macrophages as
well as NO and ROS fuel the inflammation and eventually cause tissue damage and axonal loss
(Niki¢ et al., 2011). Axonal loss is also likely related to the activity of pro-inflammatory in MS
lesions (Josa M. Frischer et al., 2009) with high expression of iNOS (Bo et al., 1994) co-localizing
with CD64+ macrophages and with markers of myelin damage such as nitrotyrosine and MBP
fragments (Hill, Zollinger, Watt, Carlson, & Rose, 2004). While pro-inflammatory macrophages are
associated with tissue damage, macrophages can also play a role in tissue repair as well, putting
them on the other side of the spectrum of polarization with an anti-inflammatory (M2-like)
phenotype. M2-like macrophages are associated with the resolution of inflammation, tissue
remodeling, promotion of angiogenesis, and pathogen clearing (Martinez & Gordon, 2014). A
gradual shift from the M1-like phenotype, which predominates during the early stages of disease,
to the M2-like phenotype, which predominates throughout the remission phase, has been
observed in EAE by tracing iNOS and Argl, canonical markers of M1 and M2 like phenotypes, in
macrophages (Locatelli et al., 2018). Similarly, M2-like CD206+ macrophages have been found in
inactive lesions, whereas high iNOS expression has been found in active lesions of EAE (Giles et
al., 2018). A dual phenotype of macrophages has been also observed in MS lesions (Vogel et al.,

2013). Based on in vitro studies, classical M2-like phenotype inducing cytokines are IL-4, IL-13, IL-
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10, and TGF-B. Unlike M1-like phenotype-inducing cytokines, the source of M2-like phenotype
inducing cytokines is less clear during neuroinflammation. Different combinations of cytokines
can induce differential transcriptional profiles, resulting in various subtypes of Mz2-like
phenotypes. IL-10 has been shown to be upregulated in the remission phase of EAE, which is
associated with the inhibition of the pro-inflammatory microenvironment (Kennedy, Torrance,
Picha, & Mohler, 1992). IL-4 mediated Argl induction is also known to suppress iNOS activity as
the two enzymes compete for the same substrate L-arginine. Adoptive transfer of in vitro M2-like
polarized macrophages has been found to be beneficial for EAE, although it has been suggested
that this beneficial effect might be mediated peripherally rather than centrally (Mikita et al.,
2011). M2-like macrophages can also promote remyelination by enhancing oligodendrocyte
differentiation through TGF-B family molecule Activin-A (Miron et al., 2013). Increased TGF-
levels have been observed in the CSF of patients in remission compared to patients in relapse
(Carrieri et al., 1997). Although a main therapeutical target of existing DMTs for MS is the
lymphocyte population of T and B cells, several studies have shown that DMTs can also enhance
an M2-like phenotype on monocyte/macrophages (B. S. Liu, Janssen, & Boonstra, 2012) (H. J. Kim
et al., 2004). Modulating macrophage polarization toward the M2-like tissue repair phenotype
may hold therapeutic promise. However, a better understanding of the cytokines involved in the

lesion microenvironment at various stages of disease is required (Figure 4).
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Figure 4 | Involvement of monocytes/macrophages in EAE. During neuroinflammation,

monocytes (Mo) from the bone marrow and blood start to infiltrate inflammation sites in the CNS
in response to the Ccr2 ligand (1). Monocytes become activated and develop into macrophages
(Md) upon entering the CNS (2). Macrophages adopt pro- (M1-like) and anti- (M2-like)
inflammatory functional phenotypes in response to cytokines (C) in the tissue microenvironment.
A phenotypic transition can occur depending on external and internal factors (3).

1.5 CRISPR and in vivo screens

The study of gene function often relies on activation or inactivation of genes through the
engineering of biological systems and correlating the observed phenotypes to these induced
alterations. In this effort, several reverse-genetics tools have been developed in the last decades.
For example, the discovery of RNA interference (RNAi) and its applications in different organisms
made it possible to study functionality by silencing the expression of the genes (Fire et al., 1998)
(Elbashir et al., 2001). Although the method's ease of use makes it a highly valuable and practical
tool, it does have some drawbacks, including the inability to induce a complete loss of function
phenotype (Housden et al., 2017). To overcome the partial suppression of gene function in the
RNAIi approach, genome-modification tools have been established and they mostly utilized the

DNA nucleases to bring the targeted alterations. Zinc-finger nucleases (ZFNs), transcription
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activator-like effector nucleases (TALENs), CRISPR-associated protein 9 (Cas9) nuclease
constituted the most common DNA endonucleases employed in genome engineering (Gaj,
Gersbach, & Barbas, 2013). These programmable, site-specific nucleases can generate a complete
loss of function as they direct the disruption of genes by introducing double-stranded DNA breaks
on the targeted regions (Zhang, Zhang, & Yin, 2019). The double-stranded DNA breaks primarily
induce the error-prone DNA repair-machinery; non-homologous end joining (NHEJ), which leads
to small insertions or deletions (InDels) at the nuclease cleavage site and perturb the locus.
Although ZFNs and TALENSs require de novo engineering of the nuclease proteins for each target
gene, Cas9 does not require this as it can act in a sequence-independent manner and just
requires a directory signal from a target-specific guide-RNA (gRNA) sequence which is designed
for the gene of interest (Boettcher & McManus, 2015). The CRISPR (clustered regularly
interspaced short palindromic repeat)/Cas9 system, discovered as a bacterial immune defense
system, has been adapted and used as a versatile and powerful genome-editing tool in a variety
of organisms. In this technology, target specific gRNA sequences together with the protospacer
adjacent motif (PAM) on the DNA, an NGG/NAG motif adjacent to the recognition sequence
enable the pairing of the RNA-DNA on the target site for further Cas9 nuclease functioning and
gene disruption (Anders, Niewoehner, Duerst, & Jinek, 2014). Easy design and modular use of the
gRNAs allowed CRISPR/Cas9 technology to be the most widely used and powerful genome-editing
tool in mammalian cells as well (Adli, 2018). Importantly, further modifications to the Cas9
enzyme also allowed the engineering tools to expand. For example, the generation of an
enzymatically inactive Cas9 in combination with transcription repressors or activators made it
possible to inhibit (CRISPRI) or activate (CRISPRa) genes without disturbing the locus (Horlbeck et
al., 2016) (Bester et al., 2018) (Kampmann, 2018). Similarly, by inactivating the single nuclease
domain of Cas9 with a point mutation (Cas9 D10A on the RuvC domain or Cas9 H840A on the HNH
domain), a Cas9 nickase, which is capable of cleaving only one strand of DNA, was generated. The
use of a Cas9 dual nickase enabled researchers to target a single gene with two independent
sgRNAs located on the opposite strands of DNA, which was reported to lower the probability of
off-target editing (Cong et al., 2013). Fusing Cas9 nickase with cytidine or adenosine deaminase
has allowed base editing on DNA by creating Cto T (or G to A) and A to G (or T to C) change,

respectively (Komor, Kim, Packer, Zuris, & Liu, 2016) (Gaudelli et al., 2017), whereas fusing Cas9
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nickase with reverse transcriptase made it possible to make precise gene editing on the target
genes without induction of double strand breaks (Anzalone et al., 2019). Base and prime editing
technologies offer a potential therapeutic window especially for diseases caused by single
nucleotide polymorphism. Very recently, three ancestor proteins of Cas nucleases, namely IscB,
IsrB, and TnpB, have been discovered and engineered to create new genome editing tools (Altae-
Tran et al., 2021). Other Cas protein endonucleases have also been identified, broadening the
genome editing applications. For instance, Casl2 (Cpfl) recognizes T-rich PAM sequences,
offering access to previously unreachable PAM regions with NGG (of Cas9) (Zetsche et al., 2015).
Cas12 has been further modified to diversify PAM recognition (Kleinstiver et al., 2019). The Cas13
enzyme, on the other hand, targets RNA instead of DNA as an RNA editing tool (Abudayyeh et al.,
2016). CRISPR also allows genomic knock-ins via the HDR pathway when an exogenous DNA
template is supplied with homology arms. CRISPR knock-ins have revolutionized the field of
transgenic mice as it has become easier to generate mice carrying reporter and conditional alleles
(Yang et al., 2013). Viral delivery systems like Lenti-, Retro-, and Adeno-associated-viruses (AAV)
and non-viral delivery systems like nucleofection (electroporation)made it possible to deliver
Cas9 protein and gRNAs to a variety of cells in vitro and in vivo, allowing genetic manipulations (L.

Li, Hu, & Chen, 2018).

To systematically target multiple genes, genome-wide gRNA libraries have been developed
(Figure 5). gRNA libraries allowed researchers to identify essential regulators of various cellular
processes (T. Wang et al., 2017) (Parnas et al., 2015). Since genome-wide gRNA libraries require
a higher number of cells to keep the gRNA distribution homogeneous, CRISPR screens were
mostly performed in vitro (Shalem, Sanjana, & Zhang, 2015). However, in vitro screens fail to fully
recapitulate in vivo physiological environments, whereas in vivo screens can offer an
understanding of the biological processes of cells in their natural niche by considering the impact
of complex cell interactions, the immune response, tissue architecture, and the endocrine system
(Kuhn, Santinha, & Platt, 2021). For example, an in vivo screen performed to identify cancer-
driving genes in glioblastoma identified hits that were not picked by in vitro screens performed in
parallel (Miller et al., 2017). In vivo CRISPR screens are still challenging due to the need for large
numbers of cells and efficient delivery methods. Current techniques, such as generating

transgenic lines for each perturbation, are slow, costly, and laborious, thus optimizing in vivo
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CRISPR screens to overcome those limitations is critical to speeding up functional genetic studies.
So far, CRISPR in vivo screens were successfully applied in several studies to identify essential
genes involved in various biological process (Manguso et al., 2017) (LaFleur et al., 2019) (Weber,
Braun, Saur, & Rad, 2020) (Bradley, 2019). Therefore, establishing methods to move from in vitro
to in vivo screens will be a key factor in deciphering the functions of genes in health and disease,

potentially aiding the design of better therapeutic approaches (Kuhn et al., 2021).
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Figure 5 | Framework of a CRISPR/Cas9 based knock-out screen. Commercially synthesized oligos
are amplified by PCR and cloned into viral plasmids. A pool of sgRNA constructs is packaged into
viral particles to transduce target cells to produce a pool of individually knocked-out cells. sgRNA
counts in a population are identified by using high-throughput next-generation sequencing (NGS)
and ranked for enrichment or depletion phenotype. Top hits are picked for further confirmation
of the phenotype.
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1.6 Aim of the study

The BBB tightly regulates the trafficking of immune cells in order to protect neurons in the CNS
from potential immune-mediated damage. However, during neuroinflammatory conditions such
as MS, antigen-specific T cells transmigrate from the periphery to the CNS, where they get re-
activated and secrete signals to recruit and activate monocytes/macrophages to initiate the lesion

formation.

CRISPR is a powerful gene-editing tool, and CRISPR screens enable researchers to identify the key
regulators of a specific phenotype on a large scale. So far, the majority of CRISPR screen studies
have been conducted in vitro. Moving from in vitro to in vivo CRISPR screens, on the other hand,
has become essential as in vitro conditions fail to mimic complex in vivo environments (Kuhn et
al.,, 2021). In this project, | aimed to establish CRISPR in vivo screens to understand T cell

transmigration and macrophage polarization in disease pathogenesis.

A) T cell transmigration is a multi-step process involving interactions with multiple cell types on
the barrier. A better understanding of the molecular mechanisms of T cell transmigration can
offer new therapeutical targets in MS. Most commonly, in T cell trafficking studies, in vitro BBB
models are used, however these models cannot fully mimic the physiological conditions of the

BBB during the disease. Therefore, in my thesis | aimed the followings:

e Establishing CRISPR-Cas9 mediated gene editing in rat Tmsp cells in vitro

e Conducting an in vivo genome-wide CRISPR KO screen in Twgp cells to identify essential
regulators of T cell transmigration in Lewis rats with an adoptive-transfer EAE model

e Validating the candidates identified by the CRISPR screen by in vivo single KO experiments
e Characterizing the mechanisms of the selected candidates by RNA sequencing and two-

photon imaging

B) During EAE, the number of infiltrating monocytes/macrophages correlates with the disease
severity. Macrophages exhibit high functional plasticity, contributing to both lesion formation and
resolution. Chemokines, cytokines, and tissue-specific signals secreted by other cell types in the
lesion area govern the macrophage phenotypes. Studying the molecular mechanism of

macrophage phenotype switch can enable us to manipulate them towards a lesion recovery



INTRODUCTION 22

phenotype. The most difficult aspect of studying macrophage phenotypes is to introduce the
genetic perturbations, as creating compound mutant transgenic mouse models for each
perturbation is a time-consuming, expensive, and labor-intensive process. Therefore, in my thesis

| aimed the followings:

e Establishing a novel in vivo model system that allows studying monocytes/macrophages
in an active EAE mouse model by using conditionally immortalized Hoxb8 cells

e Conducting an in vivo CRISPR screen in monocytes/macrophages to identify essential
regulators of macrophage phenotypes in the inflamed spinal cord of EAE induced mice

e Validating the candidates identified by the CRISPR screen by in vivo single KO experiments

e Characterizing the mechanisms of the selected candidates in BMDMs in vitro

Overall, the discovery of essential regulators in vivo that may play a role in disease initiation and

progression has the potential to open up new therapeutic avenues for MS.
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2. MATERIALS & METHODS

2.1 Materials

2.1.1 Equipment

Product Description Distributor
Agilent 2100 Bioanalyser Bioanalyser Agilent
CFX Connect Real-Time PCR Quantitave PCR BioRad

FACS Aria lll Cell Sorter Becton Dickinson
FACS Fusion Cell Sorter Becton Dickinson
Nanodrop 2000C/2000 Spectrophotometer Thermo Fisher

Amaxa 4D-Nucleofector System

Electroporator

Lonza

FlowJo Dongle

Flow Cytometry

Becton Dickinson

Odyssey® Fc

Imaging system

LI-COR Biosciences

Qubit 4

Fluorometer

Thermo Fisher

2.1.2 Consumables

Material Provider Cat. Number
1 mL Tissue Grinder, Dounce Wheaton 357538
100mm Tissue Culture-Treated Culture Dish Sigma CLS430167
2-Mercaptoethanol (50 mM) Thermo Fisher Scientific | 31350010

Accutase® solution Sigma A6964-500ML
ACK Lysing Buffer Thermo Fisher Scientific | A10492-01
Agarose Sigma A9539
Agilent DNA 1000 Kit Agilent Technologies 5067-1504
Alt-R® Cas9 Electroporation Enhancer IDT 1075916
Alt-R® CRISPR-Cas9 crRNA IDT custom
Alt-R® CRISPR-Cas9 tracrRNA IDT 1072534
Alt-R® S.p. HiFi Cas9 Nuclease V3 IDT 1081060

BD Cytofix/Cytoperm BD Biosciences 554714

beta-Estradiol

Sigma

E2758-250MG

Carbenicillin Disodium Salt BioChemica Panreac AppliChem A1491,0001
Cd11b (Microglia) MicroBeads Miltenyi Biotec 130-093-636
Cell strainer 100 um BD Falcon 352360
Collagenase D Roche 11088866001
Collibri™ 3" mRNA Library Prep Kit for lllumina Thermo Fisher Scientific | A38110024
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Deoxynucleotide Solution Mix NEB N0447S
DMEM, low glucose, GlutaMAX Thermo Fisher Scientific | 21885108

DMSO Sigma D8418-100ML
DNase | grade Il, from bovine pancreas Roche 10104159001
DNeasy Blood and Tissue Kit Qiagen 69504

Dulbecco’s Phosphate Buffered Saline Sigma D8537-24X500ML
Endofree Plasmid Maxi Kit Qiagen 12362

FastAP Alkaline Phosphatase (1 U/uL) Fermentas EF0654
FastDigest Bpil Thermo Fisher Scientific | FD014

FastDigest EcoRl Thermo Fisher Scientific | FD0274
FastDigest Xhol Thermo Fisher Scientific | FD0694

FBS SUPERIOR stabil® Bio&SELL FBS.S 0615

Freund’s Adjuvant, Incomplete Sigma F5506-10X10ML
G418 (Geneticin) Invitrogen ant-gn-1
Gibson Assembly® Master Mix NEB E2611S

IDTE (1X TE Solution) IDT 11-01-02-02
Invitrogen qubit Assay Tubes Thermo Fisher Scientific | Q32856

LS Columns Miltenyi Biotec 130-042-401
M. Tuberculosis H37 Ra BD Difco 231141
Millex-HV Filter, 0,45 pum Merck SLHVO33RS
MOG1-155 in house

Molecular BioProducts™ RNase™ AWAY Thermo Fisher Scientific | 10666421
Molecular Probes Quant iT RNA HS Assay Kit Thermo Fisher Scientific | Q32852

NEB Stable Competent cells NEB Cc3040l
Nuclease-Free Water Qiagen 129114
Nucleotide Removal Kit Qiagen 28304
oPools™ Oligo Pools IDT

P4 Primary Cell 4D-Nucleofector® X Kit S Lonza V4XP-4032
Penicillin Streptomycin (10,000 U/mL) Thermo Fisher Scientific | 15140122

Percoll Sigma P1644-500ML
Pertussis toxin from Bordetella pertussis Sigma P7208
Primocin, 500 mg (10 x 1 ml tubes) Invivogen ant-pm-1
Puromycin Dihydrochloride Thermo Fisher Scientific | A1113803

Q5 High-Fidelity DNA Polymerase NEB MO0491L
QlAamp DNA Micro Kit Qiagen 56304
QlAprep Spin Miniprep Kit Qiagen 27106
QlAquick Gel Extraction Kit Qiagen 28706
QlAquick PCR Purification Kit Qiagen 28104

Quick Ligation Kit NEB M2200L
QuickExtract™ DNA Extraction Solution 1.0 biozym 101098 (QE0905T

Recombinant Murine GM-CSF

PeproTech

315-03
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Recombinant Murine M-CSF PeproTech 315-02-50ug
Recombinant Murine TNF-a PeproTech 315-01A
Recombinant mouse TGF-1 BioLegend 763102
Restriction Enzymes NEB
Retronectin Takara T100A
RevertAid H Minus First Strand cDNA synthesis kit Thermo Fisher Scientific | K1632
Rnasin Plus RNase Inhibitor Promega N2615
RNeasy Plus Micro Kit Qiagen 74034
RNeasy Plus Mini Kit Qiagen 74134
RPMI-1640 Sigma RO883
SPRIselect Reagent Beckman Coulter B23317-5mL
SsoAdvanced™ Universal SYBR® Green Supermix BioRad 1725272
Stellar™ Competent Cells Clontech 636763
T4 DNA Ligase NEB M0202T
T4 DNA Ligase Reaction Buffer NEB B0202S
T4 Polynucleotide Kinase NEB MO0201S
TransIT-LT1 Transfection Reagent MoBiTec MIR2305
Trypsin-EDTA (0.25%), phenol red Thermo Fisher Scientific | 25200056
Ultracomp eBeads™ Compensation Beads Thermo Fisher Scientific | 01-2222-42
PhosSTOP™ Sigma-Aldrich 000000004906845001
cOmplete™ ULTRA Tablets Sigma-Aldrich 000000005892791001
Tris Glycine Transfer Buffer (25X) Thermo Fisher Scientific | LC3675
Tris-Glycine SDS Running Buffer (10X) Thermo Fisher Scientific | LC2675
WedgeWell™ 4 to 12%, Tris-Glycine, Protein Gel Thermo Fisher Scientific | XP04120BOX
Pierce™ RIPA Buffer Thermo Fisher Scientific | 89900
NuPAGE Sample Reducing Agent (10X) Thermo Fisher Scientific | NPO009
Tris-Glycine SDS Sample Buffer (2X) Thermo Fisher Scientific | LC2676
Bovine Serum Albumin Sigma-Aldrich A9647-50G
2.1.3 Antibodies
Antigen Fluorophore Provider Clone Cat. Number Dilution
Argl PE Invitrogen AlexF5 12-3697-80 1:100
Argl APC Invitrogen AlexF5 17-3697-82 1:100
CD11b PerCP BioLegend M1/70 101230 1:100
CD11b APC BioLegend M1/70 1:100
CD11c e450 Invitrogen N418 48-0114-80 1:100
CD11c PE-Cy7 BioLegend N418 1:100
CD45 BV785 BioLegend 38-F11 103149 1:100
F4/80 PE BioLegend BMS8 123109 1:100
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iNOS e450 eBioscience CXNFT 48-5920-80 1:100
iNOS APC eBioscience CXNFT 17-5920-80 1:100
iNOS PerCP-eFluor 710 eBioscience CXNFT 46-5920-80 1:100
iNOS PE-Cy7 eBioscience CXNFT 46-5920-80 1:100
Iso control APC eBioscience eBR2a 17-4321-81 1:100
Ly6C e450 Invitrogen HK1.4 48-5932-80 1:100
Ly6G BV785 BioLegend 1A8 127645 1:100
Ly6G APC BioLegend 1A8 127613 1:100
Ly6G PE-Cy7 BioLegend 1A8 1:100
MHCIII e450 Invitrogen M5/114.15.2 48-5321-80 1:100
MHCIII APC Biolegend M5/114.15.2 1:100
NK1.1 APC BioLegend PK136 1:100
Siglec F CD170 PE Invitrogen 1RNM44N 12-1702-80 1:100
TruStain Fc Block CD16/32 BioLegend 93 101320 1:50
LIVE/DEAD™ Fixable Near-IR Near-IR Invitrogen L10119 1:1000
ETS-1 Rabbit mAb CST D80O8A 14069S 1:1000
B-Actin Antibody (C4) HRP Santa Cruz sc-47778 HRP 1:250000
mouse anti-rabbit IgG-HRP Santa Cruz sc-2357 1:10000

2.1.4 Cells & Plasmids
Material Provider Cat. Number
HEK293T cells ATCC crl-3216
Flt3L-producing B16 melanoma cell line provided by Seren Baygiin
LentiCas9-EGFP vector Addgene 63592
MSCV-pU6-(Bbsl)-CcdB-(Bbsl)-Pgk-Puro-T2A-BFP Addgene 86457
pKLV2-U6gRNAS(Bbsl)-PGKpuro2 ABFP-W Addgene 67974
MSCV-Cas9-EGFP-Neo in house cloning
MSCV-pklv2-U6-(Bbsl)-Pgk-Puro-T2A-GFP in house cloning
pMSCV-pkiv2-U6-(sgNon-Targeting)-Pgk-Puro-T2A-tdtomato | in house cloning
pMSCV-pklv2-U6-(Bbsl)-Pgk-Puro-T2A-BFP in house cloning
psPAX2 Addgene 12260
pMD2.G Addgene 12259
pCL-Eco Provided by PD. Dr. Naoto Kawakami

pMSCV-neo

Provided by PD. Dr. Naoto Kawakami
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2.1.5 Oligos

Library

preparation

primers

Oligo_ Amp_F | GCAGATGGCTCTTTGTCCTA

Oligo Amp_R | GGCGACGAGAAGACTAAAAC

Fwd-Lib AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

Rev-Lib CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
NNNNNNNN: Barcode

Fwd-Lib-1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTTGTGGAAAGGACGAAACACC
G

Fwd-Lib-2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTGTGGAAAGGACGAAACAC
CG

Fwd-Lib-3 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGCTTGTGGAAAGGACGAAAC
ACCG

Fwd-Lib-4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTAGCTTGTGGAAAGGACGAAA
CACCG

Fwd-Lib-5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCAACTTGTGGAAAGGACGAA
ACACCG

Fwd-Lib-6 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTGCACCTTGTGGAAAGGACGA
AACACCG

Fwd-Lib-7 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTACGCAACTTGTGGAAAGGAC
GAAACACCG

Fwd-Lib-8 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGAAGACCCTTGTGGAAAGGA
CGAAACACCG

Rev-Lib-1 CAAGCAGAAGACGGCATACGAGATTCGCCTTGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGCC
ACTTTTTCAA

Rev-Lib-2 CAAGCAGAAGACGGCATACGAGATATAGCGTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGC
CACTTTTTCAA

Rev-Lib-3 CAAGCAGAAGACGGCATACGAGATGAAGAAGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGC
CACTTTTTCAA

Rev-Lib-4 CAAGCAGAAGACGGCATACGAGATATTCTAGGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGC
CACTTTTTCAA

Rev-Lib-5 CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGCC
ACTTTTTCAA

Rev-Lib-6 CAAGCAGAAGACGGCATACGAGATGTCTGATGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGC
CACTTTTTCAA

Rev-Lib-7 CAAGCAGAAGACGGCATACGAGATTTACGCACGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGCC
ACTTTTTCAA

Rev-Lib-8 CAAGCAGAAGACGGCATACGAGATTTGAATAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGC
CACTTTTTCAA

Rev-Lib-9 CAAGCAGAAGACGGCATACGAGATCGGTTCAAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGC
CACTTTTTCAA

Rev-Lib-10 CAAGCAGAAGACGGCATACGAGATGCTGGATTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGACTCGGTGC
CACTTTTTCAA

qPCR Forward primer sequence (5'-3’) Reverse primer sequence (5'-3')

Cas9 AAACAGCAGATTCGCCTGGA CATCCGCTCGATGAAGCTCT

Gapdh CAAGGTCATCCATGACAACTTTG GTCCACCACCCTGTTGCTGTAG

Actb ATTGCCGACAGGATGCAGAA GCTGATCCACATCTGCTGGAA

Etsl CAGATGTCCCACTGTTAACTCC CAGTCGCTGCTGCTCTTT

Itgad TCAAGCAGTGGAGAGAAATGTAG ATGATGCCCAAGGTGGTATG
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Cxcr3 CTTTCGAGCTATGAGGCTAGTG ACTCCCACGTCCATAAGGATA
Prfl CATCACATCTACGGATGCTTATCT CTCCACGAGGGATGGTTATTG
Ccré GCCAATCGCCTACTCCTTAAT ATGGACCTGGCTTTCTTGTAG
I117a AAACGCCGAGGCCAATAA GAAGTGGAACGGTTGAGGTAG
Tnfrsfo TCCAGAGAGAGAATCAGGAGAG GCACAGAGAACCAGAGAATGA
Nkg7 CTGAGCACTGACTTCTGGATAG GACCTGTGTCACGTGGATATAA
Target gRNA

Non-Targeting GCTGCATGGGGCGCGAATCA

Cd4 CATCACGGCCTATAAGAGTG

Itgad GATGCTGTTGCTGTACTTCG

Hsp90b1 GTCTCACGGGAAACATTGAG

Cer2 ATCATCGTAGTCATACGGTG

Cxcr3 TCTGCGTGTACTGCAGCTAG

Gnai2 TGGGTGGTCAGCGATCTGAG

Slprl GCGGCTTCGAGTCCTCACCA

Arihl GGAGGAAGATTACCGCTACG

Ube2I3 GCTTGAAGGGATACTCTGCT

Grk2 GATTTGTCAGAACCTCCGAG

Etsl TGCTGCTCGGAGTTAACAGT

Tgfbr AGAGCGTTCATGGTTCCGAG

Csf2ra TTGGTCGTGACCGGTCGGAG

ll6ra CTGTGCGTTGCAAACAGTGT

Ifngrl TTCAGGGTGAAATACGAGGA

Tnfrsfla AGACCTAGCAAGATAACCAG

Il4ra TGAGGCCCCAGTACAGAATG

Stat6 ATAAAGCGCTGTGAGCGGAA

Argl GTATGACGTGAGAGACCACG
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2.2 Methods

2.2.1 Cell lines and primary cells

All cells except Twmer cells were incubated in a humidified incubator at 37°C and 5% CO,. All cell
mediums were supplemented with 10% FBS and 1% Pen/Strep. HEK293T cells were kept in DMEM
GlutaMAX, Bone marrow cells and Hoxb8 cells were kept in RPMI GlutaMAX. Hoxb8 cells were
additionally supplemented with 0.1% 2-Mercaptoethanol, 1 uM B-estradiol, and supernatant
from an Flt3L-producing B16 melanoma cell line with a final concentration of 35 ng/ml.

Macrophage medium was additionally supplemented with M-CSF (10-20ng/ml).

Twep cells were incubated at 37°C with 10% CO>. Twmep cells were cultured in DMEM medium
supplemented with 10% heat-inactivated horse serum and 2% supernatant from an IL-2
producing PMA stimulated EL4 cell line. Re-stimulation medium of Tusp cells was supplemented
with 1% rat serum, MBP peptide (10pg/ml) and thymocytes (50 Gy irradiated) isolated from the
thymus. For freezing cells, 10% DMSO and 90% FBS mixture were used and cryovials were kept in
a freezing box for several days at -80°C before transferring to liquid nitrogen. Cell lines were
tested for the absence of mycoplasma. HEK239T cells were detached by using 0.05% Trypsin-

EDTA. Macrophages were detached with Accutase solution.

2.2.2 Animals

R26-Cas9-eGFP animals were ordered from Jackson Lab (024858) and backcrossed to C57BL/6
background several times. All experimental procedures involving animals and their care were
carried out in accordance with regulations of the relevant animal welfare acts and protocols

approved by the respective regulatory office (Regierung von Oberbayern).

2.2.3 Generation of Cas9 expressing Twmee cells

MBP-specific T cells were kindly generated by PD. Dr. Naoto Kawakami by immunizing Lewis rats
with MBP as described previously (Ben-Nun et al., 1981). A Cas9-p2a-Egfp construct was PCR
amplified from LentiCas9-EGFP vector (Addgene, 63592) by using primers Forward: 5’-

cttctctaggcgccgggegetgecaccatggacaaga-3’, Reverse: 5'-
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tacccggtagaattagatctcattcttacttgtacagctcgtccat-3’. The PCR product was then Gibson assembled
into Ecorl + Xhol digested pMSCV-neo backbone plasmid. The retrovirus packaging cell line GP+E
cells were transfected with pMSCV-Cas9-EGFP-neo by Trans-IT and co-cultured with Twmep cells.
Transduced cells were enriched in a medium with Neomycin (G418) (0.4mg/ml). After several

rounds of expansion GFP+ cells were sorted with BD FACSAria lllu.

2.2.4 Genome-wide rat gRNA library construction

A list of sgRNA designs for the Rat genome was kindly provided by the Functional Genomics
Consortium of Broad Institute. For the genome-wide library 4 sgRNA/gene were picked. An oligo
pool containing 87,690 oligos was purchased from Twist Bioscience. Each oligo is 79-mer in length
and has a sequence of 5’-
GCAGATGGCTCTTTGTCCTAGACATCGAAGACAACACCGN20GTTTTAGTCTTCTCGTCGCC-3’,  where
Nao indicates sgRNA sequences. Oligo pools were dissolved in Qiagen TE buffer at 10ng/ul stock
concentration. The single-stranded oligos (1ng) were PCR amplified 10 cycles with Q5 High-
Fidelity DNA Polymerase by using Oligo_Amp_F and Oligo_Amp_R primers. A total of 24 reactions
were pooled. The PCR products were purified with the Nucleotide Removal Kit. Amplified double-
stranded DNAs were digested with FastDigest Bpil for 2h at 37°C in a total of 20 reactions and
then purified with the Nucleotide Removal Kit. Ligation was performed with a T4 DNA Ligase by
using 3ng insert and 40ng Bpil-digested MSCV-pU6-(Bbsl)-CcdB-(Bbsl)-Pgk-Puro-T2A-BFP for 16h
at 16°C per reaction in a total of 30 reactions. The ligated product was cleaned with a PCR
Purification Kit and the concentration was measured with Qubit 4. 10ng of the ligated product
was transformed into 50ul of NEB Stable Competent cells in a total of 45 reactions and incubated
at 30°C overnight. >100x Library representation was confirmed by plating transformed competent

cells in serial dilutions. The plasmid DNA was prepared with an Endofree Plasmid Maxi Kit.

For the validation library, 2 additional sgRNA were added per gene (6 sgRNA/gene) to increase
the confidence of the hits. An oligo pool containing 12,000 oligos was purchased from Twist

Bioscience and plasmid DNA was prepared as the genome-wide library.
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2.2.5 Virus production and transduction of Twge cells

6x10°% HEK293T cells were seeded per 10cm dish 18-24h before transfection. The transfection
mixture was prepared by adding 10ug of cargo plasmid and 10ug of packaging and envelope
plasmid (pCL-Eco) in 2ml RPMI medium without serum or antibiotic. 60ul of the transfection
reagent TransIT-LT1 were added into the mixture, vortexed, and left for 30 min incubation at
room temperature (RT) before adding dropwise onto HEK cells. The supernatant of cells
containing the virus was harvested 48-72h after transfection and used freshly for transduction.
The day before transduction non-TC treated 12 well plates were coated with a final concentration
of 10ug/ml Retronectin in PBS at 4°C. Before transduction, the retronectin was removed and the
plates were blocked for 30min at RT with 2%BSA in PBS. Two days after re-stimulation of Tmsp
cells in culture, Nycoprep gradient was performed to remove thymocytes and dead cells. Live Tmsp
cells were then seeded into the retronectin-coated plates and spin-infected for 1h at 1200g at RT.
The next day, Puromycin was added at a final concentration of 0.5ug/ml to select retrovirus
infected cells. For the genome-wide retroviral library, 300M Twmse cells were transduced at a
multiplicity of infection (MOI) of 0.4 or below (<30% Transduction efficiency) to prevent multiple

integrations into one cell and to keep 1000x representation of each of the 87,690 gRNAs.

2.2.6 Adoptive transfer and isolation of Twee cells

Ten million BFP+ Twmee cells per rat were transferred intravenously (i.v.). On day 3, animals with a
mild clinical score or body weight loss were sacrificed to collect organs. EAE score was evaluated
as followed: 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. Organs from multiple animals were combined before the isolation of
cells. Cells were isolated from the blood and the spleen as peripheral organs and from the
meninges and the parenchyma as CNS organs. Single-cell suspensions for each organ were
prepared by PD. Dr. Naoto Kawakami and Katrin Lammle, GFP+BFP+ Twmgp cells from the spleen for
the genome-wide library were sorted to purity with BD FACSAria Illu. For each replicate, a
minimum of 9M cells was sorted to keep the coverage >100x. For the validation library, cells from

all organs were sorted to purity.
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2.2.7 Amplification and NGS sequencing of sgRNAs from genomic DNA

Genomic DNA (gDNA) from GFP+BFP+ Tvgp cells was isolated with the DNeasy Blood and Tissue
Kit. An amplification PCR was performed with Q5 High Fidelity DNA Polymerase by using 2.5ug of
gDNA per reaction with Fwd-Lib (mix of 8 staggered primers), Rev-Lib (consists of 8bp of unique
barcode) primers for a total of 24 cycles. lllumina adapters were introduced together with the
amplification primers. The PCR products were purified with SPRIselect with a ratio of 1:0.8 (DNA
to beads) and eluted in nuclease-free water. 250bp Amplicons were confirmed with Agilent
Bioanalyzer on DNA 1000 Chips and sent to The Laboratory for Functional Genome Analysis

(LAFUGA) in the Gene Center Munich for sequencing single-end 50bp on a HiSeq 1500.

2.2.8 QPCR and 3" bulk mRNA sequencing

Total RNA from cells was isolated with either a RNeasy Plus Mini or a Micro (for less than 100k
cells) kit. Total RNA from fixed cells was isolated with a modified protocol, cells were incubated
with 100ul PBS, 100ul AL Lysis buffer and 15ul Proteinase K at 56°C for 1h for the de-crosslinking
of fixed RNA. AL Lysis buffer and Proteinase K were used from DNeasy Blood and Tissue Kit. After
the incubation, 300ul RLT Plus buffer and 270ul 96-100% Ethanol were added. Total RNA, then,
was isolated according to the Rneasy Plus Mini or Micro kit. RNA concentrations were measured
with Nanodrop or Qubit 4. RNA samples were stored at -80°C not longer than a week before
preparation for mRNA sequencing. For QPCR, cDNA was synthesized using RevertAid H Minus
First Strand cDNA synthesis kit with 100-500ng total RNA and Oligo (dt) primers. Quantitative PCR
(gPCR) was carried out on Bio-Rad CFX Connect Real-Time PCR system using SsoAdvanced™
Universal SYBR® Green Supermix. All gPCR reactions were run in duplicate and the housekeeping
genes GAPDH or B-Actin was used as an internal control to normalize the variability in expression
level. Results were quantified using the AAC: method. For 3" bulk mRNA sequencing, total RNA
samples were processed till submission for NGS by using the Collibri 3' mRNA Library Prep Kits for
[llumina Systems. Amplification of transcripts was confirmed with Agilent Bioanalyzer on DNA

1000 Chips and sent to LAFUGA for sequencing single-end 50bp on a HiSeq 1500.
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2.2.9 Western blotting

Cells were rinsed with cold PBS and lysed with 200ul RIPA buffer including protease and
phosphatase inhibitor cocktail tablets. Protein concentration was determined using BCA protein
assay kit. Lysates were mixed with Laemmeli buffer and reducing agent (1x) and boiled at 95°C
for 5 min. 4-12% Tris-Glycine gels were used for protein separation. Primary antibodies were
incubated o/n at 4°C in 5% BSA-TBST buffer. Secondary antibodies were incubated at RT for 2h.
Blots were analyzed using enhanced chemiluminescence with HRP-conjugated anti-mouse and

anti-rabbit secondary antibodies.

2.2.10 Molecular cloning

For single sgRNA CRISPR targeting, 20nt length sgRNAs were picked from GPP sgRNA designer
tool from Broad Institute. sgRNA sequence and reverse complemented sequence were ordered
as two separate oligos from Metabion with overhangs on the 5" side of CAAC for forward and
AAAC for reverse. The nucleotide ‘G’ was added as a first nucleotide to increase the efficiency of
the gRNA expression by hU6 promoter (Ran et al., 2013). Complementary oligos with overhangs
were phosphorylated and annealed in the presence of 10X T4 Ligation Buffer and T4 PNK by
increasing the temperature to 95°C and ramping down to 25°C at 5°C/min. Annealed oligos were
ligated into Bpil- digested gRNA cargo plasmid by Quick Ligase for 6 min at RT. Ligated plasmids
were then transformed into Stellar competent cells with heat shock at 42°C for 55sec. Bacteria
plates were grown overnight (o/n), single clones were picked and prepped with the Qiagen
plasmid miniprep kit. The correct ligation product was confirmed with Sanger sequencing using

hU6 primer.

To generate MSCV-pU6-(Bbsl)-Pgk-Puro-T2A-GFP, the pU6-Pgk-Puro-T2A construct was PCR
amplified from pKLV2-U6gRNA5(Bbsl)-PGKpuro2ABFP-W (Addgene), the EGFP construct was PCR
amplified from pMSCV-Cas9-EGFP-neo (in house). The PCR products were then Gibson assembled
into Sall + Xhol digested pMSCV-neo backbone plasmid. To generate MSCV-pU6-(sgNon-
Targeting)-Pgk-Puro-T2A-tdtomato, the same pU6-Pgk-Puro-T2A construct and tdtomato
construct, PCR amplified from AAV-CAG-CRE-p2a-tdtomato (in house), were Gibson assembled
into Sall + Xhol digested pMSCV-neo. To generate MSCV-pU6-(Bbsl)-Pgk-Puro-T2A-BFP, the pU6-
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Pgk-Puro-T2A-BFP construct was PCR amplified with overhangs for Sall + Xhol from pKLV2-
U6gRNA5(Bbsl)-PGKpuro2ABFP-W (Addgene) digested and ligated into Sall + Xhol digested
pMSCV-neo with Quick Ligase.

2.2.11 RNP delivery with nucleofection

Target specific sequences for Alt-R CRISPR-Cas9 crRNA were picked from GPP sgRNA designer tool
and ordered from Integrated DNA Technologies (IDT) without overhangs and without additional
G at the first base. For duplex formation, Alt-R CRISPR-Cas9 crRNA and tracRNA were suspended
in IDTE buffer to a final concentration of 200uM and mixed in equimolar concentration. The mix
was then heated to 95°C for 5min and allowed to cool at RT. For RNP complex formation, 1ul of
duplex and 1l of Alt-R HiFi Cas9 V3 (61uM stock) enzyme were mixed and incubated for 20min
at RT. 2 or 3 days after re-stimulation, 5M Twgp cells were washed twice with PBS and resuspended
in nucleofection solution provided from the P4 Primary Cell 4D-Nucleofector X Kit. 2ul of RNP
complex together with 1pl of 100uM Alt-R Cas9 Electroporation Enhancer were added to the mix
and 25pl of cell:RNP complex mixture was transferred to the 16-well Nucleocuvette module. Tivgp
cells were then electroporated with the program CM137 by using an Amaxa 4D-Nucleofector.
Electroporated cells were immediately transferred to an incubator with the prewarmed medium.
The nucleofection program for Twmgpe cells was picked from literature (Seki & Rutz, 2018), and the
high efficiency of RNP complex delivery with minimal cell death was confirmed by assessing KO
efficiency of target genes with protein (flow cytometry) and DNA levels (TIDE assay). For Cas9
expressing Tmep cells, the crRNA:tracRNA duplex was delivered alone without RNP formation with

Cas9.

2.2.12 Tide assay

For gene editing assessment at a DNA level for single gRNAs, gDNA was isolated by using DNeasy
Blood & Tissue Kit or QuickExtract™ DNA Extraction Solution. PCR amplification was performed
with specific primers for each target by using Q5 High-Fidelity DNA Polymerase. PCR mixtures
were run on a 0.8-1% Agarose gel and amplicons at the expected size were purified with QlAquick
Gel Extraction Kit. Samples were submitted for Sanger sequencing. INDELs and KO efficiency were

assessed by using two different web-based tools, TIDE software tool (Tracking of Indels by
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DEcomposition) (Brinkman, Chen, Amendola, & van Steensel, 2014) and ICE v2 (Inference of

CRISPR Edits) (Hsiau et al., 2019).

2.2.13 Hoxh8-FL generation

Cas9 expressing Hoxb8 lines kindly generated and provided by Seren Baygiin from Prof. Dr. Marc
Schmidt-Supprian’s lab. Shortly, bone marrow cells were harvested from femur and tibia of 6-10
weeks old animals and cultured in RPMI supplemented with recombinant mouse IL-3 (5 ng/ml),
IL-6 (20 ng/ml), and 1% cell culture supernatant from SCF-producing B16 melanoma cells. After 2
days, the cells were spin infected with MSCV-ERHBD-Hoxb8 carrying retrovirus. A day after spin
infection the cells were cultured in Hoxb8 medium till infected cells enrich in culture in the

presence of B-estradiol (Redecke et al., 2013).

2.2.14 Custom Oligo Pools for in vivo screen in Hoxb8 cells

sgRNAs for mouse Cytokine Receptor library were also picked from GPP sgRNA designer tool and
ordered from IDT as custom oPools with 50 pmol/oligo. In the Cytokine Receptor library, each
gene was targeted with 3 different sgRNAs (Stat6 with 4 sgRNAs) and 15 Non-Targeted control
gRNAs were included (337 oligos in total). The Oligo pool was dissolved in Qiagen TE buffer to get
100uM stock concentration. The single-stranded oligos (10ng) were PCR amplified 2 cycles in one
reaction in order to generate a double-stranded pool with the Q5 High-Fidelity DNA Polymerase
by using Oligo_Amp_F and Oligo_Amp_R primers. The final library plasmid was prepared the
same as the genome-wide and validation libraries for Tugp cells. The MSCV-pU6-(Bbsl)-Pgk-Puro-

T2A-GFP (in house) backbone was used for the Cytokine Receptor library.

2.2.15 Virus production and transduction of Hoxb8 cells

Retroviral particles from Cytokine Receptor library or single sgRNA constructs were produced
similarly as for Tmsp cells by using HEK293T cells. Hoxb8 cells were spin infected for 1h 1200g at
RT with the freshly harvested virus. Puromycin was added at a final concentration of 5ug/ml to
select retrovirus infected cells. MOI of 0.4 or below (<30% Transduction efficiency) was used to
prevent multiple integrations into one cell. Two days after puromycin selection, cells expressing

fluorescent markers (e.g. GFP) were sorted to purity to ensure the expression of gRNA and high
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expression of the fluorescent marker by using BD FACSAria lllu. After sorting, Hoxb8 cells were
expanded in the Hoxb8 medium. Primocin (100ug/ml final) was added to the medium for 2 days

to prevent contamination that might come from sorting.

2.2.16 EAE induction and transfer of Hoxb8 cells

EAE was induced in 6-12 weeks old C57BL/6 animals by immunizing them with in-house purified
recombinant MOG1-125 (400ug) and CFA containing 650ug Mycobacterium tuberculosis
emulsion subcutaneously. PTX dissolved in PBS (200ng) was administered intraperitoneally (i.p.)
on day 0 and day 2 of immunization. Animals were scored daily for weight loss and clinical score.
EAE score was evaluated as followed: 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; 3.5, hind limb paralysis and forelimb paresis; 4,
hind limb and forelimb paralysis; 5, death. The first day of the clinical sign was considered as

onset, onset +2,3 days were considered as the peak of disease.

In vitro expanded Hoxb8 cells were washed twice with PBS and cultured in a Macrophage medium
for 2 days. On Day 9 of EAE induction, cells were washed twice with PBS. 10-15M cells in 200ul of
PBS were transferred by i.v. through the tail vein of animals. M-CSF treated Hoxb8 cells were

allowed to complete their differentiation to myeloid cells in vivo for at least 6 days.

2.2.17 Flow cytometry

Animals with EAE clinical signs were sacrificed. Blood samples were collected immediately after
euthanasia from the heart and the animal got perfused with PBS-heparin before collecting the
spleen, bone marrow (femur and vertebra), and spinal cord. Blood was washed with PBS and
incubated with ACK Lysis buffer for 20min on ice. When insufficient removal of red blood cells,
ACK incubation was repeated. Bone marrow cells were flushed out or crushed out with PBS.
Spleen and spinal cord tissues were homogenized with a glass dounce homogenizer and
transferred into a PBS solution containing Collagenase D (0.8mg/ml final) and DNase | (10ng/ml
final) and incubated for 20 min at 37°C with shaking (1000rpm) for dissociation of cells. Spleen

and Bone marrow cells were treated with ACK for 5 min. Spinal cord cells were run on Percoll
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gradient to remove myelin. Cells were resuspended with 1ml of 100% FBS mixed with 9ml of 33%
Percoll (in PBS) and 1ml of 10% FBS (in PBS) was added on the top slowly to form a layer. Samples
were centrifuged without brakes for 15min at 4°C with a speed of 800g. The myelin layer was
carefully sucked with vacuum and pelleted cells were washed with PBS to get rid of the Percoll
solution. All the cells were then transferred to 96-well U bottom plates for flow cytometry

staining.

For the Cytokine Library experiment, 5 to 10 animals (depending on the disease score) were
combined for one replicate. Before starting flow cytometry staining, monocytes/macrophages
from the spleen and bone marrow were enriched with MACS using Cd11b microbeads to reduce
sorting time. All cells were blocked with TruStain fcX™ (anti-mouse CD16/32) and stained with
Live/Dead stain to exclude dead cells during blocking for 30min at 4°C. After washing with PBS,
cells were stained for extracellular markers for 30min at 4°C with anti-Cd11b antibody to include
monocytes/macrophages and anti-Ly6G antibody to exclude granulocytes. Cells from the spinal
cord were then fixed (15min at 4°C) and permeabilized with Cytofix/Cytoperm solution for
intracellular staining. Cells then were stained with anti-Argl and anti-iNOS antibodies for 30min
at 4°C in permeabilization solution. Populations of interest were sorted for purity with BD
FACSAria lllu. Genomic DNA from sorted cells was isolated by using QlAamp DNA Micro Kit. Cells
were lysed in the presence of Proteinase K at 56°C overnight instead of 10min for more efficient
de-crosslinking of fixed DNA before DNA isolation. Samples for the CRISPR library were prepared
for NGS as Twep cells. Antibodies used in characterization experiments are listed in the Materials
section. For RNA isolation experiments, cells were kept in solutions with 1:100 Rnasin Plus RNase

Inhibitor after the fixation step to prevent RNA degradation.

For in vitro macrophage polarization experiments, Hoxb8 cells or bone marrow-derived cells were
cultured in the Macrophage medium (10-20ng/ml MCSF) for 5-7 days to allow differentiation.
Differentiated cells were then re-seeded and respective recombinant mouse cytokines (IL4, IL6,
TGF-B, GMCSF, IFN-y, TNF-a) were incubated at a concentration of 20ng/ml for 24 or 48h before
FACS.
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2.2.18 Analyses of CRISPR screens and bulk RNA sequencing

Data processing was conducted by using the Galaxy platform (Afgan et al., 2018). Raw fastq.gz
files obtained from sequencing were de-multiplexed with Je-Demultiplex-lllu. Cutadapt and
Trimmomatic were used to obtain a 20bp length gRNA sequence. Raw sgRNA counts were
obtained by using MAGeCK (W. Li et al., 2014). Raw counts were normalized across samples using
R (R Development Core Team, 2021) by the geometric mean, setting a 50 raw counts quality
threshold for exclusion before normalization. sgRNAs were discarded when they had counts
below the quality threshold in more than two replicates for the same tissue. MAGeCK test was
then run with default parameters except for no normalization and no removal of zero counts.

After MAGeCK, all other data manipulations were conducted in R.

To design the Validation library, we included all genes in the Meninges vs Blood comparison and
in the Parenchyma vs Blood comparison with a log2(fold change) above 0.5 or below -0.5. We
then filtered genes based on detected expression in Tmsp cells by using the data from (Schlager et
al., 2016). Next, we selected top candidate genes from other comparisons (Meninges or
Parenchyma vs Spleen and Spleen vs Blood) with more astringent thresholds: |log2(fold change)|

> 1 & good sgRNAs >= 2 or |log2(fold change)| > 0.6 & good sgRNAs > 2.

For Bulk RNA analysis, data processing was conducted by using the Galaxy platform and R. Fastq
files were aligned to the reference genomes by using RNA STAR (version 2.7.2b) with default
parameters without trimming. Then, transcript counts were determined with HTSeq-count
(version 1.0.0). Differential expression analysis was conducted with DESeq2 (version
2.11.40.7+galaxy1), with default parameters except for Method for estimateSizeFactors being
poscounts. The batch correction was applied when applicable. Further analysis was conducted in

R.

2.2.19 Statistics and Software

Flow cytometry files were analyzed by using FlowJo version 10 (BD Biosciences). GraphPad Prism
version 9 (GraphPad Software) was used to perform statistical analyses and to generate plots.
Total cell numbers and other calculations were performed using Excel (Microsoft Office). Adobe

Illustrator (Adobe Systems) and PowerPoint (Microsoft Office) were used for figure preparations.
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3. RESULTS

3.1 Trafficking of Tmep cells in EAE

3.1.1 Generation of Cas9 expressing Tmer cells and establishment of gene editing in Tmsp cells

In order to perform gene editing with CRISPR in rat Tmep cells, we first introduced the Cas9 protein
with a retroviral vector together with a p2a-linked to the fluorescent marker eGFP to be able to
assess Cas9 expression (Figure 6A). We confirmed Cas9 expression by both GFP expression on
FACS and by qPCR with Cas9 specific primers, and we sorted the high GFP population to ensure
enough and homogenous expression of Cas9 (Figure 6B-C). We then wanted to assess genome
editing efficiency by delivering sgRNAs targeting Itga4 and Cd4 with separate retroviral vectors
carrying the fluorescent marker BFP and the selection marker puromycin (Figure 6D). We could
successfully KO Itgad4 and Cd4 in Tmep Cas9 expressing cells, as confirmed with FACS staining
(Figure 6E). Since delivering retroviral vectors to Twmgp cells twice and stable expression of Cas9
might cause physiological disturbance in T cells, we also established a method where we deliver
with nucleofection either the gRNA duplex alone to Cas9 expressing Twep cells or together with
Cas9 (RNP) to non-transduced Twmep cells, in which Cas9 expression is transient. Nucleofection of
Twmep cells with Itgad gRNA duplex also resulted in high efficiency of genome editing confirmed by
FACS (Figure 6F). We also delivered the Cas9 protein alone to gRNA expressing Twmep cells,
however, KO efficiency was lower when compared to other delivery methods, which could be due
to less efficient Cas9 gRNA complex formation inside of the cells. Overall, we confirmed that
delivering gRNA and Cas9 either with double virus or nucleofection method results in efficient

gene editing in rat Twmep cells.
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Figure 6 | Gene editing in Tmep cells. A. Retroviral Cas9 expression cassette. B. Representative
FACS plots of Twmep cells transduced with the retroviral Cas9-p2a-eGFP vector. C. Confirmation of
Cas9 transcription in Twmep cells by QPCR using Cas9 specific primers. D. Retroviral sgRNA
expression cassette. E. Representative FACS plots of Cas9-Twmee cells transduced with retroviral
sgRNA vector, targeting Itgad or Cd4, illustrating the KO efficiency. F. Representative FACS plots
of Cas9-Twmep cells nucleofected with Itgad or NT gRNA duplex, WT-Cas9-Twmep cells nucleofected
with Itga4 or NT gRNA duplex + Cas9 (RNP), gRNA-Twmep cells nucleofected with Cas9 protein alone.
Numbers indicate the percentages of the Itgad population. FACS data are representative of at
least 2 experiments. qPCR was performed once for the confirmation of Cas9 expression.
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3.1.2 Genome-wide in-vivo CRISPR KO migration screen in Cas9 expressing Twvsp cells

Once we were able to confirm successful gene editing in Tmee cells, we designed a sgRNA library
consisting of 87,690 sgRNAs (4gRNA/gene) targeting all protein-coding genes and miRNAs in the
genome and included 800 NT gRNAs as control. We adoptively transferred Twgp cells expressing
the gRNA library to Lewis rats and sacrificed them on day 3 when they show first symptoms of
disease, namely body weight loss or a clinical score of 20.5. We isolated cells from the blood and
spleen as a representative of peripheral organs, and from the meninges and parenchyma as a
representative of CNS organs (Figure 7A). We confirmed the BFP expression in T cells from each
organ by FACS (Figure 7B) and performed the experiments for a total of 3 replicates. We pooled
8-10 animals per replicate to get enough number of cells for library representation. After the
isolation of cells from tissues, we performed gDNA extraction to the whole tissue lysate. Due to
the low percentage of BFP+ Twgp cells in the spleen, we sorted them to purity before the isolation
of gDNA. We first looked for the correlation of gRNA counts among the replicates as quality
control for each organ (Figure 7C). The correlation gets better when a higher number of counts is
detected, indicating that a higher representation of gRNAs is necessary for better quality.
Therefore, we decided to filter out counts below 50 before we analyzed the data using MAGeCK,
a computational tool developed to identify hits from CRISPR-Cas9 KO screens (W. Li et al., 2014).
As a positive control we used ltga4 a well-established regulator of T cell migration across the BBB.
Indeed, Itgad was one of the top depleted hits in comparisons of CNS vs peripheral organs (Figure
7D), confirming that our genome-scale CRISPR screen can identify migration relevant genes in

Twmep cells.
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Figure 7 | Genome-wide CRISPR screen of T cell migration to the CNS. A. Scheme of the
experimental approach. B. Representative FACS plots of the BFP+ cells for (left to right) blood,
spleen, meninges, and parenchyma. C. Correlation of individual replicates of the genome wide
screen sgRNA log2 counts for (left to right) blood, spleen, meninges, and parenchyma. D. Volcano
plots of 4 comparisons (from left to right, meninges vs blood, parenchyma vs blood, meninges vs
spleen and parenchyma vs spleen). Green indicates significant candidates at adjusted p-value <
0.05 and |log2(Fold-Change)| > 2 standard deviations of the log2(FC) distribution. Pink indicates
Non-Targeted (NT) sgRNA controls. NT spread in comparisons (left to right) for meninges vs blood
-0.124 + 0.218, meninges vs spleen 0.183 + 0.228, parenchyma vs blood -0.078 + 0.236,
parenchyma vs spleen -0.172 £ 0.220.

3.1.3 A deeper secondary pooled library to validate hits with higher confidence

As genome-wide screens can be noisy due to the large size of the sgRNA library, we decided to
design a targeted validation library, composed of 12,000 sgRNAs, based on the results from the
genome-wide screen to reduce false positive and negative hits. We included 6 gRNAs per gene to
increase the sensitivity and specificity of each phenotype (Figure 8A). To design the targeted
validation library, we kept fold change selection criteria low (0.5), to avoid missing real hits, and
we added a couple of genes from pathways enriched in the top hits. We performed 3 replicates
of the targeted validation library. Moreover, for the validation library, we sorted BFP+ cells from
all organs to purity. It allowed us to make more precise calculations on the amount of gDNA to
use for each amplification PCR. Indeed, the correlation of replicates improved in the validation
library (Supplementary Figure 1A). In the analyses of the validation library, we first focused on
candidates which have an impact on T cell migration from the periphery into the CNS. CNS organs
had similar fold changes for most of the top candidates in comparison to the peripheral organs,
indicating that common molecular mechanisms regulate the migration to the meninges and CNS
parenchyma in our experimental setup (Supplementary Figure 1B). We ranked top depleted and
enriched candidates across comparisons with MAGeCK (Figure 8B-E). A strength of the CRISPR KO
screen is that it allows for the identification of essential regulators of a phenotype. Therefore, we
decided to look at molecular classes which are expected to play a role in T cell migration to
identify gene members that are essential for this process, such as ‘Adhesion Molecules’, ‘Cytokine

Receptors’, ‘Chemokine Receptors’, ‘Transcription Factors’, ‘GPCR Receptor Signaling’.
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Among the cluster of ‘Adhesion Molecules’, Itga4 and Fermt3 had the highest fold change
difference, indicating their indispensable role in T cell migration to CNS (Figure 8F). The effect of
Itgad KO on migration is in line with Natalizumab studies and its efficacy to prevent T cells
migration by blocking VLA-4 and VCAM-1 interaction (Hutchinson, 2007). Surprisingly, deficiency
of another subunit of VLA-4, Itgb1, had a milder fold change, suggesting that the involvement of
Itgb1 in the adhesion step might be redundant compared to Itga4. Fermt3 and TInl are both
cytoplasmic proteins that bind to a4p1 integrins to modulate their activation for ligand binding
(E. J. Park, Yuki, Kiyono, & Shimaoka, 2015). Similarly, TIn1 had a milder fold change compared to

Fermt3, suggesting they might have differential importance in the migration of Tuep cells.

Among the ‘Cytokine Receptors’, we found no genes that are significantly regulated across all four
comparisons (Figure 8G), suggesting that cytokine receptors do not play an essential role in Tmsp

migration.

Among the ‘Chemokine Receptors’, knocking out Cxcr3, which is a receptor for inflammatory
chemokines CXCL9, CXCL10 and CXCL11, showed significantly impaired migration phenotype
(Figure 8H) confirming previously observed function of Cxcr3 in the same adoptive transfer EAE
model (Schlager et al., 2016). Overall, our validation CRISPR screen confirmed the role of several
known regulators of T cell adhesion such as Itga4, Fermt3, TInl, Itgb1l and chemokine receptor
involvement such as Cxcr3, indicating the strength of our unbiased approach to identify essential

regulators of Tmee transmigration in an EAE model.

Among the cluster of ‘Transcription Factors’, Cbfb (Core-binding factor subunit beta), and Foxol
(Forkhead box protein O1) had the highest fold change differences (Figure 8l). Cbfb is known to
be involved in different stages of T cell development (Zhao et al., 2007) and Foxo1 is important
for Cd4 T cells homeostasis (Newton et al., 2018), however, it was not previously known that they

also impact the migration of already differentiated MBP specific Cd4+ T cells.

In addition to the known regulators, our CRISPR screen also identified several previously unknown
candidates for T cell migration from the periphery into the CNS. Among the cluster of ‘GPCR
Receptor Signaling’, Grk2 (Beta-adrenergic receptor kinase 1), and Gnai2 (Guanine nucleotide-
binding protein G(i) subunit alpha-2), had the highest fold change differences (Figure 8J). Grk2, as

a GPCR kinase, has a major role in the desensitization and internalization of GPCRs by
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phosphorylating them (Penela, Ribas, Sanchez-Madrid, & Mayor, 2019). Gnai2 is necessary to
activate downstream signaling of GPCRs, and its deficiency has been shown to affect

chemoattractant induced T cell motility (I. Y. Hwang, Park, & Kehrl, 2007).

Our CRISPR screen also identified hits that showed an enhanced migration phenotype. Among
those, Ets1 was the most robust candidate with a high fold change across conditions (Figure 8E).
Etsl is a transcription factor that was previously identified as a risk loci in GWAS of T cells for
Atopic Dermatitis, indicating its potential contribution during autoimmune diseases (Paternoster

et al., 2015).

Among miRNAs, only 11 (out of 380) of them from the genome-wide library were validated in the
targeted validation library, as the rest did not pass our selection criteria. However, none of the
miRNAs in the validation library except Mir202 in the meninges vs spleen comparison showed a
significant fold change difference, suggesting that none of the miRNAs in our library play an

essential role in T cell migration in our experimental setup (Supplementary Figure 2B-C).
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Figure 8 | Validation CRISPR screen of T cell migration to the CNS. A. Scheme of the experimental
approach. B. MAGeCK score plots of all KO depleted in the CNS (from top to bottom meninges vs
blood, parenchyma vs blood, meninges vs spleen and parenchyma vs spleen). Blue dots indicate
significantly depleted candidates (adjusted p-value < 0.05). C. Heatmap of the top depleted
candidates across comparisons (from top to bottom meninges vs blood, parenchyma vs blood,
meninges vs spleen and parenchyma vs spleen). D. MAGeCK score plots of all KO enriched in the
CNS. Red indicates significantly enriched (adjusted p-value < 0.05). E. Heatmap of the top enriched
candidates across comparisons. F-J. Heatmaps of the selected moleculer classes across
comparisons. Stars indicate significance (good sgRNAs > 3, |log2(Fold-Change)| > 3 standard
deviations from the log2(FC) distribution, adjusted p-value < 0.05) (except for GPCR receptor
signaling and Transcription Factors, where adjusted p-value < 0.01).

3.1.4 Compartment specific hits

Since we performed the screen with two peripheral and two CNS organs, we also looked at each
comparison individually to identify hits that affect the distribution between the two peripheral or
central compartments (Figure 9A-H). Among the top depleted candidates, Cbfb, the KO of which
was significantly depleted in the CNS compared to the periphery, is also significantly depleted in
the spleen compared to blood (Figure 9B), suggesting that Cbfb KO have a general impaired

migration phenotype as cells get stuck in the blood circulation.

Among the top enriched candidates, S1prl, a known regulator for normal egress of mature T cells
from lymph nodes to the bloodstream and a therapeutical target of the FDA-approved MS drug
Fingolimod (Cyster & Schwab, 2012), was significantly enriched in the spleen compared to the
blood (Figure 9D), suggesting that our CRISPR screen can also identify tissue specific migration
phenotypes. Other candidates such as Arih1, Ube2I3, Stt3a, KIf2 are significantly depleted in the
comparisons of CNS tissues with the spleen but not with the blood (Figure 8C). This is partially
due to their enrichment in the spleen (Figure 9D). Arih1 is an E3 ubiquitin-protein ligase that
interacts to E2 ubiquitin-conjugating enzyme Ube2I3 for their function of catalyzing ubiquitination
of target proteins (Wenzel, Lissounov, Brzovic, & Klevit, 2011). Deficiency of Arihl and Ube2I3 led
to enrichment in the spleen compared to the blood, therefore, preventing them from reaching
the CNS tissues, indicating that their co-function is crucial to exit the spleen. Moreover, KIf2, a
transcription factor, is known to regulate Slprl expression (Bai, Hu, Yeung, & Chen, 2007),

suggesting that its deficiency phenotype might be linked to S1prl. These data suggest that our



RESULTS 48

CRISPR screen not only informs us about the molecular mechanism of T cells trafficking into the
CNS but also provides candidate regulators that specifically target T cell exit from the spleen or

other lymphoid organs.

We also looked at the meninges vs parenchyma comparison to identify hits differentially required
for the migration of Tmepr cells between two CNS compartments (Figure 9E-H). We identified
potentially interesting candidates. For instance, the KO of P2ry10, a GPCR, was enriched in the
meninges compared to the peripheral organs but absent in the parenchyma. On the other hand,
the KO of Itgb3bp, a centromere protein R functions as a transcription co-regulator, was
significantly depleted only in the parenchyma. Although most of the top candidates that regulate
the migration from the peripheral organs to CNS organs were conserved between the meninges
and parenchyma (Supplementary Figure 1B), these results suggest that specific regulatory

mechanisms may exist to control trafficking of Twmep cells from the meninges to the parenchyma.
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Figure 9 | Regulation of T cell migration in Spleen vs Blood and Parenchyma vs Meninges. A.
MAGeCK score plots of all KO depleted in spleen vs blood. Blue dots indicate significantly depleted
candidates (adjusted p-value < 0.05). B. Heatmap of the top depleted candidates in spleen vs
blood across comparisons (from top to bottom spleen vs blood, meninges vs blood, parenchyma
vs blood, meninges vs spleen and parenchyma vs spleen). C MAGeCK score plots of all KO enriched
in spleen vs blood. Red indicates significantly enriched (adjusted p-value < 0.05). D. Heatmap of
the top enriched candidates in spleen vs blood across comparisons (from top to bottom spleen vs
blood, meninges vs blood, parenchyma vs blood, meninges vs spleen and parenchyma vs spleen).
E. MAGeCK score plots of all KO depleted in the Parenchyma vs Meninges. Blue dots indicate
significantly depleted candidates (adjusted p-value < 0.05). F. Heatmap of the top depleted
candidates in parenchyma vs meninges across comparisons (from top to bottom parenchyma vs
meninges, meninges vs blood, parenchyma vs blood, meninges vs spleen and parenchyma vs
spleen). G. MAGeCK score plots of all KO enriched in the parenchyma vs meninges. Red indicates
significantly enriched (adjusted p-value < 0.05). H. Heatmap of the top enriched candidates in
parenchyma vs meninges across comparisons (from top to bottom parenchyma vs meninges,
meninges vs blood, parenchyma vs blood, meninges vs spleen and parenchyma vs spleen). Stars
indicate significance (good sgRNAs > 3, |log2(Fold-Change)| > 3 standard deviations from the
log2(FC) distribution, adjusted p-value < 0.05).

3.1.5 Validation of identified hits by individual knock-out experiments

Overall, our CRISPR screen in Twmep cells identified several candidates which might regulate the
trafficking of autoreactive T cells trafficking into the CNS. However, each candidate requires
validation to rule out the possibility of false-positive and negative hits identified by the screen.
We performed the CRISPR screen by delivering the sgRNA library with retroviral particles for the
second time. To prevent any possible cell disturbance caused by double retroviral integration we
decided to perform single KO experiments by editing genes with the nucleofection method by
using non-Cas9 expressing Twvee cells in order to have a transient expression of Cas9 and gRNA. To
keep the experimental variation to a minimum, we transduced Twmgp cells with two different
fluorescent proteins, one color for NT control cells and the other one for KO cells. My colleagues,
Dr. Naoto Kawakami and Katrin Lammle, then adoptively co-transferred NT and KO 1:1 mix of
cells to rats and compared the ratio of KO cells to NT cells in each compartment (Figure 10A). We
could successfully confirm the phenotype of Itga4, Hsp90b1, Cxcr3, Gnai2, Grk2, Ets1, S1prl, Arihl
and Ube2I3 from the CRISPR screen with single knock-out experiments (Figure 10B), indicating
the robustness of the CRISPR screen. Katrin Lammle confirmed target DNA perturbations for each

gene by TIDE (Supplementary Table 1).



RESULTS 51

Since CRISPR KO can only show the functional phenotypes of the genes, we wanted to understand
whether our candidate genes are regulated transcriptionally in Tmep cells. To do that, we
adoptively transferred GFP-expressing Twgp cells and sorted cells on onset from the spleen, blood,
CSF, meninges, and parenchyma and performed 3’'mRNA bulk RNA sequencing. Most of our top
candidates identified by the CRISPR KO screen, showed differential expression in different organs
(Supplementary Figure 3A), suggesting a transcriptional level regulation of migration relevant

genes in Twgp cells.
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Figure 10 | Validation of identified hits by the CRISPR screen. A. Scheme of the experimental
approach for validation of individual KOs. B. A ratio of % of KO cells in CNS (meninges +
parenchyma) to the periphery (blood and spleen) relative to % of control NT cells (normalized to
1). Each dot represents one rat.

3.1.6 Grk2 regulates S1prl for the transmigration of Twep cells

Among the novel hits identified by our CRISPR screen, we focused on Grk2 to further investigate
its impact on Tmep migration into the CNS since our experiments showed that the KO effect of
Grk2 on migration is as strong as the KO of Itga4 (Figure 10B). Moreover, as protein kinases are
major drug targets, targeting Grk2 could be a potential therapeutic approach. Indeed, Paroxetine,
an FDA-approved drug for serotonin reuptake inhibition, also inhibits Grk2 kinase activity, and
more Paroxetine-based molecules have been being developed to target Grk2 more specifically (S.

Keretsu, S. P. Bhujbal, & S. Joo Cho, 2019).
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We first wanted to explore which transmigration steps are impaired in Grk2 deficient Twmgp cells.
To do so, Dr. Naoto Kawakami and Katrin Limmle adoptively co-transferred NT cells and Grk2 KO
cells and performed in vivo two-photon imaging (Figure 11A). We observed no differences in the
speed and path length of Grk2 KO cells compared to NT cells (Figure 11B-C), suggesting that Grk2
deficiency does not impair the initial steps (adhesion and crawling) of transmigration. On the
other hand, the number of extravasated cells (diapedesis) was significantly lower in Grk2 KO cells
compared to NT cells (Figure 11D), indicating that Grk2 deficiency impairs the last step of
transmigration of Tmep cells. We then wanted to assess the functional relevance of knocking out
Grk2 Twmee cells. To do that, Dr. Naoto Kawakami and Katrin Liammle adoptively transferred Grk2
KO Twmee cells into rats and observed the clinical score development. Rats transferred with Grk2
KO Twmee cells showed a milder disease course compared to rats transferred with NT cells (Figure
11E). Milder clinical score correlated with the lower body weight loss (Figure 11F). We then
performed 3’ bulk mMRNA sequencing on Grk2 deficient cells from the spleen, however, we did not
observe significant changes in the transcriptome of Grk2 KO cells compared to NT cells (Figure

11G), suggesting that Grk2 mediated effect is not transcriptionally regulated.

Grk2 mediated S1prl desensitization was shown to be necessary for the migration of T and B cells
from blood, into the lymph nodes, against the S1P gradient. Impaired migration phenotype of
Grk2 deficient cells was restored in S1P deficient mice (Arnon et al., 2011) and by S1prl antagonist
treatment (l.-Y. Hwang, Park, Harrison, & Kehrl, 2019). Therefore, we hypothesized that Grk2
mediated S1prl internalization might also be required for Twmsp cells to migrate against the S1P
gradient, from blood into the CNS. Dr. Naoto Kawakami and Katrin Limmle performed transfer
experiments with Grk2 KO, S1prl KO and Grk2/S1prl double KO cells. Indeed, KO of S1prl in Grk2
KO cells restored the migration deficient phenotype from blood into the CNS (Figure 11H).
Overall, these data suggest that Grk2 KO cells lack internalization of S1prl, preventing them to

migrate against the S1P gradient, from blood into the CNS.
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Figure 11 | Grk2 KO Twmer cells fail to extravasate BBB due to lack of S1prl sensitization. A. A
representative two-photon image of Grk2 KO (GFP) and NT (BFP) injected rats on the onset of the
disease. Blood vessel in red. B. The speed (velocity) of Grk2 KO and NT cells found on the
intraluminal surface and extravasated cells. Each dots represents one video taken from 3 different
rats. C. The length of the path T cells crawls on the intraluminal surface. D. A ratio of the number
of extravasated (EX) cells to the number of cells on the intraluminal surface. Each dot represents
one rat. E. Clinical score and F. body weight change in rats adoptively transferred with NT cells or
Grk2 cells (n=3 rats). G. 3’ Bulk mRNA sequencing of Grk2 KO and NT T, ., cells isolated from the

spleen. Green dotes indicate significantly regulated transcripts based of FDR adjusted p-value <
0.05 and |log2(Fold-Change)| > 3 standard deviations of the log2(FC) distribution (n=3 rats). H. A
ratio of % of KO cells parenchyma to the blood relative to % of control NT cells (normalized to 1).
Each dot represents one rat.

3.1.7 Etsl controls T cell activation and cytotoxicity

Ets1 KO Twmer cells are enriched in the CNS, indicating that Ets1 functions as a suppressor of T cell
migration. Ets1 has been shown as a negative regulator of Th17 differentiation, and a suppressor
of pathogenic T cell response (C.-G. Lee et al., 2019), however, its role in the transmigration of
antigen-specific T cells has not been addressed yet. Therefore, we wanted to investigate how the
transcriptome of Ets1 deficient cells changes in Tmsp cells. To do so, we adoptively co-transferred
NT cells and Ets1 KO cells and isolated cells from the parenchyma for 3’ bulk mRNA sequencing.
We observed that Ets1 KO cells upregulated transcripts associated with cytotoxicity and activation
such as Nkg7, Prf1, Tnfrsf9, l12ra (Figure 12A). We also observed an increase in Th17 regulating
genes such as IL17a, Ccr6. These results indicate that Ets1 deficiency leads to a more aggressive T
cell response in Tmep cells with a higher Th17 phenotype. However further experiments are
required to understand how the more aggressive phenotype is mechanistically linked to the
enhanced CNS migration in our EAE model. Ets1 transcript depletion was not detected by the
3’'mRNA sequencing, this could be because the 3' mMRNA sequencing method only captures reads
from the 3’ end of the mRNA or it could be that frameshift mutations on the target site do not
cause mRNA decay. Therefore, we confirmed the deficiency of Ets1 on protein level (Figure 12B)
with a monoclonal antibody and on RNA level by designing specific primers to the target exon
(Figure 12C). We also validated top hits from the 3’mRNA sequencing with specific primers by
gPCR (Figure 12C).
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Figure 12 | Ets1 KO T, ., cells are more cytotoxic in the parenchyma. A. 3’ Bulk mRNA sequencing
of Ets1 KO and NT T,
regulated transcripts based on FDR adjusted p-value < 0.05 and |log2(Fold-Change)| > 3 standard

deviations of the log2(FC) distribution (n=3 rats). B. Western Blot analysis for Ets1 (52kDa) from
cell culture Ets1 KO and NT T, cells. C. gPCR analysis of ETS1 KO and NT T, cells isolated from

the parenchyma (n=3 rats). Multiple paired two-tailed Student’s t-test comparing the expression
of transcripts in Ets1 KO cells to NT (mean is normalized to 1) .
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3.2 Macrophage polarization in EAE

Previous research from our lab demonstrated that during EAE, infiltrating macrophages can adopt
a different spectrum of polarization and polarize from Minos cells to Marg cells. Minos cells
predominate during the initial inflammatory phase, and gradually shift to a Marg1 phenotype
during lesion resolution (Locatelli et al., 2018). | performed the experiments in Locatelli et al.,
(2018) to identify signals that may regulate this phenotypic shift. To do so, | co-cultured Minos
polarized (LPS and IFN-y) bone marrow-derived macrophages (BMDM) with TLR or latex (as a
control) beads, as well as a myelin or non-myelin (as a control) fraction of CNS in vitro. | also co-
cultured BMDMs with primary astrocytes and microglia for 48 hours on a transwell system to
allow cells to secrete signals through the transwell membrane. The phenotype of Minos and Marg1
was then determined by gPCR measurements of iNOS and Argl levels. Relative mRNA abundance
revealed that phenotypic shift of macrophages from Minos to Marg1 could be due to signals
secreted by Astrocytes; however, the presence of latex or TLR beads, myelin or non-myelin

fraction of CNS, and Microglia had no effect (Figure 13A-B).

We then intended to determine the drivers of Minos and Marg1 polarization during EAE as a
continuation of the project. In vitro polarization BMDMSs with recombinant cytokines is, however,
a rather limited setup when compared to the inflammatory milieu of EAE lesions, which involves
many cell types and tissue specific signals. We first intended to design a setup for performing
CRISPR screen in macrophages to uncover regulators of macrophage polarization during EAE
because the present tools do not allow us to perform large scale genetic modifications in

macrophages in vivo.



RESULTS 57

A Weight loss Onset Peak Remission
80 Weight loss 80 Peak 80 Remission
- 704" 70 70
3‘; 60 60 1+ 60
3 50 50 50
o 40 40 # 40
8 30 30 i 30
g 20 . i 20 20, R
a 10 . B 10 D N 10 A
0 ﬁlm&ﬁ“ 0 Mﬂ.@mﬁl@i 0 -N-MELE[GM -
OCWLTON~ ™ v~ a OV TN~ o ow Nrr -
FesSrENo TRl 5 =IREERGEhL -g:.\_f\ff\.’:.\.zqa?m&
tg YFP/tdTomato 2 YFP/tdTomato E YFP/tdTomato S YFP/tdTomato
2 fluorescence intensity 2 fluorescence intensity 2 fluorescence intensity B fluorescence intensity
30 c 30
< (=]
s ]
2 8
o a
S 20 ¥ 20
o -]
@
s 104 2 10
3 § . o
k] =
& i ﬁ & o 3
0- T 0
S P P & & @ P e » & & °® &
& & & & L& & & &L &
N &
S & N PN R G

Figure 13 | Minos to Marg shift of Macrophages in EAE. A. Confocal images of spinal cord lesions
and quantitative analysis of MiNOS, MiNOS/Arg1, and MArg1 cells at the indicated EAE timepoints
in INOS-tdTomato-Cre x Arginase-YFP mice (n = 6 mice at weight loss, n = 10 at onset, n = 8 at
peak, n = 5 at remission). B. Quantitative PCR analysis of iNOS and Argl transcription in BMDM
polarized in vitro for 48 h toward Minos with LPS + IFN-y and analyzed at 24h after culture with
medium only (control), latex microspheres (beads), zymosan-coupled bioparticles that stimulate
TLR signaling (TLR beads), myelin and nonmyelin fractions of the CNS, or after transwell cultures
with isolated microglia or astrocytes (astrocytes). Data from 3 experiments are shown as
individual values and as average + s.e.m. (** P < 0.01; one-way ANOVA with Bonferroni post hoc
correction, P =0.0033 (astrocytes vs. control). Figures are taken from Locatelli, G., Theodorou, D.,
Kendirli, A.,. . . Kerschensteiner, M. (2018). Mononuclear phagocytes locally specify and adapt
their phenotype in a multiple sclerosis model. Nat Neurosci, 21(9), 1196-1208.
d0i:10.1038/s41593-018-0212-3
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3.2.1 Establishing in vivo transfer of Hoxb8 progenitor cells in the EAE model

Hoxb8 cells are immortalized early bone marrow progenitor cells with myeloid and lymphoid
potential dependent on the self-renewal and cell differentiation arrest function of the Hoxb8 gene
(G. G. Wang et al., 2006) (Redecke et al., 2013). Hoxb8 expression is estrogen-dependent and
upon withdrawal of estrogen and in the presence of M-CSF, cells can differentiate to macrophages
and polarize as their counterparts BMDMs (Accarias et al., 2020). The unlimited proliferative
capacity of Hoxb8 cells offers the possibility to conduct a wide range of genetic manipulations in
vitro. Therefore, we assumed the adoptive transfer of Hoxb8 cells before the EAE onset might
behave similarly to their endogenous counterparts. We incubated Hoxb8-Bcl2 cells two days in
culture in the presence of M-CSF to initiate their differentiation to the myeloid lineage and then
transferred them i.v. into EAE induced mice before the onset of the disease. Six days after cell

transfer, we isolated cells from different organs for the subsequent analysis (Figure 14A).

We first wanted to characterize Hoxb8 derived cells in EAE animals. To do so, we transduced
Hoxb8 cells with a retroviral vector expressing GFP to able to distinguish them from the
endogenous population. We first looked for their potential to differentiate into myeloid lineage
in animals. On Day 0 when they are still in the Hoxb8 medium they did not express Cd11b as
expected. After 2 Days in medium with M-CSF, right before the transfer to animals, very few cells
started to express Cd11b, whereas almost all Hoxb8 derived cells became Cd45+Cd11b+ myeloid
cells in all the compartments we checked in animals on the day of analysis (Figure 14B). Notably,
they express Cd45 and Cd11b in higher intensity due to the inflamed environment of the spinal
cord. Also, there is no progenitor Hoxb8 cells in the bone marrow on the day of analysis,
suggesting that there would be no continuous differentiation from the bone marrow niche.
Indeed, we observed that Hoxb8-derived cells gradually disappear from the circulation after 8-9

days of transfer (data not shown)

We then studied the percentage of Hoxb8-derived myeloid cells in different organs compared to
the endogenous population. Around 20% of myeloid cells in the blood and spinal cord were
Hoxb8-derived (Supplementary Figure 4A,B), offering enough cells for CRISPR manipulations. The
amount of Hoxb8 cells in the body did not significantly interfere with the EAE incidence or clinical

score (Supplementary Figure 4C).
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Figure 14 | Transferred Hoxb8 cells become myeloid cells in EAE mice A. Scheme of the
experimental approach. Adoptive transfer of Hoxb8 cells transduced with retroviral sgRNA vector,
expressing NT sgRNA and GFP fluorophore, into the EAE induced mice. B. Representative FACS
plots of Hoxb8 cells expressing Cd45 and Cd11b in cell culture (Culture Day 0), before the transfer
into mice (Culture Day 2), 6 days after the transfer isolated from several organs: blood, femur,
vertebra, spinal cord, spleen, lymph nodes (lumbar, inguinal, mesenteric) C. Percentage of
Cd45+Cd11b+ Hoxb8-derived (Live GFP+) cells (n=4 mice).

We then wanted to further characterize Hoxb8-derived myeloid cells found in the inflamed spinal
cord by investigating the expression of several receptor markers by FACS staining. Among
Cd45+Cd11b+ cells, some (~19%) expressed the neutrophil marker Ly6G+, but majority was
negative for Ly6G. Among the monocyte (Ly6G-) population, we observed both Ly6C+ and Ly6C-
monocytes with a majority of Ly6C- cells (~¥62%) (Figure 15A,C). Among the Ly6G- population,
almost all cells (>97% for F4/80, ~87% for Cd11c) were positive for macrophage markers F4/80
and Cd11c, and some cells (~34%) were positive for activation marker MHCII (Figure 15B,D). Their
endogenous counterparts (GFP-) cells also showed similar expression patterns with small
differences probably because the GFP- population might include more heterogeneous cell
populations such as microglia, NK cells, dendritic cells, eosinophils which we could not exclude
with our staining panels. We also checked other organs for the expression of F4/80 and MHCII in
Hoxb8-derived cells, MHCII+ cells were highly present in lymph nodes and spleen as well,
indicating that their functional phenotype is not restricted to the spinal cord (Supplementary

Figure 5A,B)

Interestingly, we observed differential Ly6G marker expression in different organs, Ly6G" to
Ly6GHieh ratio was highest in the spinal cord, suggesting that cells tend to be monocytes in the
inflamed spinal cord (Supplementary Figure 5C). This could be due to the tissue-specific
differentiation or recruitment signals. We also evaluated the blood for other potential cell types
that can express Cd11lb, and we confirmed that Hoxb8-derived cells are negative for eosinophil

marker (SiglecF) and natural killer (NK) cell marker NK1.1 (Supplementary Figure 5D,E)
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Figure 15 | Characterization of Hoxb8-derived myeloid cells in the spinal cord. A. Representative
FACS plots of Live Hoxb8 (GFP+) and Endogenous (GFP-) cells for the expression of Cd45 and
Cd11b, Ly6G and Ly6C (in Cd11b+Cd45+ gate) B. MHCII and F4/80 (in Cd11b+Cd45+Ly6G- gate),
MHCII and Cd11c (in Cd11b+Cd45+Ly6G- gate). C. Percentage of Ly6G/C +/- in Live Cd45+Cd11b+
and D. F4/80+, Cd11c+, MHCII+ cells in Live Cd45+Cd11b+Ly6G- in Hoxb8 (GFP+) and Endogenous
(GFP-) derived cells (n=4 mice).
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We also histologically investigated the spinal cord of GFP+ Hoxb8 cells transferred animals. Dr.
Paula Sanchez performed the staining, scanning, and analysis of the sections. We observed the
presence of Cd11b+GFP+ Hoxb8-derived cells in EAE lesions. We observed no differences in the
distribution of Hoxb8-derived cells in various lesion depths compared to their endogenous
counterparts Cd11b+GFP- cells, confirming their natural recruitment to the inflamed spinal cord

during EAE (Figure 16A-C).
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Figure 16 | Hoxb8-derived myeloid cells infiltrate the EAE spinal cord lesions A. A representative
histology section of the spinal cord from EAE mice stained with DAPI for nucleus, Cd11b for the
myeloid marker. NT-GFP represents Hoxb8-derived cells expressing NT sgRNA and GFP
fluorophore. Scale:100um. A white rectangular with dashes refer to B B. A closer look at the lesion
site. Scale:25um C. Percentage of Hoxb8-derived cells (Cd11b+GFP+) and Endogenous cells
(Cd11b+GFP-) in total population in different lesion depth from meninges (um). Each dot
represents one lesion. Data are shown from one animal.
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Overall, these results suggest that adoptively transferred Hoxb8 progenitor cells with myeloid
potential can adapt to the physiological environment of the body and mimic their endogenous
counterparts in terms of differentiation, recruitment, and activation in the spinal cord during EAE.
They are also found in other organs, offering a valuable and simple tool to study large-scale

genetic manipulations in monocytes/macrophages in vivo.

3.2.2 Migration of Hox8-derived monocytes to the inflamed spinal cord is CCR2-dependent

To assess whether Hoxb8-derived monocyte/macrophages infiltration to the inflamed spinal cord
is an active or passive migration, we targeted Ccr2, a known chemokine receptor that is required
for monocyte recruitment to inflammatory sites (C. L. Tsou et al., 2007). We deleted Ccr2 in Hoxb8
cells and transferred them to EAE induced animals. To control for experimental variation, we co-
transferred GFP-expressing Ccr2KO Hoxb8 cells together with Tdtomato-expressing NT cells
(Figure 7A). Ccr2 deficient monocytes (Ly6G-) were significantly diminished in the spinal cord but
not in the spleen, relative to the blood (Figure 7B), indicating that Hoxb8-derived monocyte
migration to the inflamed spinal cord is Ccr2-dependent. In line with previous studies (C. L. Tsou
et al., 2007), Ccr2 deficient cells were enriched in the bone marrow. On the other hand, Ccr2
deficient neutrophils (Ly6G+) showed no impact on recruitment to the spinal cord, as expected.
These results suggest that Hoxb8-derived monocytes are functionally recruited from the bone

marrow and blood via Ccr2 to the inflamed spinal cord during EAE.
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Figure 17 | Migration of Hoxb8-derived monocytes to the spinal cord in EAE is CCR2-dependent.
A. Representative FACS plots of Hoxb8 cells transduced with retroviral sgRNA vector, targeting
Ccr2 (with GFP backbone) or NT (with Tdtomato backbone) in the bone marrow and spinal cord.
B. One-way ANOVA with Dunnett's multiple comparisons test comparing blood (control) with
other tissues (bone marrow, spleen. spinal cord (s.cord)) in Cd11b+Ly6G- monocytes and C. in
Cd11b+Ly6G+ granulocytes. The ratio of %CCR2/%NT is normalized to 1 in the blood (n =5 mice,
***p < 0.001, ****P < 0.0001, P=0.9926 for blood vs spleen in B, P=0.5613 for blood vs spleen
and P=0.2353 for blood and s.cord in C, mean + sem)

3.2.3 Hox8-derived macrophages polarize to Marg1 and Minos

Next, we wanted to assess the functional phenotypes of macrophage polarization in Hoxb8-
derived cells in the spinal cord with our classical polarization markers Argl and iNOS. In the same
experiment, we also wanted to confirm that we can technically identify a polarization deficient
phenotype. To do so, we co-transferred GFP expressing Argl KO cells together with Tdtomato-
expressing NT cells as a control (Figure 7A). We observed overall a similar degree of polarization
in NT cells compared to their endogenous counterparts, although the iNOS+ population was
slightly higher than endogenous cells for both NT and Argl KO cells (Figure 7B). As expected we
saw significantly less Argl expression in Argl KO cells compared to the NT control, while iNOS
polarization was not significantly affected (Figure 7B). These results indicate that Hoxb8-derived
cells can gain polarization phenotypes similar to the endogenous population and we can

technically identify cells with an altered polarization phenotype.
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Figure 18 | Hoxb8-derived macrophages polarize to Marg1 and Minos in the spinal cord of EAE
mice. A. Representative FACS plots of Hoxb8 cells transduced with retroviral sgRNA vector,
targeting Argl (with GFP backbone) or NT (with Tdtomato backbone) in the spinal cord. B.
Relative polarization of Cd11b+Ly6G- NT and Argl cells to endogenous cells (normalized to 1),
unpaired two-tailed Student’s t-test comparing NT and Argl KO in Argl+ population (n=3 mice,
**p <0.01, P=0.0042, mean * sem)
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3.2.4 Transcriptome comparison of Hoxb8-derived Monocytes, Marz1 and Minos populations to

the endogenous populations

To further characterize our Hoxb8 adoptive transfer system, we also investigated whether other
markers in Marg1 and Minos populations correlate between Hoxb8-derived macrophages and
endogenous macrophages. To do that, we isolated cells from the spinal cord of EAE induced
Hoxb8 cells transferred animal, and we sorted Argl+ and iNOS+ cells separately from both Hoxb8-
derived and endogenous populations. We sorted Ly6C+ monocytes from the blood as a reference
transcriptome. Transcriptome analysis showed that up- and down-regulated transcripts in Argl+
and iNOS+ populations compared to the blood are correlating between Hoxb8-derived and
endogenous macrophages (Supplementary Figure 6A,B), further confirming that Hoxb8-derived
macrophages can acquire phenotypes similarly to their endogenous counterparts in the inflamed

spinal cord.

We also observed that macrophage activation markers in both Argl+ and iNOS+ populations,
monocyte markers in the blood monocytes are similarly expressed between Hoxb8-derived and
endogenous populations  (Supplementary Figure 6C-E). Although Hoxb8-derived
monocyte/macrophages express monocyte/macrophage markers at both protein and mRNA
level, interestingly, Hoxb8 and Cd19 are still detected transcripts in Hoxb8-derived monocytes.
This could be due to the leftover transcripts from progenitor states of Hoxb8 cells which are

missing in the endogenous population.

Overall, these data indicate that Hoxb8-derived cells can be recruited into the spinal cord during
EAE via the classic monocyte recruitment signaling and acquire functional macrophage
phenotypes similar to their endogenous counterparts, confirming that they might be a useful tool

for studying the role of monocytes and macrophages in EAE.
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3.2.5 In vivo CRISPR screen to identify cytokines regulating Marg1 and Minos polarization during

EAE

Cytokines have been shown to be central instructors of phagocyte phenotypes in vitro and in vivo
(Sica & Mantovani, 2012). Therefore, we first wanted to identify cytokines driving macrophage
polarization during EAE. We designed a CRISPR library containing sgRNAs targeting cytokine
receptors and their corresponding key signaling pathway members (‘Cytokine library’). We
transduced Hoxb8 cells in culture with a retroviral vector expressing the library sgRNAs,
transferred them to EAE induced animals and sorted four monocyte/macrophage (Cd11b+ Ly6G-
) populations from the spinal cord: MO (Argl-iNOS-), Argl+ (Argl+iNOS-), iINOS+ (Argl-iNOS+),
double positive (DP) (Arg1+iNOS+) cells. We analyzed the results by MAGeCK. We first checked
the migration phenotype among the cytokine receptors by comparing the sgRNA distribution
between the bone marrow and spinal cord. We included Ccr2 gene in the library as a positive
control for migration. Only Ccr2 KO cells were significantly depleted in the CNS with high fold
change, suggesting that KO of cytokine receptors do not impact the migration of monocytes to

the inflamed spinal cord (Figure 19A).

We then compared Argl+ cells to MO cells among the cytokine receptors (Figure 19B). We
included Argl gene in the library as a positive control. Indeed, Argl KO was one of the top
depleted hits in the Argl+ population. Moreover, the TGF-B receptors (Tgfbrl and Tgfbr2), the
GM-CSF receptors (Csf2ra and Csf2rb) and the IL6 receptor (ll6r) were among the top depleted
hits in the Argl+ population. The TNF receptors (Tnfrsfl1 and Tnfrsf2) also showed a minor
depletion phenotype in the Argl+ population. Interestingly, the KO of the IFN-y receptors (Ifngrl
and Ifngr2) and IFN alpha/beta receptors (Ifnarl and Ifnar2) were significantly enriched in the
Argl+ population, suggesting a negative role of IFNs on Marg1 polarization. Quite surprisingly, the
well-known Marg1 inducer cytokines IL4, IL13 and IL10 receptors did not come up as candidates,
suggesting that these cytokines do not play essential roles in polarizing macrophages to the Marg1
phenotype in the context of active EAE. To control whether the absence of well-known Marg1
polarizing cytokine IL-4 was due to low responsiveness by Hoxb8-derived macrophages, we
performed a CRISPR screen experiment in vitro with Hoxb8-derived macrophages, polarizing cells

with IL4 and sorting Argl+ and Argl- cells. We showed that IL4 receptors (ll4r, 112rg) and their
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signaling members (Jak3, Stat6) were significantly depleted in the Argl+ population, confirming

that Hoxb8-derived macrophages can respond to the IL4 cytokine (Supplementary Figure 7).

We next compared iNOS+ cells to MO cells (Figure 19B). We included Nos2 gene as a positive
control. Indeed, Nos2 KO was one of the top depleted hits in the iNOS+ population. The TNF
receptors (Tnfrsfl and Tnfrsf2), and the IFN-y receptors (Ifngrl and Ifngr2) were significantly
depleted in the iINOS+ population. Interestingly, the KO of TGF-B receptors (Tgfbrl and Tgfbr2)

were enriched in the INOS+ population, suggesting a negative role of TGF- on Minos polarization.

We also looked at the behavior of the key signaling members of each pathway for both Argl+ vs
MO and iNOS+ vs MO comparisons. A key signaling member of each pathway, namely, TGF-B-
Smad4, IFN-y-Stat1l, GM-CSF-Stat5b, TNF-Nfkb1, IL6R-Stat3 showed the same phenotype as their
receptors (Figure 19C-G), supporting the involvement of the pathways in respective Marg1 and

Minos polarization.

The KO phenotypes of Ccr2, Argl and Nos2 confirm that in vivo CRISPR screens using our Hoxb8
cell-based method can identify physiological phenotypes in monocytes/macrophages. Overall,
our data show that TGF-B and GM-CSF, but not IL4, IL13 or IL10, are essential for Marg
polarization, whereas TNF and IFN-y are essential for Minos polarization in active EAE model.
Moreover, the TGF- § and IFN-y pathways showed suppressive phenotypes on Minos and Marg1
polarization, respectively, suggesting a potential crosstalk between two pathways regulating

macrophage polarization.
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Figure 19 | In vivo CRISPR screen in Hoxb8-derived macrophages identified cytokines regulating

MArgl and M, . polarization during EAE. A. Heatmaps of the cytokine receptors for the CNS vs

bone-marrow (BM) comparison, Ccr2 added as a positive control. B. Heatmaps of the cytokine
receptors for Argl+ vs double negative (DN, Arg1-iNOS-) and iNOS+ vs DN comparisons, Argl and
Nos2 added as positive controls. Stars indicate significance (good sgRNAs > 2, |log2(Fold-Change) |
> 3 standard deviations from the log2(FC) distribution, adjusted p-value < 0.05). C-G. Schematic
representation of TGF-B, IFN-y, GMCSF, TNF-q, IL6 signaling pathways with heatmaps from the
screen results.

3.2.6 Validation of hits with individually cloned sgRNAs

We next wanted to validate some of the top hits by single KO experiments. To control for
experimental variation and to reduce the number of animals we co-transferred Tdtomato-
expressing NT cells, GFP-expressing KO-1 cells and BFP-expressing KO-2 cells in an equal ratio to
the same animal. We injected Tgfbrl KO (GFP) together with Ifngrl (BFP) cells (Figure 20A). Tgfbrl
KO cells showed significantly impaired Mag1 polarization and significantly enhanced Minos
polarization compared to NT cells. On the contrary, Ifngrl KO cells showed significantly enhanced
Marg1 polarization and significantly impaired Minos polarization compared to NT cells (Figure 20B),
confirming the CRISPR screen results. The opposite behavior of KOs indicates a potential balance
between TGF-B and IFN-y signaling pathways regulating macrophage polarization during active

EAE.
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Figure 20 | Validation of Tgfbrl and Ifngrl. A. Representative FACS plots of Hoxb8 cells
transduced with retroviral sgRNA vector, targeting Tgfb1r (with GFP backbone) or Ifngrl (with BFP
backbone) and NT (with Tdtomato backbone) in the spinal cord for Argl and iNOS expression. B.
Percentage of Argl and iNOS expression in Cd11b+Ly6G- Tgfbrl KO and Ifngrl KO cells compared
to NT cells. Multiple paired two-tailed Student’s t-test comparing KO cells to NT cells for Argl+
and iNOS+ population (n=6 mice, p values are shown in the figure for each comparison),
Experiments performed twice independently.
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We injected Csf2ra KO (GFP) together with ll6ra (BFP) cells (Figure 21A). Csf2ra KO cells showed
significantly impaired Marg1 polarization compared to NT cells, whereas ll6ra KO cells had a mild
but robust reduction in both Marg1 and Minos polarization compared to NT cells, confirming the
CRISPR screen results. These results suggest that GM-CSF signaling is important to drive Marg1
polarization, whereas IL6 signaling might have an impact on the general activation of

macrophages in our active EAE model.

A
o OO. .. .. /@-‘/" \
© 00 8Q0e —> 43_
o © L]
Csf2ra:1 NT: 1 ll6ra
Argl NT control Csf2ra ll6ra
F 3
5 | Argl+ IHOS#NQH 5 | Argl+ INOS+Arg1+
0" 443 . 303 " F108 . 551.
B
80 80 0.001 0.044
- NT — | | - NI
-» Csf2ra KO o llGra KO

60+ 60+

204




RESULTS 74

Figure 21 | Validation of Csf2ra and lléra. A. Representative FACS plots of Hoxb8 cells transduced
with retroviral sgRNA vector, targeting Csf2ra (with GFP backbone) or ll6ra (with BFP backbone)
and NT (with Tdtomato backbone) in the spinal cord for Argl and iNOS expression. B. Percentage
of Argl and iNOS expression in Cd11b+Ly6G- Csf2ra KO and ll6ra KO cells compared to NT cells.
Multiple paired two-tailed Student’s t-test comparing KO cells to NT cells for Argl+ and iNOS+
population (n=7 mice, p values are shown in the figure for each comparison), Experiments
performed twice independently.

We injected Tnfrsfla KO (GFP) together with ll4ra (BFP) cells (Figure 22A). Tnfrsf1 KO cells had
significantly impaired Minos polarization compared to NT cells and had a mild but robust reduction
in Marg1 polarization. ll4ra KO cells showed no difference in Marg1 polarization and showed a mild
but significant increase in Minos polarization compared to NT cells, confirming the CRISPR screen
results. These results suggest that TNF-a signaling is mainly important to drive Minos polarization
but also slightly impairing Marg1 polarization, whereas IL4 signaling, known as classical Marg1

driver, does not play role in our active EAE model.

In all these experiments we confirmed target DNA perturbations for each gene by TIDE

(Supplementary Table 1).

We further confirmed the lack of IL4 signaling in our EAE model on Marg1 population by in vivo
single KO experiment targeting Stat6 (Supplementary Figure 8A). Staté KO cells showed no
change in Marg polarization and showed a mild but significant increase in Minos polarization
compared to NT cells (Supplementary Figure 8B), replicating the Il4ra phenotype. We also sorted
Argl+ and Argl- Stat6 KO cells and confirmed Argl expression in Stat6 KO cells by TIDE

(Supplementary Figure 8C).

Overall, these data further confirms that TGF-B and GM-CSF, but not IL4, are the main drivers of
Marg1 polarization, whereas TNF-a and IFN-y are the main drivers of Minos polarization in our active

EAE model.
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Figure 22 | Validation of Tnfrsfla and ll4ra. A. Representative FACS plots of Hoxb8 cells
transduced with retroviral sgRNA vector, targeting Tnfrsfla (with GFP backbone) or ll4ra (with BFP
backbone) and NT (with Tdtomato backbone) in the spinal cord for Argl and iNOS expression. B.
Percentage of Argl and iNOS expression in Cd11b+Ly6G- Tnfrsfla KO and ll4ra KO cells compared
to NT cells. Multiple paired two-tailed Student’s t-test comparing KO cells to NT cells for Argl+
and iNOS+ population (n=8 mice, p values are shown in the figure for each comparison),
Experiments performed twice independently.
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3.2.7 In vitro cytokine combinations in BMDMs confirm the synergistic effect on Marg: and

Minos

Our in vivo Cytokine library screen in macrophages during EAE revealed that TGF-B and GM-CSF
are both required for Marg1 polarization, whereas IFN-y and TNF-a are both required for Minos
polarization. We wanted to test whether we can recapitulate the in vivo macrophage phenotypes
in vitro by adding the respective recombinant cytokines. To do so, we used classical BMDM
cultures and incubated them with different combinations of cytokines. We could indeed observe
higher Argl expression at the protein level in TGF-B and GM-CSF co-treated cells, compared to
individual cytokine treated cells (Figure 23A). Similarly, IFN-y and TNF-a co-treated cells had
higher iNOS expression compared to individual cytokines treated cells (Figure 23B). These results
indicate that the combination of two cytokines has an increased impact on respective
polarizations, recapitulating the in vivo phenotypes we observed with Hoxb8-derived
macrophages in vivo. We also tested whether IL6 has an additive effect in vitro, however, we
observed no impact of IL6 for both Marg: and Minos polarization (Figure 23C,D). Surprisingly,
treating cells with TGF-B, GM-CSF, IFN- y, TNF-a at the same time enhanced Mar1 polarization
and impaired Minos polarization (Figure 23C,D). We next wanted to investigate whether treating
cells with four cytokines (TGF-B, GM-CSF, IFN-y, TNF-a) induces the same phenotype as in vivo in
Tgfbrl and Ifngrl KO cells. To do so, we used BMDM cells isolated from Cas9 animals. Tgfbrl KO
cells showed significantly impaired Mag1 polarization and significantly enhanced Minos
polarization, whereas Ifngrl KO cells showed significantly enhanced Mar1 polarization and
significantly impaired Minos polarization compared to NT cells (Figure 23E,F), reproducing the in

vivo phenotype obtained with Hoxb8-derived macrophages.

We then wanted to assess whether the synergistic effect of cytokine combinations is regulated at
mMRNA level. To do so, we incubated BMDMSs with cytokines for 8h and performed 3’ bulk mRNA
sequencing. RNA levels also showed an increase in iNOS and Argl when the cytokines were
present in combination (Supplementary Figure 9A). These results further confirm the synergistic
effect of TGF-f and GM-CSF on Marg1, and IFN-y and TNF-a on Minos also on transcriptome level.

It should be noted that not only Argl and iNOS levels are getting affected but the rest of the
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transcriptome also change by the combination of cytokines compared to individual cytokines

(Supplementary Figure 8B).

Overall, these findings show that in vitro treatment of BMDM cells with respective recombinant
cytokines supports the phenotypes of Hoxb8-derived macrophages in the inflamed spinal cord

environment during active EAE, strengthening the validity of the Hoxb8 transfer method in vivo.
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Figure 23 | In vitro treatmant of BMDMs with cytokine combinations. A. One-way ANOVA with
Sidak's multiple comparisons test comparing TGF-B+GMCF treated cells with TGF-B and GMCSF
only treated cells B. One-way ANOVA with Sidék's multiple comparisons test comparing TNF-
a+IFN-y treated cells with TNF-a and IFN-y only treated cells. C. One-way ANOVA with Sidak's
multiple comparisons test. D. One-way ANOVA with Siddk's multiple comparisons test. E. One-
way ANOVA with Dunnett's multiple comparisons test comparing NT (control) cells with Tgfbr-KO
and Ifngr KO cells treated with TGF-B+GMCF+TNF-a+IFN-y (20ng/ml each) for 24h F. One-way
ANOVA with Dunnett's multiple comparisons test comparing NT (control) cells with Tgfbr1-KO and
Ifngrl KO cells treated with TGF-B+GMCF+TNF-a+IFN-y (20ng/ml each) for 24h. (each dot
represents a biological replicate, (ns:not significant P > 0.05, *P < 0.05 ***P < 0.001, ****p <
0.0001, mean + sem) (TGF:TGF-B, IFN:IFN-y, TNF:TNF-a)
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4. DISCUSSION

Here in my thesis, | established in vivo CRISPR KO screens to identify essential regulators of two
key steps of neuroinflammation during EAE; transmigration of MBP specific T cells from the
periphery to the CNS across the BBB, and the development of macrophage phenotypes that
participate in the formation and resolution of lesions. We performed a genome-wide in vivo
CRISPR screen in Twmep cells in a passive EAE model in Lewis rats. We compared the sgRNA
abundance between peripheral organs (blood and spleen) and CNS organs (meninges and
parenchyma). Our CRISPR screen identified known regulators of transmigration such as ltga4,
Fermt3, Itgb1, TInl, Cxcr3, Hsp90b1l as well as unknown regulators such as Grk2, Gnai2, Arihl,
Ube2l3, Etsl. We validated the selected candidates from the screen with in vivo single KO
experiments. We showed that Grk2 deficiency inhibits T cells” migration by its function on S1prl
internalization. We also revealed that Ets1 inhibits T cell migration, and its absence results in

increased T cell activation and cytotoxicity in the parenchyma.

Moreover, we performed an in vivo CRISPR screen targeting cytokine receptors and key members
of the signaling pathways in Hoxb8-derived monocyte/macrophages in an active EAE mouse
model. We compared the sgRNA abundance between Minos (pro-inflammatory) and Marg1 (anti-
inflammatory) phenotypes in the inflamed spinal cord. Our CRISPR screen identified that TGF-3
and GMCSF pathways primarily drive macrophages to the Marg1 phenotype, whereas TNF-a and
IFN-y pathways primarily drive them to the Minos phenotype. Notably, we revealed that well-
known Marg1 phenotype driver cytokines such as IL4, IL13 and IL10 do not play a role in our
experimental setup. We validated the selected candidates from the screen with in vivo single KO
experiments. We further showed that TGF-f and GMCSF act synergistically on Marg1, whereas

IFN-y and TNF-a act synergistically on Minos phenotype in in vitro polarized BMDMs.
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4.1 Migration of Twgp cells across the BBB

4.1.1 In vivo vs in vitro BBB

The most challenging part about studying immune cell trafficking across the BBB in vitro is to
mimic the physiological conditions of the barrier. So far, there have been several in vitro BBB
models developed based on co-culturing brain endothelial cells together with astrocytes and/or
pericytes on a transwell membrane, where the quality of the barrier is assessed by high
transendothelial electrical resistance (TEER) (Wilhelm, Fazakas, & Krizbai, 2011). However, the
endothelial cells used in in vitro BBB models show different characteristics. For example,
monolayers of primary mouse brain microvascular endothelial cells maintain better BBB
characteristics compared to the widely used monolayers of immortalized mouse brain
endothelioma bEnd5 cells, as the latter do not express the necessary tight junction proteins
(Steiner, Coisne, Engelhardt, & Lyck, 2010). Moreover, most of the in vitro BBB models lack shear
flow, which is an indispensable parameter during T cell crawling in vivo against the direction of
flow to search for sites for diapedesis, as observed by in vivo imaging of T cells during EAE
(Bartholomaus et al., 2009). Although recent advances allowed researchers to develop newer in
vitro BBB models, such as 3D culture systems which include flow conditions, vascularized brain
organoids, brain endothelial cells derived from human induced pluripotent stem cells (iPSCs)
(Erickson, Wilson, & Banks, 2020), further developments are still necessary to fully mimic the
complex in vivo BBB characteristics. This becomes especially important during non-homeostatic
conditions such as EAE, where inflammation changes the features of the BBB. Therefore, our
genome-wide in vivo CRISPR screen to study MBP-specific T cell migration across the BBB provides
valuable information as the BBB characteristics are fully preserved. To our knowledge, there is
yet no study published in the literature studying T cell trafficking in an in vivo environment at a
genome-wide scale. We performed our screen in Cd4+ MBP antigen-specific T cells, but similar
screens could also be performed in different subtypes of T cells or in cells with different antigen
specificity to compare patterns of migratory phenotypes. For example, B-synuclein, a protein
found mainly in presynaptic terminals in the brain, can also behave as a CNS autoimmune antigen
as B-synuclein specific T cells are enriched in the blood of MS patients. When Tmep and Tp-syn cells

are adoptively transferred to rats, Tg-syn Cells exclusively infiltrate the gray matter of the cerebral
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cortex, whereas Twugp cells are only found in the white matter of the spinal cord and brain (Lodygin

et al,, 2019).

4.1.2 Trafficking of Tmep cells

Our CRISPR screen identified Itga4, a well-known integrin molecule in the VLA-4 complex required
for T cell adhesion to its endothelial ligand VCAM-1, as one of the top hits. This is in line with the
strong therapeutic effect of targeting VLA-4 with the FDA-approved drug Natalizumab to avoid T
cell infiltration into the CNS. T cell arrest is mediated by both LFA-1 interaction with ICAM-1 and
VLA-4 interaction with VCAM-1, however, the KO of LFA-1 units (Itgal and Itgb2) did not show a
depletion phenotype in our screen. Similar to our findings, in the same rat EAE model, anti-LFA-1
treatment did not block the migration of Twmee cells into the CNS, whereas anti-VLA-4 antibody
prevented cells crossing of the BBB (Bartholomaus et al., 2009), showing that in the absence of
LFA-1 - ICAM-1 interaction, Tmep cells can still migrate using VLA-4 - VCAM-1 interaction. These
different migratory phenotypes could also be due to the preferential interaction used for
adhesion by different T cell types in different EAE models. For example, it has been shown that
migration of Th17 cells into the brain parenchymais LFA1 - ICAM-1 dependent but VLA-4 - VCAM-
1 independent, whereas Thl migration into the spinal cord is dependent on VLA-4 — VCAM-1
interaction (Rothhammer et al., 2011) (Glatigny, Duhen, Oukka, & Bettelli, 2011). The adoptive T
cell transfer EAE model that we used in the screen is a Th1l driven model and so our results are
likely biased towards trafficking requirements of autoreactive Th1 cell. Therefore, it would be
important to further investigate how different T cell types use different ways to reach the CNS,

for a more complete understanding of T cell trafficking in the broader context of MS pathology.

Although Natalizumab is an effective treatment for RRMS, it, unfortunately, increases the risk of
infectivity of oligodendrocytes by the John Cunningham (JC) virus causing a fatal disease called
Progressive Multifocal Leukoencephalopathy (PML) (Weissert, 2011). The mechanism through
which Natalizumab increases the risk of infection is thought to be through blocking the migration
of virus specific Cd8+ T cells that function as a part of the CNS immunosurveillance. Therefore,
developing alternative therapeutic targets for blocking the migration of CNS antigen-specific T

cells without affecting the CNS immunosurveillance is critical (Young, MacLean, Dudani, Krishnan,
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& Sad, 2011). Our study identified several potential targets for antigen-specific Cd4 T cell

migration; however, future research should focus on how selective those targets are.

Interestingly, the KO of Itgb1, another component of VLA-4, had a significant but less strong effect
on T cells migration to the CNS compared to the ltga4 KO. This might indicate that Tmep cells can
still migrate with a lower degree in the absence of Itgbl, whereas the presence of Itga4d is
indispensable for CNS transmigration. It would be interesting to see how the absence of ltghl
may affect the formation and function of the Itga4:ltgb1 dimer. Itga4 can also form a dimer with
Itgb7 (LPAM-1), which did not show up as a hit in our screen. Similarly, Itgb1 can form a dimer
with various other integrins, none of which showed a migration deficient phenotype in our screen.
Upon activation by chemokines, integrin dimers undergo conformational changes with the
binding of intracellular proteins Fermt3 (Kindlin-3) and TIn1l (Talin-1) (Hogg, Patzak, &
Willenbrock, 2011) (S. Liu, Calderwood, & Ginsberg, 2000), which were also identified as hits in
our screen. The KO of TInl had less strong effect compared to the Fermt3 KO, suggesting that
Twmep cells can still migrate with a lower degree in the absence of TInl, whereas the presence of
Fermt3 is indispensable for CNS transmigration. However, it should be noted that variations in
the fold change might arise from the intrinsic variation of the sgRNA efficiency. Therefore, further
confirmation of the KO efficiency is required to reach conclusions. Interestingly, Fermt3 has been
shown to be required for passive EAE induction but not for active EAE induction, another example
of the different regulation of T cell trafficking in different EAE models (Moretti et al., 2013). Like
Fermt3 and TIn1, two isoforms of heat shock protein 90 (Hsp90), Hsp90aal and Hsp90ab1, have
been shown to bind Itga4 in T cells during fever to mediate integrin mediated adhesion and
transmigration (Lin et al., 2019). In our screen, the KO of Hsp90b1 (Hsp90 paralogue), but not
Hsp90aal or Hsp90abl showed a significant depletion phenotype in CNS. The molecular
chaperone function of Hsp90b1 on Toll-like receptors and integrins has also been described
previously (Staron et al., 2010). Therefore, our results suggest that Hsp90b1 might play a role in

Tmer migration into the CNS by affecting Itga4/Itgb1 conformation.

Tethering and rolling are the initial steps of T cell migration, mediated by P-selectins (PSGL-1)
expressed by T cells. However, mice deficient for P-selectins are not protected from EAE and from

the invasion of T cells into the CNS parenchyma, although the rolling of T cells was abrogated



DISCUSSION 83

(Sathiyanadan et al., 2014). Our CRISPR screen also did not identify P-selectins as hits, confirming
that the interaction of P/E selectins might be redundant for T cell transmigration, and integrin

mediated adhesion and crawling might compensate for the tethering and rolling steps.

For the chemokine activation step, our screen identified Cxcr3 as one of the top hits and the only
hit among the chemokine receptors. Upregulation of Cxcr3 in Tmee cells and the presence of the
corresponding cytokines, CXCL9/10/11, that are secreted by macrophages in the CNS, have been
shown in a previous study with the same EAE model. Furthermore, in the same study, blocking
Cxcr3 with antibody treatment prevented EAE (Schlédger et al., 2016). These observations are in
line with Cxcr3 KO being one of the strongest depleted hits in the CNS. Our data further suggest
that in our model Cxcr3 is the only essential chemokine receptor involved in Tmee cell trafficking

into the CNS.

Overall, these data show that our genome-wide CRISPR KO screen in Twmgp cells could identify well-
known positive regulators of T cell transmigration such as Itga4, Fermt3, Hsp90b1, Cxcr3, ltgbh1,
TIn1, confirming the confidence of our method. We could confirm the migration deficiency
phenotype of Itga4, Hsp90bl, and Cxcr3 with single KO experiments in which we adoptively
transferred control and KO Twgp cells into the same animal and compared their accumulation in

the CNS.

Since our analysis of known regulators confirmed the reliability of our screen, we next focused on
less well-known candidates. Our library identified several TFs such as Cbfb, Foxol, Prdm1 as
depleted hits in the CNS. Cbfb plays role in Treg differentiation whereas Foxol is important for
the formation of memory Cd8+ T cells (M. V. Kim, Ouyang, Liao, Zhang, & Li, 2013) (Rudra et al.,
2009). Since both Cbfb and Foxol are important for T cell development and differentiation, their
migration deficit phenotype might be due to abrogated function of Cd4 T cells. However, it should
be noted that we delivered CRISPR perturbations to already differentiated, antigen-activated Cd4
T cells. Therefore, the question of whether Cbfb and Foxol might have a novel function in already
differentiated Cd4 T cells should be addressed in the future. Prdm1 (Blimp1) has been also found
to have broad functions in Cd8 and Tissue-resident memory (Trm) T cells (Welsh, 2009) (Mackay
et al., 2016). Its role in T cell migration and egress has been reported in Cd8 and Trm cells but its

effect in antigen-specific Cd4 T cells during neuroinflammation remains unknown.
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Among the cluster of GPCR receptors, the deficiency of Grk2 and Gnai2 showed the highest
depletion phenotype in the CNS. Gnai2 is one of the members of the Gai protein family, which
plays an important role in chemoattractant receptor signaling. Gnai2 deficient T cell transgenic
models have disrupted T cell chemotaxis (I.-Y. Hwang, Harrison, Park, & Kehrl, 2017), which
includes a lack of responsiveness to the three Cxcr3 ligands: CXCL9, CXCL10, and CXCL11 (B. D.
Thompson et al., 2007). In addition to the Cxcr3 ligands, Gnai2 deficient cells also respond poorly
to the S1prl ligand S1P, however, we did not observe a phenotype of disrupted migration of the
S1prl KO from the blood into the CNS. Therefore, we concluded that the phenotype of Gnai2 in

our CRISPR screen is linked to its effect on Cxcr3 signaling.

Grk2 drew our attention as a novel candidate for T cell transmigration into the CNS. Moreover,
since kinases are druggable, targeting Grk2 could provide a potential therapeutic approach.
Paroxetine, an FDA-approved serotonin reuptake inhibitor, is a potent inhibitor of Grk2 and
Paroxetine-based Grk2 inhibitors have been being developed primarily for the treatment of
cardiovascular diseases characterized by Grk2 overexpression (Seketoulie Keretsu, Swapnil P.
Bhujbal, & Seung Joo Cho, 2019). Grk2 levels in lymphocytes have also been shown to be
regulated in MS patients (Vroon et al., 2005). Grk2 phosphorylates GPCRs, typically on their C-
terminal serine/threonine residues, leading to their desensitization and endocytosis. Besides its
canonical kinase function, Grk2 can interact with many cellular partners as a multifunctional
signaling hub in lymphocytes (J. Cheng, Lucas, & McAllister-Lucas, 2021). Lack of Grk2 correlates
to less internalization of chemokine receptors, therefore causing an increase in chemokine
response to several chemokines including CCL3, CCL4, CCL5 (Vroon et al., 2004). Because of the
deficient CNS migration of the Grk2 KO Twmgp cells in our EAE model, we argue that Grk2-mediated
Cxcr3 internalization cannot be the molecular mechanism mediating its phenotype, as an
increased Cxcr3 response following lack of desensitization by Grk2 would be expected to boost
the migration of Twmge cells, rather than abrogate it. We also could not identify relevant regulated
transcripts with bulk RNA sequencing of Grk2 KO cells in the spleen compared to NT cells,
suggesting that the Grk2 KO phenotype is likely not mediated by transcriptional changes which
was expected as kinases mostly drive post-translational changes. On the other hand, high levels
of S1P in the blood is known to mediate S1prl desensitization through Grk2 function. It was

reported that Grk2 mediated S1prl desensitization is required in T and B cells for the migration
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of cells from blood into the lymph nodes against the S1P gradient, which was restored in S1P
deficient mice (Arnon et al., 2011). Moreover, S1prl antagonist treated Grk2 deficient B cells
showed partial recovery in their migration to lymph nodes and splenic follicles (I.-Y. Hwang et al.,
2019). Therefore, we hypothesized that Grk2 mediated S1prl internalization might be the cause
of migration-deficient phenotype in Grk2 KO Twmgp cells that they are not able to leave the blood
to transmigrate to the CNS, against the S1P gradient. Indeed, the KO of S1prl in Grk2 deficient
cells rescued the migration phenotype of Twmgpe cells from the blood to the CNS. We could also track
control NT and Grk2 KO Twmege cells by in vivo two-photon imaging. Grk2 KO Twmep cells showed no
difference in adherence and crawling, but the number of extravasated T cells across the

endothelial barrier was significantly diminished in Grk2 deficient cells.

Our CRISPR screen also identified negative regulators that limit T cell transmigration to the CNS.
However, the number of such negative regulators that have a robust migration phenotype is less
than positive regulators. This could be because all Tugp cells tend to migrate to CNS, as they are
antigen-specific and activated, making the sensitivity to detect additional enhanced migration
lower. Nevertheless, the KO of the Etsl transcription factor showed an enhanced migration
phenotype. Ets1 has been previously shown to be a suppressor of pathogenic T cell response in
Atopic Dermatitis (C.-G. Lee et al., 2019) and a negative regulator of Th17 differentiation (Moisan,
Grenningloh, Bettelli, Oukka, & Ho, 2007). It has been also identified as a risk locus in GWAS
studies of T cells for Atopic Dermatitis (Paternoster et al., 2015). Its role in antigen-specific T cell
migration to CNS during neuroinflammation holds potential interest and it has not been
addressed yet. We showed that Etsl deficient Tmep cells in the parenchyma exhibit a more
aggressive T cell phenotype with higher activation and more cytotoxic markers. However, future
research is required to unravel how the more aggressive phenotype is linked to the enriched

migration phenotype in the passive EAE model.

Our CRISPR screen in Tvgp cells did not only identify regulators of transmigration across the BBB
but also identified regulators that control T cell entry into and egress from the spleen, the largest
secondary lymphoid organ. For example, S1prl KO Twmsp cells were unable to exit the spleen. T
cells follow the gradient of S1P, and by regulating S1prl on their surface they can enter or leave

tissues (Matloubian et al., 2004). The regulation of S1prl can happen in multiple ways. The
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transcriptional regulation of S1prl is mediated by the TF KIf2, whose KO was also enriched in the
spleen when compared to the blood in our library. Another regulatory mechanism is the agonist-
induced internalization of the receptor. When S1P levels are high in the environment, S1prl gets
internalized and is no longer available on the cell surface (Rivera, Proia, & Olivera, 2008). Agonist-
induced internalization of S1prl is the mode of action of Fingolimod, an FDA-approved drug for
MS. In our screen, the KOs of Arihl and Ube2I3 are also highly enriched in the spleen when
compared to the blood, however, their function in T cell egress has not previously been described.
Arihl and Ube2I3 interact together to mediate ubiquitination of target proteins. Further studies

are required to search whether there is a link between Arih1/Ube2I3 and the regulation of S1pri.

4.2 Macrophage polarization

4.2.1 A novel method to study monocyte/macrophages in vivo

Circulating monocytes are short-lived cells (1-7 days), they undergo spontaneous apoptosis and
newly differentiated monocyte waves come from common myeloid progenitors in the bone
marrow (Fahy, Doseff, & Wewers, 1999). Monocytes that infiltrate into tissues and mature to
macrophages can survive up to months (Gonzalez-Mejia & Doseff, 2009). Because of the short
lifespan of monocytes, genetic manipulations should be delivered at an earlier stage of
differentiation to result in a continuous production of manipulated monocytes. To study the
function of a gene specifically in monocytes/macrophages in vivo, transgenic animals carrying
myeloid-specific deletions (e.g. LyzM-Cre Flox/Flox) need to be generated, thus screening for
multiple genes is often costly and time consuming. Therefore, we started searching for alternative
ways to perform in vivo CRISPR screens in the monocyte/macrophage population in the spinal
cord of EAE. We have previously shown that direct injection of in vitro differentiated, and Minos
polarized (LPS + IFN-y) BMDMs to the spinal cord with a finely drawn glass capillary into the spinal
cord of EAE mice can mimic the polarization phenotype switch from Minos to Marg1 as their
endogenous counterparts to a certain degree (Locatelli et al., 2018). However, this method is not
suitable for CRISPR screens for multiple reasons. First, functional recruitment of monocytes to the
spinal cord during neuroinflammation, and their routes for infiltration might have an impact on

the formation of polarization phenotypes. In addition, the injection would already cause tissue
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damage to the spinal cord, potentially affecting the results of the polarization. Second, cytokines
that are used in vitro to polarize macrophages might not be present in vivo. For instance, LPS, a
bacteria-derived endotoxin, is absent in CNS during EAE. Finally, the number of cells that can be
injected into the spinal cord is very limited for a screen. An alternative way to study macrophage
polarization phenotypes in vivo could be to genetically manipulate hematopoietic stem cells (HSC)
isolated from bone marrow and transfer them into lethally irradiated recipients to allow
reconstitution of immune cell populations, which occurs in 6-8 weeks (Chappaz, Saunders, & Kile,
2021). Although several studies could show that manipulation of LSK (lineage negative, including
HSC, Lin-Sca-1*c-Kit*) cells with CRISPR allow to detection of KO phenotypes after reconstitution
(LaFleur et al., 2019), there are still multiple limitations. First, the number of HSCs found in the
bone marrow of mice is low (0.01% of total nucleated cells (Challen, Boles, Lin, & Goodell, 2009))
and culture conditions of HSCs do not offer unlimited proliferative capacity. Second, LSK cells
contain HSCs together with distinct multipotent progenitors (MMPs) which have lower and
variable lineage-differentiation potential (Sommerkamp et al.,, 2021), and there is yet no
optimized protocol to fully keep the pluripotent capacity of HSCs. Even short-term cultures of
HSCs shift their characteristic from long-term LT-HSC to short-term ST-HSC, resulting in short-
term myeloid reconstitution ability (<1 month) (H. Cheng, Zheng, & Cheng, 2020) (Dykstra et al.,
2007). Therefore, by the time EAE is induced (after 6-8 weeks of immune reconstitution + 2 weeks
of EAE) edited monocyte numbers drop significantly. This problem is specific to myeloid linage as
lymphoid lineage such as T and B cells are long-lived cells. Finally, lethal irradiation of mice might
impact the development of active EAE by affecting mainly the BBB although those effects are

shown to be transient (Lumniczky, Szatmari, & Safrany, 2017).

Hoxb8 cells are immortalized progenitor cells with myeloid differentiation potential in vitro and
in vivo (Redecke et al., 2013). Hoxb8 cells have unlimited proliferation capacity in vitro, allowing
the conditions for large-scale genetic manipulations. Considering that monocytes have a short
lifespan, we hypothesized that injecting monocyte progenitor cells 6 to 7 days before we analyzed
EAE spinal cords would enable us to catch the wave of monocyte differentiation in vivo. We first
transferred WT (generated from B6 mouse) Hoxb8 cells, however, we failed to detect a high
number of cells in mice (data not shown). Upon estrogen withdrawal, some of the Hoxb8 cells

undergo an initial phase of cell death before starting differentiation and expansion to their
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respective cell types in the presence of M-CSF or GM-CSF (Redecke et al., 2013). In line with in
vitro observations, inhibition of the apoptotic program promotes the survival of monocytes in
vivo (Parihar, Eubank, & Doseff, 2010). Therefore, we next transferred BCL-2 overexpressing
Hoxb8 cells, in which the apoptotic program is suppressed by BCL-2 overexpression, and we
managed to detect a high number of transferred Hoxb8-derived cells in vivo. Since Hoxb8 cells
have both myeloid and lymphoid potential, we decided to pre-license Hoxb8 cells into the myeloid
lineage by incubating them in M-CSF for 2 days prior to the transfer. We could show that
transferred Hoxb8 cells complete their myeloid differentiation in vivo, were being functionally
recruited to the inflamed spinal cord and acquired polarization phenotypes as their endogenous
counterparts, therefore offering a valuable tool to study genetic manipulations in
monocytes/macrophages at large scales in vivo without extra manipulations (no irradiation is
required) and long waiting times (the cells were transferred during EAE). Notably, microglia and
infiltrated macrophages can express similar activation markers during inflammatory conditions,
causing difficulties in distinguishing these two morphologically and functionally similar cell types
by FACS staining (Koeniger & Kuerten, 2017) (Gobel, Ruck, & Meuth, 2018). On the other hand,
Hoxb8-derived macrophages eliminate this potential conflict between the identification of the
two populations. Moreover, we observed that Hoxb8-derived myeloid cells can become Ly6G+
neutrophils, Ly6C- and + monocytes, and potentially myeloid-derived dendritic cells. Therefore,
we believe that this method can easily be used to study myeloid lineage cells in different disease
models. One major limitation of this method is the impact of BCL-2 overexpression in
differentiated cells. Although the main function of BCL-2 is inhibiting apoptosis by primarily
regulating mitochondria outer membrane permeabilization, it can also impact the physiological
functions of mitochondrial dynamics, autophagy and calcium pathways (Hardwick & Soane, 2013)
(Kale, Osterlund, & Andrews, 2018). However, it should be noted that we did not observe any of
those pathways to be differentially regulated between Hoxb8-derived and endogenous

monocyte/macrophages in our 3’ bulk mRNA sequencing data.

4.2.2 Cytokine Library screen in Hoxb8-derived Macrophages

Cytokines in MS and EAE, secreted by a number of different cells, including innate and adaptive

immune cells, endothelial cells and CNS resident cells, shape and govern the progress of the
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disease. Cytokines may act differently on different cell types and some might function as both
pro- and anti-inflammatory depending on the environmental conditions (Gobel et al., 2018). A
better understanding of the complex nature of the cytokine networks will enable researchers to
therapeutically target them more efficiently. By using our Hoxb8 transfer method, we first wanted
to identify cytokines that regulate macrophage Minos and Marg1 polarization in the spinal cord of
EAE mice. To do that, we designed a CRISPR library targeting cytokine receptors and their key
signaling members (Cytokine Library). Our screen confirmed the literature findings that monocyte
recruitment to the inflamed spinal cord during EAE is highly dependent on CCR2 . Upon entry of
CCR2+ Ly6C+ monocytes to the CNS, they are exposed to the combination of cytokines, become
activated, differentiate into macrophages and myeloid-derived dendritic cells and gain

polarization phenotypes (Nally et al., 2019).

We identified that TGF-B and GM-CSF signaling were mainly necessary for Marg1 polarization,
whereas IFN-y and TNF-a signaling were mainly necessary for Minos polarization. We showed a
synergistic effect of respective cytokine combinations on Minos and Marg1 polarization in vitro with
BMDM cells both at the protein and mRNA levels. Notably, there are multiple cytokines involved
in each phenotype and the contribution of each is necessary to polarize macrophages.
Interestingly, GM-CSF is a well-studied pro-inflammatory cytokine known to drive CCR2+
monocytes towards pathogenic phenotype in EAE (Croxford et al., 2015), however, in our study,
it is contributing to Marg1 polarization which is associated with tissue repair and lesion resolution
function. One should however note that the analysis of macrophage polarization based on two
markers (Argl and iNOS) alone is certainly an oversimplification and does not reveal the full
spectrum of macrophage polarization based on their plasticity (Prinz & Priller, 2014). Indeed, a
recent single-cell RNA sequencing study in EAE monocytes showed the heterogeneity of
monocyte populations and their differential contribution to the disease (Giladi et al., 2020). On
the other hand, TGF- is known as an anti-inflammatory cytokine with its role in wound healing
and tissue repair and it is associated with remission in MS (P. W. Lee, Severin, & Lovett-Racke,
2017). Monocyte specific deletion of the TGF-B receptor (LysM-Cre Tgfbr2(fl/fl) resulted in the
development of a chronic form of EAE with extensive demyelination (Parsa et al., 2016). Similarly,
IFN-y and TNF-a are well-known as main pro-inflammatory cytokines in EAE, however, the

beneficial effect of IFN-y and IFN-y receptor KO in EAE suggest that IFN-y could be protective as
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well (Sosa, Murphey, Robinson, & Forsthuber, 2015). Similarly, TNF and iNOS have been
considered to have potentially beneficial roles in addition to their known detrimental roles (Lind

et al., 2017) (Probert, 2015).

Interestingly, in our CRISPR screen, TGF-B signaling deficient cells were enriched in the Minos
population and IFN-y signaling deficient cells were enriched in the Marg1 population. These results
might indicate potential crosstalk between TGF-B and IFN-y signaling, where the balance between
the two signaling pathways might control the macrophage polarization in EAE. Indeed, crosstalk
of these two pathways has been reported previously in different cell types and disease conditions
(Ishida, Kondo, Takayasu, Iwakura, & Mukaida, 2004) (Tian et al., 2018) (I.-K. Park, Letterio, &
Gorham, 2007) (Gobel et al., 2018). On the other hand, TNF-a receptor KO cells showed a minor
reduction also in Marg1 population. These could be due to TNF signaling having an impact on the
general activation of macrophages, rather than only on one polarization state. Moreover,
although IL6 is known for its pro-inflammatory function in MS (Stampanoni Bassi et al., 2020) it
can function as an anti-inflammatory signal as well (Scheller, Chalaris, Schmidt-Arras, & Rose-
John, 2011). The IL6 receptor KO showed a mild depletion in both Minos and Marg1 populations.
Again, this argues that pro-inflammatory cytokine IL6 might have an impact on general

macrophage activation.

Notably, receptors for classical Marg1 inducer cytokines IL-4, IL-13 and IL-10 did not show a
phenotype in our EAE model. We indeed confirmed that IL-4 receptor and Stat6é KO cells can
express Argl in EAE lesions by single KO experiments and TIDE assays. These findings were
unexpected as the impact of IL-4 and IL-10 on alternatively activated M2 macrophages, and their
positive impact in MS and EAE was widely discussed (Vogelaar et al., 2018) (Jiang, Jiang, & Zhang,
2014) (Mantovani et al., 2004). These results clearly illustrate that classical macrophage
polarization paradigms developed in vitro mostly with LPS and IFN-y for M1, with IL4 and IL13 for

M2 (Murray, 2017) can be quite limited compared to the complex in vivo phenotypes.

So far, several transgenic models with cytokine expression deficiency have been tested for their
impact on EAE incidence, however, it should be noted that studies with most cytokine deficient
transgenic animals are impacting other cell types as well including T cells, thus any imbalance of

cytokine regulation in T cells might impact EAE development (Gobel et al.,, 2018). Another
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advantage of our Hoxb8 transfer model is having a monocyte/macrophage-specific manipulation
only in a small percentage of cells leaving all the cell types involved in EAE as wild-type. We indeed

observed transfer of Hoxb8 cells does not impact the EAE clinical course.

One of the major questions that remains unknown is the source of cytokines. In EAE, it has been
shown that T cells can produce GM-CSF, IFN-y and TNFa, whereas IL6 and TGF-B can be secreted
by numerous cell types, including CNS resident cells. To what extent the contribution of each
cytokine by each cell type impacts the cytokine milieu of EAE lesions should be addressed in the
future. Depending on the source and the phenotype it induces, it might also be possible to target

the source of a cytokine rather than the macrophage population.

Overall, our in vivo Cytokine CRISPR screen in monocytes could identify cytokines regulating the
activation of macrophages and their polarization towards Marg1 and Minos phenotypes, shedding
light into the complex cytokine network in EAE. Our next steps will be analyzing the Cytokine
library in different EAE models to see which regulatory properties are conserved in different types
of CNS inflammation. Moreover, we plan to perform single-cell RNA sequencing with the KO
candidates to obtain a better understanding of the impact of each cytokine signaling on different

subsets of monocytes.

4.3 EAE models vs MS

MS is a complex disease with the involvement of multiple cell types contributing to its clinical and
pathological heterogeneity. Although different models of EAE have been established in several
species, including rodents and primates, to mimic the several aspects of MS pathology, such as
inflammation, demyelination, re-myelination, and neurodegeneration, there are major
differences between EAE and MS which make it difficult to translate scientific findings to humans.
On the other hand, it is not surprising that EAE and MS are not very similar as EAE models have
their own complexity with clinical and pathological heterogeneity. For example, although murine
EAE models are well-established and widely used, the disease incidence and severity depends on
several factors, including strain, age, gender, stress level, and gut microbiota (Berer et al., 2011).
Researchers have developed guidelines for EAE publications to improve the quality and

transparency of studies which can be helpful for researchers to control the factors impacting the
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EAE incidence (Baker & Amor, 2012). One of the major differences between EAE and MS is that
MS is a spontaneous disease, whereas EAE is induced with strong immune adjuvants together
with antigens or with the transfer of antigen-specific T cells. Although there are spontaneous EAE
models that have been developed (Waldner, Whitters, Sobel, Collins, & Kuchroo, 2000), they are
dependent on carrying transgenic receptors on immune cells, making their use in research
limited. Most of the EAE models show a monophasic disease course, which requires the use of
more than one EAE model to be able to cover several aspects of MS pathology. Another difference
is that most EAE models induce lesions in the spinal cord, whereas in MS brain lesions are also
prominent. Furthermore, EAE models are primarily based on a disease mediated by CD4+ T cells,
whereas CD8+ T cells are more prevalent in MS, with B cells playing a larger role. Also, EAE studies
are mostly based on inbred animals to prevent genetic heterogeneity for the sake of
reproducibility. Finally, most EAE studies are performed in rodents, so the genetic and phenotypic
differences of the immune system between rodents and humans might have an impact on the

disease course (Dendrou, Fugger, & Friese, 2015).

Despite their limitations, EAE models have made a significant contribution to MS research,
allowing researchers to better understand the disease's pathogenesis and shed light on how the
immune system and CNS resident cells contribute to the disease. EAE models also paved the way
for the development of therapeutics for MS. For example, Natalizumab, which blocks lymphocyte
trafficking by targeting the a4p1 integrin, was discovered using EAE experiments (Yednock et al.,
1992). Therefore, EAE models will continue to aid in the understanding of disease mechanisms
and the development of better therapies, particularly with the help of emerging technologies

such as single-cell RNA sequencing and CRISPR screens.

4.4 Moving from in vitro to in vivo CRISPR KO screens (and limitations)

CRISPR is a powerful gene-editing tool and CRISPR screens allow us to study the effect of genetic
perturbations for particular phenotypes at a genome-wide scale (Przybyla & Gilbert, 2021). So far,
most of the CRISPR screens have been performed in in vitro settings, mostly with cell types with
a high capacity of proliferation. However, moving from in vitro to in vivo CRISPR screens has
become essential, as in vitro conditions fail to mimic complex in vivo environments (Kuhn et al.,

2021). One of the major limitations for in vivo screening is the number of cells required for
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genome-wide CRISPR screens. CRISPR screens require a 1000-time coverage representation of
each gRNA to obtain statistically meaningful data (Tim Wang, Lander, & Sabatini, 2016). When
considering targeting each of the 20.000 genes in the genome with 10 sgRNA per gene, a library
with 200k gRNA would require to be represented by 200 million cells. Currently, the most efficient
way to deliver library sgRNA constructs is transduction with lentiviral or retroviral particles. To
prevent multiple integrations by the virus, MOI of 0.4 or below (<30% transduction efficiency)
should be used, bringing up the number of cells to start a CRISPR screen experiment to around
600 million. Nevertheless, recent advances in the design of sgRNAs increased their on-target
efficiency and allowed researchers to reduce the number of sgRNAs per gene to 3 to 6 in CRISPR
libraries. Two biological replicates for a library with 6 sgRNA per gene have been found to offer
the best trade-off to obtain statistical power. However, despite the improvements, CRISPR
screens have a 10-20% false hit discovery rate (Ong, Li, Koike-Yusa, & Yusa, 2017). Therefore,
independent of the number of replicates performed and the number of sgRNA used, validation of
the phenotype with single KO experiments is required. Accurate prediction of sgRNAs with high
editing efficiency and low off-target score and more precise delivery methods will be helpful to
scale down the size of the libraries in the future. In our in vivo CRISPR screens in T cells and
macrophages we aimed to have at least >100x coverage for each gRNA since from some
populations such as the meninges and the blood in T cell screen, and the Arg1+iNOS+ population
in macrophage population, reaching 1000x coverage was not feasible. Lower coverage could
increase our false discovery rate, therefore we always included positive controls and performed

validation experiments with single KOs.

It should be noted that the KO of a gene means complete deletion of a protein, however, most of
the therapeutic compounds increase or decrease the levels of target proteins or their activation.
Reduction in protein levels or activity might cause a different phenotype than the complete
deletion of the protein. Therefore, performing CRISPRi or CRISPRa screens can also be considered
to fully elucidate the phenotype of a gene/protein. Furthermore, thanks to the recent advances
in single-cell RNA sequencing technologies, combining CRISPR KO screens with single-cell RNA
sequencing can provide deeper insight about the effect of each genetic perturbation on cellular
phenotypes (Przybyla & Gilbert, 2021). Another limitation in CRISPR KO screen experiments is

that the expression of the Cas9 nuclease is required for gene editing. Because of its large size,
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delivering it with viral particles becomes difficult. Fortunately, Cas9 expressing transgenic mice
have been developed to overcome this limitation (Platt et al., 2014). Although studies show that
Cas9 expression has no detrimental effect on tissue health and metabolism and does not induces
inflammation (Bond et al., 2021), stable expression of Cas9 and gRNA may cause disturbance in
some cells. One solution is to deliver Cas9 protein with the sgRNA complex (RNP) with non-viral
methods such as nucleofection, in which the presence of Cas9-gRNA complex is transient. We
performed our single KO validation experiments in T cells by delivering Cas9-gRNA complex
transiently by nucleofection. All genes that we picked for single KO experiments showed the same
phenotype as in the screen, in which we delivered both Cas9 and sgRNA with two independent
retroviral particles. Some studies, alternatively, developed a system in which removal of Cas9
and other proteins such as antibiotic resistance markers are possible by delivering CRE at a later
time point after introducing Cas9 and gRNA backbones between two loxp sites (Dubrot et al.,

2021). However, the necessity of several deliveries reduces the feasibility of this approach.

Overall, in both T cell and macrophage projects, | performed in vivo CRISPR screens to shed light
on two key pathological aspects of neuroinflammation, T cell infiltration into the CNS and
macrophage polarization that contributes to lesion formation and resolution. Identifying the
essential regulators of the respective biological processes with in vivo CRISPR KO screens can
allow us to target the disease driving pathways in future. CRISPR is a potent genome editing
technique, and along with other emerging technologies, it will continue to be an important tool
in dissecting molecular mechanisms of the disease pathogenesis and developing new

therapeutics for MS.
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Supplementary Figure 1 | Validation CRISPR screen of T cell migration to the CNS. A. Correlation
of individual replicates of the validation screen sgRNA log2 counts for (left to right) blood, spleen,
meninges, and parenchyma. Correlation plot of migration from B. blood or C. spleen to meninges
or parenchyma. Green indicates significant candidates at adjusted p-value < 0.05 and |log2(Fold-
Change)| > 2 standard deviations of the log2(FC) distribution. Pink indicates Non-Targeted sgRNA

controls.
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Supplementary Figure 2 | Regulation of T cell migration by miRNAs. A. Volcano plots of 4
comparisons (from left to right, Meninges vs Blood, Parenchyma vs Blood, Meninges vs Spleen
and Parenchyma vs Spleen). Green indicates miRNAs, pink indicates Non-Targeted sgRNA controls.
B. Heatmap of miRNAs across comparisons (from top to bottom Meninges vs Blood, Parenchyma
vs Blood, Meninges vs Spleen and Parenchyma vs Spleen). Stars indicate significance (good sgRNAs
> 3, |log2(Fold-Change)| > 3 standard deviations from the log2(FC) distribution, adjusted p-value
< 0.05)
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Supplementary Figure 3 | Transcriptional regulation of CRISPR candidates in Tmgp cells. A. Bulk
3’mrna sequencing of sorted GFP expressing Twvgp cells isolated from blood, spleen, lymph nodes
(LN), CSF, meninges (Men), parenchyma (Par) on the onset of the disease (n=3 rats). Only top
depleted and top enriched genes from the validation CRISPR screen are shown.
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Supplementary Figure 5 | Characterization of Hoxb8-derived myeloid cells in EAE induced mice.
A. Representative FACS plots of Live Hoxb8 (GFP+) cells for the expression of F4/80 and MHCII (in
Cd45+Cd11b+Ly6G- gate). B. Percentage of F4/80+ and MHCIl+ cells in Live
GFP+Cd45+Cd11b+Ly6G- Hoxb8-derived cells in different organs (n=4 mice)
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Supplementary Figure 6 | 3’ Bulk mRNA sequencing of Hoxb8-derived and endogenous
monocyte/macrophages. A. Correlation between Hoxb8 and Endogenous cells for up and down
regulated transcripts in A. Argl+population (r=0.68) B. iNOS+ population (r=0.59) compared to
the blood Ly6C+monocytes. Green dots represent significantly regulated transcripts in both Hoxb8

and Endogenous populations.

Normalized expression comparison between Hoxb8 and

Endogenous populations in C. Argl+ population D. iNOS+ population E. Blood Ly6C+ population.
Red dots represent macrophage activation markers for C and D and monocyte markers for E. All
RNA data obtained from 3 different mice.
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Supplementary Figure 8 | Staté KO cells replicate the phenotype of lldra KO cells. A.
Representative FACS plots of Hoxb8 cells transduced with retroviral sgRNA vector, targeting Stat6
(with GFP backbone) and NT (with Tdtomato backbone) in the spinal cord for Argl and iNOS
expression. B. Percentage of Argl and iNOS expression in Cd11b+Ly6G- Staté KO cells compared
to NT cells. Multiple paired two-tailed Student’s t-test comparing KO cells to NT cells for Argl+
and iNOS+ population (n=5 mice, p values are shown in the figure for each comparison). C. Sorting
of Argl- and Argl+ Stat6 KO for gDNA isolation and TIDE.
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Supplementary Figure 9 | 3’ Bulk mRNA sequencing of In vitro treated BMDMs with cytokine
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Sample gRNA Indel % R? KO Score
Grk2 GATTTGTCAGAACCTCCGAG 99 0.99 99
Hsp90b1 GTCTCACGGGAAACATTGAG 88 0.98 88
Ube2I3 GCTTGAAGGGATACTCTGCT 96 0.98 88
Etsl TGCTGCTCGGAGTTAACAGT 85 0.95 67
Slprl GCGGCTTCGAGTCCTCACCA 92 0.95 86
Cxcr3 TCTGCGTGTACTGCAGCTAG 81 0.94 76
Itgad GATGCTGTTGCTGTACTTCG 98 0.98 98
Gnai2 TGGGTGGTCAGCGATCTGAG 97 0.97 88
Tgfbrl AGAGCGTTCATGGTTCCGAG 99 0.99 99
Ifngrl TTCAGGGTGAAATACGAGGA 70 0.98 66
Csf2ra TTGGTCGTGACCGGTCGGAG 90 0.93 65
ll6ra CTGTGCGTTGCAAACAGTGT 82 0.94 82
Tnfrsfla AGACCTAGCAAGATAACCAG 91 0.94 88
Il4ra ATCCAGGAACCACTCACACG 83 0.94 76

Supplementary Table 1 | TIDE assay of sgRNAs for INDEL calculation.
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