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Abstract

Experimental autoimmune encephalomyelitis (EAE), the classical animal model of multiple
sclerosis, is caused by T cells directed against myelin antigens. Upon intravenous transfer, these
cells appear in the vessels of the blood-brain-barrier (BBB) where they crawl extensively before
entering the CNS. Once in the target tissue these cells are locally reactivated and start an
inflammatory process leading to further recruitment of other inflammatory cells such as
myeloid cells. Myeloid cells are known to play an important role in the effector phase of the
disease, however, how they move in the vessels of the BBB, and which are the molecular cues
that determine their motility is still not fully understood.

Using intravital two-photon microscopy in Lewis rat EAE, we analyzed simultaneously the
migratory behavior of encephalitogenic T cells and monocytes at the BBB. We show that these
immune cell populations exhibit complex motility behavior that could not be depicted by
standard motility analysis. Using a newly developed analysis based on unsupervised machine-
learning, we found that monocytes and autoaggressive T cells employed heterogeneous motility

patterns and these migratory patterns were distinct between the two immune cell populations.

To identify the molecular cues shaping these motility patterns, we functionally interfered with
integrins and chemokines. We found that not only the observed motility phenotypes responded
differently to the interfering strategies but also this response was distinct between monocytes

and T cells.

Using our newly developed analysis system, we investigated how mechanical cues of the
vasculature shape immune cell motility patterns and found that hemodynamic properties have

a negligible effect on the motility of immune cells.

In summary, our advanced motility analysis revealed that immune cell motility behavior at the
BBB is guided by different rules. More importantly, immune cell subsets seem to be

heterogeneous in themselves, reflected by their motility phenotype profiles, and in their usage
of molecular cues. In-depth molecular characterization of these immune cell subsets is crucial

for designing better therapeutic strategies in MS.



1.Introduction

1.1  Multiple Sclerosis

Multiple sclerosis (MS) is the most common autoimmune disease of the central nervous system
(CNS) affecting approximately more than 2 million people worldwide. It mostly affects young
people between 30 and 40 years of age with females having a higher predisposition than males.
Demyelinating lesions which form the name-giving sclerotic plaques are the hallmark of
multiple sclerosis and represent the end stage of a process involving inflammation,
demyelination, remyelination, and axon degeneration (Compston and Coles, 2008). Multiple
sclerosis manifests in three distinct patterns; in about 85% of MS patients, the disease starts as
relapse-remitting MS (RRMS). The patients display abrupt and recurrent neurological
dysfunction (relapse) about 1-2 times per year which are followed by gradual improvement
(remission). Approximately 50% of patients convert to the secondary progressive type of MS
(SP-MS) within 10 years of disease onset, which is characterized by progression of disability.
In contrast, patients with primary progressive MS (PP-MS, 10% of all MS patients) disability
progresses constantly from the onset of disease (Hauser and Oksenberg, 2006). The cause for
multiple sclerosis remains still elusive but it is widely believed that the disease is initiated by
autoreactive T cells specific for myelin antigens that get activated in the periphery — potentially
through molecular mimicry (Harkiolaki et al., 2009; Miinz et al., 2009; Olson et al., 2001) or
bystander activation — traffic to the CNS cross the BBB and start autoimmune inflammation
directed against myelin antigens leading to demyelination and axonal damage. Several lines of
evidence support this hypothesis (reviewed in Hemmer et al., 2015); epidemiological studies
have shown that there is an important effect of genetic risk factors on disease susceptibility,
although, MS is not caused by a single mutated gene but the effect of several genes contributing
to disease susceptibility. The HLA-DRB2 gene is the strongest genetic factor associated with
MS predisposition (Sawcer et al., 2011). The human leukocyte antigen class Il and class |
molecules are the human version of the major histocompatibility complex (MHC) and are
essential for antigen presentation in the context of T cell receptor activation to CD4" and CD8"
T cells, respectively. Further evidence for the importance of genetic risk factors was presented
by genome-wide association studies (GWAS), which identified more than 100 genetic variants
(single nucleotide polymorphism SNPs) that are associated with multiple sclerosis. Most of
these gene loci are linked to the immune system (Beecham et al., 2013; Farh et al., 2014; Raj
et al., 2014; Sawcer et al., 2011). While no comorbidities with other autoimmune diseases are

reported for MS, there is a substantial number of genetic variants associated with MS (~ 22%)



that are also associated with other autoimmune diseases, such as rheumatoid arthritis, psoriasis,
and autoimmune thyroid disease (Beecham et al., 2013). Albeit the important role of genetic
factors in MS, the concordance rate in monozygotic twins is only about 15-25%, suggesting
that also non-genetic factors can affect disease susceptibility (Ramagopalan et al., 2008).
Several studies have shown that environmental factors greatly contribute to MS development;
several of these lead to persistent activation of the immune system, like smoking, or infection
with Epstein-Barr virus (Levin et al., 2010). Recently, low serum Vitamin D levels were also
associated with an increased multiple sclerosis risk, which are thought to modulate T cell
differentiation (Allen et al., 2012; Ascherio et al., 2010). These findings can be combined to a
unifying hypothesis, that the risk of developing multiple sclerosis is mainly due to genes that
affect the adaptive immune system and environmental factors that modulate the peripheral
adaptive immune response (Hemmer et al., 2015).

Apart from the adaptive arm of the immune system, also innate immunity plays an important
role in multiple sclerosis. Mononuclear phagocytes, such as macrophages and microglia, are
the dominant immune cells in MS lesions. They can interact with cells of the adaptive immune
system but can also directly cause tissue damage. Myeloid phagocytes are the main perpetrators
of myelin damage and removal, forming demyelinating lesions, the hallmark of MS (Henderson
et al., 2009; Lassmann et al., 1998), but also axonal damage (Trapp et al., 1998). Furthermore,
activated macrophages and microglia are a major source of oxidative stress in active multiple
sclerosis lesions, therefore probably contributing to white and grey matter damage (Fischer et
al., 2012; Haider et al., 2011). Studies using animal models of CNS injury suggested that
phagocytes can also contribute to tissue repair mechanisms during lesion resolution (Shechter
et al., 2009, 2013). Whether phagocytes exert destructive or reparative function during
progression of multiple sclerosis is, at least in part, related to the distinct origin and phenotypes
of the phagocytes: phagocytes that differentiate from peripheral monocytes and show an
activated phenotype with increased expression of pro-inflammatory cytokines, matrix
metalloproteinases, and costimulatory molecules enter the CNS during lesion formation and are
likely to cause tissue damage (Bar-Or et al., 2003; Kouwenhoven et al., 2001), however CNS-
resident phagocytic cells, i.e. activated microglia, meningeal and perivascular macrophages, are
often almost indistinguishable from blood-borne phagocytes in tissue section. Therefore, it is
difficult to decipher whether these two phagocyte populations have similar or opposing

functions in active MS lesions.



1.2 Monocyte subsets

Monocytes are a population of mononuclear leukocytes derived from hematopoietic precursor
cells in the bone marrow and are released into the blood circulation as non-dividing cells.
Geissmann and colleagues described that monocytes consists of two principal subsets based on
their expression levels of the fractalkine chemokine receptor CX3CR1(Geissmann et al., 2003).
Using mice expressing GFP in one allele of the CX3CR1 gene locus, two monocyte populations
were identified which differed in their GFP intensity and CX3CR1 surface expression levels.
CX3CR1'"° monocytes are characterized by their expression of CD62L (L-selectin), Ly6C/G,
VLA-4, LFA-1, and CCR2 whereas CXsCR1" monocytes express only VLA-4, LFA-1, and
low levels of Ly6C. Using adoptive transfer of monocytes from CX3CR1°F* mice, they could
show that in steady-state the monocytes have different homing behaviour. Only CX3CR1"
monocytes responded to inflammation, are recruited to sites of inflammation, and are able to
differentiate into inflammatory peripheral mononuclear phagocytes (Geissmann et al., 2003;
Palframan et al., 2001). They are therefore termed “classical inflammatory monocytes”.
Pioneering intravital microscopy (IVM) studies have established that CX3CR1" monocytes
crawl on the luminal side of blood vessel endothelium in steady-state conditions (Auffray et al.,
2007), extensively scanning the microvasculature and were named “patrolling monocytes” This
crawling behaviour was independent of the blood flow and mainly mediated via the B2-integrin
LFA-1. Deletion of CX3CR1 resulted in a reduction of crawling CXsCR1" monocytes by two-
third, indicating that this crawling was also dependent on the fractalkine chemokine receptor.
Their function is not yet fully understood but it was shown that they are involved in maintaining
vessel endothelium integrity. They coordinate intraluminal stress responses via Toll-like
receptor 7 in response to local danger signals and induce the recruitment of neutrophils which
trigger focal necrosis of endothelial cells (EC). Subsequently patrolling monocytes clear the
resultant debris (Carlin et al., 2013).

In the rat also two monocyte subpopulations were identified by different expression levels of
CD43 (Ahuja et al., 1995). Characterization of these subsets showed that CD43" monocytes
expressed high amounts of CX3CR1 and low levels of CCR2 whereas CD43'° monocytes
expressed high levels of CCR2 and low levels of CX3CR1. CD43" monocytes had a higher
surface expression of CD62L (Yrlid et al., 2006). Functional studies using adoptive transfer
experiments showed that only CD43'° monocytes were recruited to sites of inflammation when
transferred into animals with peritonitis (Yrlid et al., 2006). On the basis of the chemokine

receptor expression and functional properties CD43" monocytes resemble the CX3CR1M



patrolling monocyte population in the mouse and the CD43'° monocytes are equivalent to the
CX3CR1'" inflammatory mouse monocytes.

1.3 EAE as an experimental model for MS

A lot of the present knowledge about the inflammatory response in multiple sclerosis stems
from findings in animal models of the disease, such as experimental autoimmune
encephalomyelitis (Korn et al., 2009). One of the first descriptions of this model dates back to
1925 when Koritschoner and Schweinburg described that rabbits that were immunized with
human spinal cord homogenates displayed inflammation in the spinal cord. The protocol used
activated, preferentially CD4*, T cells and later it was shown in rats that transfer of CD4* T
cells sensitized to myelin antigens induce experimental autoimmune encephalomyelitis (Ben-
Nun et al., 1981; Paterson, 1960). The identification of CD4" T cells as major effector cells in
EAE provides an explanation for the strong correlation of MS susceptibility with human MHC
class 11 alleles (HLA-DRBZ2). Until now several rodent EAE models have been established. The
disease can be induced actively by immunizing susceptible mouse or rat strains with myelin
antigens (myelin basic protein [MBP], myelin proteolipid protein [PLP], myelin
oligodendrocyte glycoprotein [MOG]) in adjuvant (Simmons et al., 2013) or passively by
transfer of activated, myelin-specific CD4" T cells (Ben-Nun et al., 1981; Miller and Karpus,
2007).

To study the migratory steps of myeloid cells at the blood-brain barrier during EAE, a passive
transfer model of EAE in Lewis rats has been used in the present work. In this model activated
CD4* cells reactive against myelin basic protein are transferred intravenously leading to strong
inflammation in the CNS. The incidence in this model is nearly 100%. The transfer of MBP-
specific T cells is followed by a characteristic prodromal phase of about 2-3 days after which
the animals develop a monophasic disease with rapid progressive ascending paresis. The course
of events during the prodromal phase has been studied comprehensively (Fligel et al., 2001;
Odoardi et al., 2012). Freshly activated T cell blasts are incapable of directly migrating to the
CNS and overcoming the blood-brain barrier after transfer instead, they rapidly disappear from
the blood circulation and accumulate in peripheral tissues, mainly within the lung and the
spleen. At these sites, they undergo extensive transcriptional changes, thereby acquiring a
“migratory phenotype” (Odoardi et al., 2012), which permits these cells to re-enter the blood
circulation from where they infiltrate the leptomeninges of the dorsal spinal cord about 2-3 days
post transfer (Bartholomdus et al., 2009; Flugel et al., 2001; Odoardi et al., 2012). The
transcriptional alterations the T cells undergo during their “reprograming” in the periphery,

comprise downregulation of activation markers (CD25, OX40, INF-y, IL-17) and upregulation



of migration associated molecules such as chemokine receptors (CXCR3, CXCR4, CCR5) and
adhesion molecules (e.g. Ninurin-1) (Fligel et al., 2001; Odoardi et al., 2012). However, the
reprogramming and acquisition of this migratory phenotype are not restricted to CNS-reactive
T cells. It was shown that also CNS-ignorant, ovalbumin-specific T cells (Tova cells) undergo
similar transcriptional and phenotypical changes. In consequence, CNS-ignorant Tova cells
were also able to enter the CNS meninges, although in substantially lower numbers, but with
similar kinetics compared to their CNS-reactive counterparts (Odoardi et al., 2012). Using two-
photon intravital microscopy it was shown that once migratory MBP-specific T cells arrive at
the spinal cord leptomeninges, they get arrested on the endothelium of leptomeningeal blood
vessels and immediately start to scan the luminal surface before they extravasate (Bartholoméus
et al., 2009).

1.4  Monocytes in EAE

Apart from lymphocytes, also myeloid cells play an important role during autoimmune CNS
inflammation. Depletion of peripheral macrophages/monocytes by intravenous (i.v.) injection
of Clodronate-containing liposomes abrogated EAE in Lewis rats and in an adoptive transfer
EAE model in SIL/L mice (Huitinga et al., 1990, 1995; Tran et al., 1998). Further evidence that
monocytes are important for EAE pathogenesis is given by the observations that CCL2 (MCP-
1), a potent chemoattractant for monocytes, is upregulated during EAE as well as the main
CCL2 receptor CCR2 (Glabinski et al., 2003; Huang et al., 2001). CCL2 expression also
correlates with disease severity. Mice lacking CCL2 show a delayed onset of EAE and are also
resistant to adoptive transfer EAE (Huang et al., 2001). CCR27- mice are relatively resistant to
actively induced EAE and also failed to develop EAE after passive transfer of primed T cells
from wild-type animals (Fife et al., 2000; Izikson et al., 2000; Saederup et al., 2010). Using
bone marrow chimeras, Mildner et al. showed that CCR2 deficiency in the radio sensitive
compartment leads to delayed onset EAE. Expression of CCR2 in myeloid cells was essential
for disease induction, whereas lack of the receptor on T cells did not affect EAE development.
Depletion of Ly6C" inflammatory monocytes by a-CCR2 antibody showed that these cells are
pathogenic during the effector phase of EAE. Antibody treatment during the priming phase did
not alter the EAE course, showing that Ly6C" CCR2"* are crucial for the effector phase of EAE
(Mildner et al., 2009). In line with these findings, it was shown that Ly6C" precursor cells are
mobilized into the circulation during the preclinical phase of EAE and start to accumulate in
CNS before onset of disease at which time point the cells showed a CD11c” MHC class 117"
phenotype. During the symptomatic phase, CNS Ly6C" cells were CD11c* MHC class 11"/

indicating that immature monocytes are recruited to the CNS in the preclinical stage and



differentiate in situ to a more mature phenotype during the effector phase (King et al., 2009).
Recently it was established that autoaggressive T cells communicate with myeloid cells via the
cytokine GM-CSF (Codarri et al., 2011). Expression of the GM-CSF receptor Csfrb2 in
CCR2*Ly6C" monocytes is critical for EAE development whereas Csfrb2-deficiency on
conventional dendritic cells (cDC), neutrophils, and resident microglia cells did not affect EAE
development. Resistance to EAE was not due to impaired recruitment of CCR2* Ly6C"
monocytes to the CNS nor to compromised differentiation of inflammatory monocytes to
monocyte-derived Ly6C" CD11c* MHC class 11" DCs (moDC). Moreover, GM-CSF was not
required for the development of moDCs but it was fundamental for their capacity to coordinate
tissue inflammation and upregulate phagocytic and proinflammatory functions (Croxford et al.,
2015).

1.5 Overcoming the blood-brain-barrier during CNS autoimmunity

Using intravital microscopy imaging, several studies have addressed the question of early
migratory steps of T cells into the CNS in EAE models and have proposed three possible routes
of entry for encephalitogenic T cells in the CNS (reviewed in Engelhardt and Ransohoff, 2012).

1. Encephalitogenic CD4* Th17* CCR6" cells have been shown to enter the CNS by
crossing the blood-CSF barrier (BCSFB) in the choroid plexus. This transmigration is
facilitated by the chemokine receptor CCR6 binding to its cognate ligand CCL20, which
is produced by the epithelial cells of the choroid plexus, but not microvascular
endothelial cells of the BBB (Reboldi et al., 2009).

2. Entry of immune cells through the endothelial BBB of brain and spinal cord
parenchymal blood vessels could constitute a second route (Engelhardt and Ransohoff,
2005).

3. Encephalitogenic T cells have been shown to extravasate directly in leptomeningeal
micro vessels to enter into the subarachnoid space (Bartholoméus et al., 2009; Schlager
et al., 2016).

1.6 Leukocyte adhesion cascade

Independently of the entry route into the CNS, to be recruited into any given tissue, circulating
leukocytes have to undergo a multistep process in which a sequential interaction between
adhesion/signalling molecules present on leukocytes and endothelial cells takes place.
This multistep leukocyte adhesion cascade is started by initial transient contacts between
circulating immune cells and the blood vessel endothelium mediated by adhesion molecules of

the selectin family (L-, E-, or P-selectin) present on endothelial cells and their respective



glycosylated ligands, e.g., P-selectin glycoprotein ligand (PSGL-1) on leukocytes (Ley et al.,
2007). Once captured by this selectin-mediated adhesion, the cells roll along the vascular
endothelium, which greatly reduces their velocity. It has been shown that expression of P- and
E-selectin is not required for EAE development. Active immunization of E- or P-selectin
deficient C57BL/6 or SJL/L mice resulted in an EAE course not distinguishable from wild-type
animals (Doring et al., 2007). In line with these findings L-selectin deficient C57BL/6 or SIL/L
mice are not resistant to EAE. In these animals, CNS infiltrate-composition was not different
to wild-type animals (Uboldi et al., 2008). Treatment with L-selectin-specific monoclonal
antibody did not prevent EAE development in adoptive transfer models in C57BL/6 and SJL/L
mice (Brocke et al., 1999).

Alternatively, leukocyte capture and/or rolling can also be mediated by the a4-integrins o4p1
(VLA-4) and a4p7 (LPAM-1) by binding to their cognate ligands vascular cell adhesion
molecule (VCAM) and mucosal addressin cell- adhesion molecule 1 (MadCAM1) on
endothelial cells (Berlin et al., 1995; Ley et al., 2007). VLA-4-dependent rolling is mostly seen
in monocytes, monocyte-like cell lines (Chan et al., 2001), T cell lines, and T cells (Berlin et
al., 1995; Singbartl et al., 2001). In the next step, rolling leukocytes can bind to chemotactic
factors of the chemokine family presented on the endothelial surface. Chemokine binding to G-
protein-coupled receptors (GPCR) on the surface of immune cells triggers inside-out signalling
to a4- and B1-integrins, therefore increasing integrin affinity and avidity to their respective
ligands on the vascular endothelium (VCAM, ICAM) by inducing conformational changes to
active integrin forms and clustering of integrins. This sequence of events leads to adhesion
strengthening, polarization, and subsequently firm attachment of leukocytes to the vascular wall
followed by immune cell crawling on the endothelium (Ley et al., 2007). Immune cell crawling
is predominantly mediated by f2-integrins (LFA-1, Macl) binding to their cognate endothelial
ligands ICAM1 and ICAM2 (Phillipson et al., 2006; Schenkel et al., 2004) and required to find
permissive sites for transmigration of leukocytes. In vitro and in vivo studies have shown that
T cell crawling and transmigration through CNS endothelial cells is mediated by LFA-1 and
ICAML1 in steady-state conditions (Laschinger et al., 2002; Steiner et al., 2010). The role of the
LFA-1-ICAML1-axis during CNS autoimmune processes is not fully understood. Conflicting
studies report that treatment with LFA-1-blocking antibodies in murine EAE models resulted
in amelioration or exacerbation of the disease (Kobayashi et al., 1995; Welsh et al., 1993).
Using intravital two-photon imaging in a rat transfer EAE model, it was shown that myelin-
specific T cells get arrested to leptomeningeal vessel endothelium and instantaneously started

scanning the luminal surface. This crawling behaviour was preferentially against the blood flow



and mediated by the o4-integrin VLA-4. Functional interference with VLA-4 by blocking
antibody abrogated intraluminal T cell crawling and resulted in delayed clinical disease onset
(Bartholomadus et al., 2009).

1.7  Monocyte migration in EAE

Whereas the role of distinct adhesion molecules involved in multistep leukocyte adhesion
cascade during CNS autoimmune has been carefully dissected, the molecular cues involved in
myeloid cell recruitment have so far not been investigated in detail. ICAM1 and VCAML1 are
well-described adhesion molecules expressed by BBB endothelial cells during CNS
inflammation and are crucial for the adhesion and transmigration of lymphocytes and
monocytes (Bullard et al., 2007; Carman and Springer, 2004). Furthermore, the activated
leukocyte cell adhesion molecule (ALCAM) was identified as an adhesion molecule present on
BBB endothelium which is upregulated in active multiple sclerosis and EAE lesions (Cayrol et
al., 2008). Antibody-mediated blocking of ALCAM inhibited transmigration of CD4*
lymphocytes and monocytes across BBB endothelial cells in vitro and reduced the interaction
of human CD14* monocytes with human brain endothelial cells (HBECs) in in vitro flow
chamber assays, resulting in increased monocyte velocity. Specifically, the rolling and firm
arrest stages during the multistep adhesion cascade were blocked (Cayrol et al., 2008; Lyck et
al., 2016). Another molecule that is upregulated in MS lesions is nerve injury-induced protein
(Ninjurin-1). It was also shown to be induced in human BBB-EC cultures under inflammatory
conditions as well as expressed by human CD14" monocytes. Blocking of Ninjurin by
antibodies or blocking peptides reduced transmigration of human monocytes across BBB-ECs
and inhibited adhesion of human monocytes to BBB-ECs in shear stress flow assays. Functional
interference with Ninjurin in vivo resulted in amelioration of clinical EAE in mice which was
accompanied by decreased recruitment of CD45"" CD11b* Ly6C™ myeloid cells (Ifergan et
al., 2011). One caveat to be considered in several of these studies is that lymphocytes and
myeloid share a great part of all these adhesion molecules involved in the leukocyte adhesion
cascade. As multiple sclerosis, as well as its animal model EAE, is considered to be initiated
by T lymphocytes, it is, therefore, difficult to discriminate what role adhesion molecules in
lymphocytes and myeloid cells during different phases of neuroinflammation play; non-
conditional genetic ablation or antibody-mediated interfering strategies always affect both
leukocyte populations (Kobayashi et al., 1995; Laschinger et al, 2002; Steiner et al., 2010;
Welsh et al., 1993). A possible way to investigate the molecular cues during CNS autoimmune
inflammation, regulating adhesion and recruitment of lymphocytes and myeloid cells

separately, is to use intravital microscopy. This allows observing leukocyte adhesion in the
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target tissue, i.e., leptomeninges of the spinal cord or brain, during the different phases of CNS
autoimmunity and by acute blocking of molecular cues immediately observe the outcome.
Additionally, it enables the discrimination of several leukocyte populations by using respective
fluorescent markers (Auffray et al., 2007; Bartholomaus et al., 2009; Carlin et al., 2013).

1.8 Intravital two-photon imaging to study leukocyte trafficking in the CNS
Intravital microscopy is a powerful tool to advance our knowledge of biological processes
occurring in vivo by gaining mechanistic insights into the dynamics of these processes. The
field of intravital microscopy has seen the advent of many innovations in the past 3 decades and
constant development of new technologies, driven by the imaging community, has immensely
improved our ability to visualize and study cell behaviour in vivo (reviewed in Helmchen and
Denk, 2005).

One of the biggest advances in IVM was brought by two-photon laser scanning microscopy
(TPLSM), a technology which was pioneered by Denk and colleagues in the lab of Watt W.
Webb at Cornell University in 1990 (Denk et al., 1990). In conventional single-photon
microscopy, fluorochromes are excited by the absorption of single photons emitted by
excitation light sources, such as lasers, mercury, or halogen lamps (Denk and Svoboda, 1997).
In consequence, the electrons of the fluorochromes are elevated to an activated, higher energy
state (Helmchen and Denk, 2005). When excited molecules relax to the lower energy ground
state, fluorescence can occur through the emission of a single photon (Denk et al., 1990). The
emitted light is of a longer wavelength than the corresponding excitation light and can be
detected (Zipfel et al., 2003). Whereas wavelengths for single-photon excitation are typically
within the visible spectrum (380 — 700 nm), TPMLSM relies on short pulses of near-infrared
light (680-1300 nm) to excite fluorophores. Single photons with wavelengths in the near-
infrared to infrared spectrum do not have enough energy to excite fluorophores, therefore the
near-simultaneous absorption of two photons is necessary for fluorochrome excitation. This can
only be achieved by focusing pulsed laser light on a small point within the sample. Compared
to conventional single-photon microscopy, TPLSM has several advantages for in vivo imaging
(reviewed in Potter, 1996): firstly, due to the non-linear nature of multiphoton excitation, a high
density of photons is needed in time and space at the sample. This can only be achieved by
focusing the high-energy pulsed laser beam to a diffraction-limited spot in the specimen.
Therefore, only tissue in the perifocal plane is excited while avoiding the excitation of adjacent
tissue outside the focal plane (Potter, 1996). Furthermore, as a result of the aforementioned

process, the photons combine their energy, which allows low-energy infrared or near-infrared
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photons to excite fluorophores, and therefore phototoxic damage within the specimen is reduced
to a minimum more (Kawakami and Fligel, 2010). Additionally, near-infrared light penetrates
tissue more deeply because long-wavelength light is less affected by scattering in biological
tissues than conventional fluorescence microscopy excitation light sources (Rubart, 2004).
Finally, another nonlinear optical process called second-harmonic generation can be leveraged
by TPLSM. When multiple photons of the same wavelength interact with nonlinear materials,
the photons are combined and generate a new photon with double the energy and therefore half
the original wavelength (Zipfel et al., 2003). This process makes it possible to visualize non-
centrosymmetric structures, like collagen, which is a main component of the extracellular
matrix (Zipfel et al., 2003).

This advanced imaging technique was used in the past to study early migratory steps of T cells
into the CNS in EAE models, especially adoptive transfer EAE models as they have proven to
be advantageous due to their susceptibility to manipulation. With this model, it is possible to
label defined effector T cell populations prior to transfer by genetic transduction, i.e. CNS-
reactive T cells (encephalitogenic MBP-specific T cells) without interfering with their cellular
functions (Fligel et al., 1999). As a result, the coding sequence of fluorescent reporter proteins,
like GFP or RFP, is retrovirally introduced into the genome of encephalitogenic T cells,
allowing stable expression of the reporter that is not prone to diluting out through mitotic events
(Fligel et al., 1999). Using this model, it is possible to follow adoptively transferred
fluorescently tagged encephalitogenic T cells in vivo by intravital two-photon microscopy.
Furthermore, these cells can be isolated by fluorescent activated cell sorting (FACS) and
characterized further ex vivo (Bartholoméus et al., 2009; Fligel et al., 1999; Kawakami et al.,
2004, 2005).

1.9 Quantitative analysis of immune cell migration

Since its advent, intravital time-lapse imaging has opened the possibility to visualize the
dynamic behaviour of immune cells and to study the in vivo behaviour of various types of
immune cells as well as the interaction between them. In order to draw conclusions from the
observed cell behaviour and cell motility, a comprehensive quantitative analysis of the position
and movement of cells is required (reviewed in Beltman et al., 2009). Such analysis starts with
the tracking of cells in the acquired image data so that the position in space of each cell at each
time point of the time-lapse data is estimated. From the positional data and time of observation
of each cell, several motility parameters can be calculated, which are used to quantitate cell

motility behaviour. To get a first qualitative impression of the migratory behaviour of immune
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cells, the first step is to plot their trajectories over time in two- or three-dimensional space.
Visualizing the trajectories on top of the acquired images helps to relate cell movement to other
structural features of the imaged tissue. Using this approach, it could be shown that mutations
in the signalling lymphocyte activation molecule-associated protein (SAP, SH2D1A) cause
follicular T helper cells to be mostly excluded from germinal centres and instead reside mainly
in the follicular mantle of the B cells regions (Qi et al., 2008). Another methodology is to
translate the origin of each cell’s trajectory to the same point in space while maintaining their
orientation, allowing to estimate, whether the cells have a preferred migration direction (Figure
1 A). A random distribution of all possible directions of migration in this translation plot can
indicate that cell migration is more or less random on the timescale of the duration of the plotted
tracks. However, plotting of cell trajectories gives only a first qualitative indication of cell
movement but from the positional data actual migratory parameters can be calculated to
quantitate migration behaviour of immune cells. The most commonly used analysed parameters

are:

Speed. Pioneering studies using intravital TPLSM in lymph nodes have shown, that T cells are
activated in several phases in vivo that differ in their motility parameters, such as their migration
speed (Memel et al., 2004; Miller et al., 2004). These studies have shown clearly that there is a
direct connection between motility parameters of migrating immune cells and their function or
status in immunological contexts. Two parameters of velocity can be found in literature: 1) the
instantaneous velocity is the mean speed over the time interval between the acquisition of two
imaging volumes. It can be approximated by dividing the distance the cell migrated by the time
period between the acquisitions. 2) The mean speed is the average instantaneous velocity over

an extended imaging period.

Displacement. The term displacement is used ambiguously in cell motility analysis. In general,
displacement is the shortest distance between the positions of a cell at two time points. It is
distinct from the total length of the entire path a cell has moved (Figure 1 B). The mean
displacement is often used to determine the locomotion behaviour of the visualized cell
populations by analysing how the mean displacement depends on the square root of the time
period. If this relationship is linear, it indicates that the migration of cells happens in a random
walk. A faster than linear increase is indicative of directed movement, whereas a lower than
linear increase is reminiscent of confined migration (Beltman et al., 2009). However, in the
present work, the term displacement (also displacement length) is used to describe the shortest

distance between the starting- and end positions of a cell’s trajectory (Figure 1 B).
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Straightness. This motility parameter, which is also known as confinement ratio or meandering
index, is a measure for the straightness or cell tracks. It is calculated by dividing the length of
the direct displacement distance of a cell by the total length of the path that a cell has moved
during the observation time. As the path length is at least equal to the distance of the direct
displacement, the straightness can vary between 0 (the cell returns to the exact position from
where it started) and 1 (a perfectly straight trajectory). The combination of straightness and
velocity was used to investigate the role of CD44, a receptor for extracellular matrix proteins
and glycosaminoglycans, in the migration of tumour-invading CD8 cytotoxic T lymphocytes,
quantifying various migration behaviours among these lymphocytes (Mrass et al., 2008).

Together with the above-described motility parameters, in the present work also the track

duration, which is the time period a cell track is observed in the acquired image data, is used to

describe immune cell motility behaviour.
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Figure 1 Commonly used motility parameters to quantify cell motility derived from intravital time-lapse
imaging A Plotting of cell trajectories shifted with their starting point to the same location in space gives

qualitative information of cell movement. B Straightness is calculated by dividing the displacement of the cell
(dashed line) by its total path length (solid lines). Each of these two parameters can additionally be used as
migratory parameters.

1.10 Aims of the work

The aim of this thesis was to provide a detailed characterization of intravascular migration of
immune cells at the blood-brain barrier, including molecular cues and environmental factors
that shape immune cell locomotion in the context of CNS autoimmune inflammation. To this
end, intravital two-photon microscopy (TPLSM) was employed to record the intravascular
migration behaviour of adoptively transferred encephalitogenic T cells and endogenous
homeostatic monocytes during the preclinical phase of EAE in vivo. Further, we developed an
advanced computational migration analysis to describe motility patterns of the recorded
intravascular immune cell locomotion and to investigate how physical parameters of the CNS

vascular bed influence immune cell motility patterns. Finally, to investigate the molecular cues
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shaping motility patterns, we interfered with integrin- and chemokine signalling during
intravital TPLSM and used RNA-sequencing for transcription profiling of immune cells and

endothelial cells of the CNS vascular bed.
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2.1 Materials
2.1.1 Proteins

Myelin basic protein (MBP)

House-made from guinea pig (Eylar et al.,
1974)

2.1.2 Antibodies

Primary Antibodies
Mouse anti-rat CD3 (clone)

Mouse anti-rat CD43 (clone W3/13)
Mouse anti-rat CD31 (clone TLD-3A12)
Mouse anti-rat CD172a (clone ED9)
Mouse anti-rat CD45 (clone OX-1)
Mouse anti-rat CD45RA (clone OX-33)

Mouse anti-rat granulocytes (clone RP-1)

Secondary Antibodies

Goat anti-mouse 1gG (H+L) (allophycocyanin (APC) —

conjugated)
2.1.3 Buffers and Media

ACK red blood cell lysis buffer

Dulbecco’s Modified Eagle’s medium
(DMEM)

Digestion buffer

EH medium

Flow cytometry staining buffer

Biolegend
Biolegend
Bio-Rad
Bio-Rad
Biolegend
Biolegend

BD Biosciences

Jackson ImmunoResearch

0.15 mol/L NHa4ClI (Carl Roth)

1 mmol/L KHCOz3 (Carl Roth)

0.1 mmol/L Na2xEDTA (Carl Roth)

- adjusted to pH 7.2 — 7.4 with HCI (Carl
Roth)

- Gibco DMEM Powder (Invitrogen)
- 1.2 g/l NaHC; (Carl Roth)

- EH (in-house production)
- 0.4 U/ml Liberase TM (Roche)
- 120 U/ml DNAse | (Roche)

- DMEM
- 25 mM Gibco Hepes (Invitrogen)

- 1xPBS (in-house production)
- 0.5 % BSA (Carl Roth GmbH)
- 2mM EDTA (Carl Roth GmbH)




Freezing medium day 2

Isotonic Percoll

Lymphocyte separation medium LSM 1077

Phosphor buffered salt solution
(PBS, 10)

Re-stimulation medium (RM)

T cell growth medium (TCGM)

T cell medium (TCM)

Thawing medium

2.1.4 Procedure kits

16

- 80 % heat-inactivated horse serum
(Biochrom AG)

- 10 % TCM (in-house production)

- 10 % DMSO (Carl Roth)

- 9 vol Percoll (GE Healthcare)
- 1 vol. 10xPBS (in-house production)

PAA

8.10 mM Na2HPO4 (Carl Roth)
1.47 mM NaH2POa4 (Carl Roth)
- 137 mM NaCl (Carl Roth)

- 2.68 mM KCI (Carl Roth)

- adjusted to pH 7.2

- TCM (in-house production)
- 1 % rat serum (in-house production)

- TCM (in-house production)

- 10 % heat-inactivated horse serum
(Biochrom AG)

- 10 % conditioned medium from
splenocytes treated with the mitogen
Concanavalin A (ConA supernatant) (in-
house production)

- 10 ml sodium pyruvate (Invitrogen)

- 10 ml L-glutamine (PAN Biotech GmbH)

- 10 ml L-asparagine monohydrate (Sigma
Aldrich)

- 4 ul 2-B-mercaptoethanol (13.6 mol/L)
(Invitrogen) per litre

- 90 % EH medium (in-house production)
- 10 % heat-inactivated fetal bovine serum
(Biochrom AG)

gPCR Master Mix

Eurogentec

RevertAidrm First Strand cDNA synthesis kit

Thermo Scientific

RNeasye Micro Kit

Qiagen

RNeasye Mini Kit

Qiagen

RNase-Free DNase Set

Qiagen
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2.1.5 Chemicals/Sera/Solvents

Agarose Low Melt

Carl Roth

Beads (BD CaliBRITE™) BD Bioscience
B-mercaptoethanol Carl Roth
Chloroform Carl Roth
Liposomes Clodronate.org
Concanavalin A Carl Roth
Concanavalin A supernatant In-house production
Dextran tetramethylrhodamine Invitrogen
(2.000.000 MW)

Dextran Texas Red® (3.000 MW, 70.000 MW) Invitrogen
Diethyl ether Carl Roth
Dimethyl sulfoxide (DMSO) Carl Roth
Distilled water DNase/RNase-free Invitrogen
DMEM powder Invitrogen
Ethanol Carl Roth

DiA Invitrogen
FAST Dil™ oil Invitrogen
Fetal bovine serum Biochrom AG
Glycogen Sigma
G418-Sulphate Invitrogen
HEPES Invitrogen
Horse serum Biochrom AG
Hydrochloric acid (HCI) Carl Roth
Incomplete Freund’s Adjuvant Difco Laboratories
Isoflurane Abbott

Isotone sodium chloride solution (NaCl 0.9 %) B Braun

Ketamine (10 %)

Medistar Arzneimittelvertrieb GmbH

M. Tuberculosis H37Ra

Difco Laboratories

Puromycin Carl Roth
QIAzole Lysis Reagent Qiagen
Sodium chloride Gibco

Trypan blue solution (0.4 %) Sigma Aldrich
Trypsin EDTA (10-fold) PAA
Xylariem Ecuphar
2-propanol Carl Roth

4" 6-diamidino-2-phenylindole Sigma Aldrich
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2.1.6 RT-gPCR Primer and probes

R-actin Fwd

GTACAACCTTGC AGCTCCT

R actin Rev

TTG TCG ACG AGC GC

R actin Probe

CGC CAC CAG TTC GCC ATG GAT

rat VLA-4 Fwd

GAA GGAAGAGTGTTC GTGTAC ATC A

Tie-2: Few AGGTACATAGGAGGAAACCTGTTCA
Tie-2 Rev GGGTCCCCACTTCTGAGCTT

Tie-2 Probe CTCGGCCTTCACCAGGCTGATTGT
Occludin Fwd CCTAATGTGGAAGAGTGGGTTAAAAA
Occludin Rev GTCGACTCTTTCCGCATAGTCA

Occludin Probe

CACACAAGACATGCCTCCACCCCC

Claudin-5 Fwd CGGGCGTCCAGAGTTCAGT

Claudin-5 Rev TAGACGTAGTTCTTCTTGTCGTAATCG
Claudin-5 Probe CCAGTCAAGTACTCAGCACCAAGGCGA
CXCL 10 Fwd CGTGCT GAGTCTGAG T

CXCL 10 Rev GTCTCAGCG GCT GTT CAT

CXCL 10 Prove CTC AAG GGATCCCTCTCGCAAGAAC
CXCL11 Fwd GGT TCCAGG CTTCGTTATGTTC
CXCL11 Rev AACTTCCTT GATTGCCATT

CXCL11 Probe CTGTCT TTG CAT CGA CCG CGG AGT
CXCL12 Fwd GTC AAA CAT CTG AAAATCCTC AAC AC
CXCL12 Rev GGT CAATGC ACACTT GTCTGT

CXCL12 Probe

ACT GTCCCCTTCAGATTGCAAGGCT
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2.2 Methods
2.2.1 Animals

All experimental animals were Lewis rats on a LEW/Crl background (Rattus norvegicus). The
animals were bred and kept at the animal facility of the University Medical Centre Gottingen
(UMG). The animals were kept under standardized conditions with a 12/12 h light-dark cycle
and were provided with food ad libitum. All experiments were performed according to local

regulations of animal welfare of Lower Saxony.

2.2.2 Generation of transgenic T cell cultures
2.2.2.1 Immunization

To elicit generation of MBP- or OVA-specific CD4™ T cells, 6-8-week-old female Lewis rats
were subcutaneously immunized (into the base of the tail and into the hind limb popliteal cavity)
with 150 ul guinea pig MBP (Eylar et al., 1974) or OVA protein (each 1 mg/ml) emulsified in
an equal volume of complete Freund's adjuvant containing Mycobacterium tuberculosis (2
mg/ml). The emulsion was prepared with the help of tuberculin glass syringes and a custom-
made homogenizer. Animals were sacrificed for primary T cell culture 10 days after

immunization.

2.2.2.2 Culture of packaging cells

Retroviral transduction of T cells was facilitated by co-culture with GP+E86 packaging cells,
which produce a replication-deficient LifeAct-mTurquoise2- or eGFP-coding retrovirus. The
retroviral vector pMSCV was used for the gene transfer of a puromycin resistance cassette in
combination with the LifeAct-mTurquoise or eGFP sequence. GP+E86 packaging cells were
cultured in selection medium (T cell medium (TCM) containing 10 % of fetal calf serum (FCS)
and puromycin (2 pg/ml) in 10 cm cell culture dishes in an incubator set at 5 % CO humidified
atmosphere and 37°C. During cell culture, the adherent packaging cells form monolayers. The
packaging cell line cultures were split upon reaching a confluence of 70- 80 % by washing once
with 1xPBS, followed by 1-2 min incubation with the endopeptidase trypsin (10x stock solution
diluted 1:10 with PBS). Once packaging cells started detaching from cell culture dishes,
digestion was stopped by adding EH medium containing 10% FCS. Cells were centrifuged for
5 min with 1200 rpm at 4°C to remove trypsin-containing medium. The supernatant was
discarded, and the pellet was resuspended in TCM containing 10 % of FCS and 2 pg/ml

puromycin and replated.
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2.2.2.3Primary rat T cell culture

Retroviral engineering of T cells reactive against MBP or OV A to express fluorescent proteins
was conducted as reported (Flugel et al., 1999). The cells were kept in a humidified atmosphere
containing 10 % CO; at 37°C. To establish antigen-specific CD4" T cell lines, draining lymph
nodes (popliteal, inguinal, and paraaortal LNs) of immunized animals (see chapter 2.2.2.1) were
isolated 10 days after immunization. The isolated LNs were mechanically dissociated through
a metal mesh. Single-cell suspension then was pelleted (1200 rpm, 8 min, 4°C), supernatant
discarded, and the cell pellet was resuspended and washed once with Eagles HEPES (EH)
medium. Subsequently, 2 x 10° lymph node cells per well were plated in a total volume of 100
pl re-stimulation medium containing 10 pg/ml of MBP (RM) in U-bottom 96-well plates,
seeded with 1.5 x 10* GP+E86 packaging cells. After 2 days of co-culture, T cell growth
medium (TCGF) was added (50 pl per well). TCGF contains the supernatant of Concanavalin
A stimulated murine splenocytes (ConA supernatant). ConA supernatant contains the cytokine
IL-2, which induces the proliferation of T cells. On day 3 or 4 of primary cell culture, 50 ul of
medium per well were removed and T cells were carefully aspirated and transferred into flat-
bottom 96-well plates. After transfer 100 pl fresh TCGF containing puromycin (1 pg/ml) was
added per well. Antibiotic selection with puromycin was maintained for 10 days. The first re-
stimulation of T cells was performed 6 days after the start of the culture. Firstly, 100 pl medium
per well were removed with a multi-channel pipette and subsequently 1.4 x 108 irradiated
thymocytes (irradiation dose 30 Gray [Gy]), that served as antigen-presenting cells (APCs), in
100 ul RM containing MBP protein (10 pg/ml) were added per well. Two days after re-
stimulation 50 ul TCGF were added per well to induce T cell proliferation. Three to four days
after re-stimulation, the wells with the best viral T cell transduction rate (measured by
mTurquoise2 or eGFP fluorescence intensity and highest T cell density) were picked and pooled

into 60 mm dishes.

2.2.2.4 Re-stimulation of T cells

Established primary T cell lines were further propagated with re-stimulation cycles every 6 days
in 60 mm dishes. 3.5 x 10° resting T cells were co-cultured with 70 x 10° irradiated thymocytes
(30 Gy) in RM containing the appropriate concentration of antigen (10 pg/ml MBP). Two days
after re-stimulation, TCGF was added to the T cell culture to promote further proliferation. T
cells were transferred into 10 cm culture dishes and split further when necessary to maintain

optimal density.
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2.2.3 Adoptive transfer EAE

Adoptive transfer EAE (atEAE) was induced by intravenous injection of 5 x 10° activated,
encephalitogenic T cell blasts (day 2 after re-stimulation) in 1 ml of EH medium into the tail
vein of naive Lewis rats (between 6-8 weeks of age). Animals were anaesthetized in diethyl
ether for tail vein injection. The body weight of the animals and clinical symptoms were
followed and recorded over the whole experimental period Clinical signs of EAE were assessed
according to the following score system: 0, no sign of disease; 0.5, loss of tail tonus; 1, tail
paralysis; 2, gait disturbance; 3, hind limb paralysis; 4, tetraparesis and 5, moribund. Animals
were sacrificed when reaching a score of 3.5

2.2.4 Intravital live imaging with the two-photon laser scanning microscope

In vivo imaging of Twmep-grp OF Tmep-LifeAct-mTurquoise2 (TMBP-LA) cell motility and behaviour
was conducted with two-photon laser scanning microscopy (TPLSM) within the CNS
meningeal compartments in living animals. In order to access the dorsal spinal cord meninges,
the well-established “open spine window” procedure was performed as previously described

(Bartholomdus et al., 2009).
2.2.4.1 Surgical procedure for intravital TPLSM

Animals were anaesthetized by intra-muscular injection of 10mg kg™ xylazine combined with
50mg kg ketamine. Thereafter, animals were intubated via a small tracheotomy and
immediately ventilated with 1.5-2% isoflurane using a custom-built ventilation system. This
system was driven by an Inspire Advanced single animal pressure-controlled ventilation
machine. The ventilator was fed by medical oxygen mix with pressurized air before the gas
mixture was routed through an isoflurane vaporizer. During imaging, animals were stabilized
in a custom-made microscope stage and their body temperature was maintained through a
heating pad connected to a custom-built thermo controller at 37°C. Sterile saline (0.9 % NaCl)
was supplied via a tail vein catheter during intravital imaging using a Perfuse FM device to
prevent dehydration. For intravital TPLSM recordings of the leptomeninges, a spinal cord
window was prepared as described previously at level Th12/L1 (Bartholomaus et al., 2009).
Briefly, the skin was incised 2-3cm on the back of the animals, followed by subsequent
detachment of the paravertebral musculature from the spine. Next, a laminectomy was
performed on one of the three exposed vertebral bodies. Exposed meningeal tissue was

immediately covered with physiological 0.9% NaCl solution to prevent dehydration.
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2.2.4.2 Two-photon laser scanning microscopy

TPLSM was performed using a LSM710/Axio Examiner. Z1 confocal microscope combined
with a >2.5Watts Ti:Sapphire Chameleon Vision Il Laser device. The excitation laser
wavelength was tuned to 880nm or 1100nm and routed through a 20x waterNA1.0 immersion
objective W Plan Apochromat. Scanning areas were 424.27 um x 424.27um in height and width
(512 x 512px) with 50-100um z-stacks acquired. Images were acquired with bidirectional
scanning and 2-times line averaging at a rate of approximately 1.3s per z-plane. For
reproducible motility analyses, the time interval between z-volume acquisitions was kept
exactly to 32sec by varying the numbers of z-sections (usually between 18 and 25) or distances
between 2 z-planes (step-size, typically between 2 and 6um). Emitted fluorescence was
detected using non-descanned detectors equipped with 442/46nm (second harmonic signal),
525/50nm (GFP, mTurquoise2), 550/49nm (FITC-dextran), and 624/40nm (Dil or DiA
labelling) band-pass filters.

2.2.5 Processing of raw data from IVM

TPLSM time-lapse recordings were acquired and processed by Zen 2009 Software obtaining
2D movies/images by generating maximum intensity projections out of 3D-and 4D stacks. For
representation, time-lapse videos and images were exported as .avi or .tif files, respectively,
without any compression algorithm. 2D data were further processed using Imagel 1.46i
software. Brightness and contrast as well as colour balance adjustments of single channels were
performed with implemented plugins. Annotations were made using ImageJ and Inkscape
(version 0.92.3).

2.2.6 Analysis of leukocyte motility

Imaris 8.0.1 software was used for 4D analysis of acquired raw time-lapse data. Immune cells
were tracked with the automated Imaris Track module with subsequent manual revision.
Motility parameters including leukocyte mean speed, displacement length, total track length,
crawling duration, and straightness were calculated from the obtained X, y, z-coordinates using
the Imaris statistics function. Rolling T cells appeared as several round-shaped dots in the
direction of the blood flow as described (Bartholoméus et al., 2009). Cells that were visible for
less than 2 frames (~1min) were excluded from the analysis. The straightness was defined as
the ratio between direct displacement length between start- and endpoint of leukocyte
movement and the sum of all single displacement steps during a 30min time interval. Statistical

evaluations were performed with the statistical software R 3.5.0.
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2.2.7 Hierarchical clustering analysis of leukocyte cell motility

To develop this new tool, we employed unsupervised machine learning, i.e., hierarchical
clustering. This approach is often used for the classification of problems where features of
unknown (unlabelled) data are used to detect “hidden” (common) structures in the data.
Hierarchical clustering employs a “bottom-up” strategy where each observation starts in its own
cluster and pairs of clusters are merged as the algorithm moves up in hierarchy until only one
cluster is left. The results of hierarchical clustering are usually presented as a dendrogram.
(Figure 2). As input for the clustering algorithm, we used several motility parameters of the
tracked cells. The rationale behind this was the assumption that the migratory pattern is encoded
by the combined migratory parameters of the cells. The combined input parameters were the
following: velocity (speed), track length, track duration, track displacement length, straightness,
and median angle to blood flow. All the parameters were derived from software-based 4D (x-
y-z-t) cell tracking of the acquired intravital TPLSM imaging data, from a total of 4739 cells.
This pool included 979 Twmep cells and 3760 Dil* monocytes. Corresponding cell numbers and
clinical phase at intravital TPLSM recording are summarized in Table 1. For the unsupervised
classification of migratory patterns, we arbitrarily chose to stop clustering at six clusters. This
results in a number of motility classes that is higher than what we used in the manual
classification analysis, therefore taking into consideration the higher complexity of migratory
patterns exhibited by Dil™ monocytes but leading to a still interpretable number of classes. The
pre-processed motility parameter data was clustered using the trackdescriptor package for the
statistical programming language R. As a readout, if the unsupervised classification was
successful and lead to interpretable classes, the representative cell track for each of the six
clusters was visualized for inspection and validation purposes. The representative member of a
cluster is the object which has the least distance (dissimilarity) to all the other members of that
cluster and can be seen as the mean, also called a medoid. The representative members of each
of the six clusters derived from hierarchical clustering are depicted alongside the unique
“fingerprint”, which are the normalized motility parameters values used for clustering of the

respective cluster representative, in Figure 13.
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Figure 2 Hierarchical clustering uses a “bottom-up” approach to achieve clustering. Diagram graphically
depicting hierarchical clustering from the individual elements by progressively merging clusters based on
pairwise distance measurement. Letters represent objects in the data on which hierarchical clustering is applied.
In each iteration, the objects with the least dissimilarity are merged.

2.2.8 Labelling of myeloid cells for IVM

To visualize monocytes along with fluorescent T cells during intravital TPLSM, phagocytic
activity of monocytes in the blood circulation was exploited. Briefly, 18 h before intravital
imaging fluorescently stained liposomes were intravenously injected into the tail vein of the
animals. Furthermore, a monoclonal antibody against CD11b (Hybridoma clone OX-42)
labelled with the fluorescence dye SeTau647 was injected directly before TPLSM to label all

blood-borne myeloid cells.

2.2.9 Animal preparation and organ processing

Rats were sacrificed by CO. inhalation at indicated time points after induction of adoptive
transfer EAE and immediately transcardially perfused with 50 ml ice-cold PBS. All dissected
tissues were kept in EH medium on ice. Tissues were weighed before further processing to be
able to normalize numbers of infiltrated cells to tissue weight. Organs were then processed as

described below.

2.2.10 Isolation of PBMCs from blood

To isolate peripheral blood monocytic cells, blood was taken by cardiac puncture into 5 ml
syringes containing 300 pl 80 mM EDTA solution. Blood samples were mixed with an equal
volume of 1xPBS and layered over 0.5 volumes lymphocyte separation medium (LSM 1077).

Sample gradients were centrifuged at 2000 rpm, 22°C for 30 min with minimal acceleration
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and brakes turned off. PBMCs were taken from the interphase between plasma and separation
medium, transferred into a new Falcon tube and washed with cold 1xPBS, and resuspended in

1 ml EH medium.

2.2.11 Isolation of leukocytes from spleen

Dissected spleens were mechanically dissociated through a metal grid in EH medium to prepare
single-cell suspensions. After centrifugation at 1200 rpm for 8 minutes at 4°C, the cell pellet
was resuspended in 4 ml ACK buffer for erythrocyte lysis and incubated for 4 minutes on ice.
Subsequently, Falcon tubes were filled up with cold 1xPBS, and cells were washed and
resuspended in 15 ml EH medium.

2.2.12 Isolation of leukocytes from spinal cord and spinal cord meninges

Spinal cords were dissected from spinal column and the meninges were removed from the
parenchyma. Tissues were homogenized in EH medium through a metal grid and cells were
spun down (8 minutes at 1200 rpm at 4°C). To remove myelin and debris from cell suspension,
cells were centrifuged on a two-phase Percoll gradient. For this, cell pellets were resuspended
in 25 ml EH medium and mixed with 10 ml isotonic Percoll solution, followed by carefully
layering of 10 ml underlay Percoll under the cell suspension. The gradient was centrifuged with
2780 rpm for 30 minutes at room temperature with minimum acceleration and no brakes. The
interphase of the sample was collected using Pasteur pipettes, transferred to a new tube, spun
down (1200 rpm for 8 minutes at 4°C) and washed with cold 1xPBS. The supernatant was

discarded, and cell pellet was resuspended in 1ml EH medium.

2.2.13 Isolation of endothelial cells from spinal cord meninges and parenchyma

Spinal cords were dissected, and the meninges were removed from the parenchyma. Spinal cord
parenchyma was homogenized in EH-medium in a Dounce-homogenizer with 5 strokes with
pastel A and 20 strokes with pastel B. Spinal cord meninges were cut in fine pieces with scissors
in EH medium. Spinal cord meninges and parenchyma homogenates were centrifuged at 1200
rpm for 6 minutes, supernatant was discarded, and the pellets were taken up in 3 and 5 ml of
digestion buffer, respectively. Tissues were digested in a water bath at 37°C for 1h with gentle
pipetting of the solution every 6 minutes. Tissue solutions were brought to a final volume of 14
ml with cold EH-medium with 2mM EDTA and passed through a 40um cell strainer. To remove
myelin debris, 6ml of isotonic Percoll solution was added to cell suspensions and gradient
centrifugation was carried out at 2780 rpm for 30 min without brakes. The supernatant was

removed, and cell pellets were washed with 50 ml EH plus 2mM EDTA, spun down for 5 min
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at 1200 rpm, and pellets were taken up in 200 pl staining buffer for FACS-staining followed by
FACS-sorting.

2.2.14 Flow cytometry

Single-cell solutions were surface-stained on ice at a concentration of 1-5x10° cells per sample
in 100 pl FACS buffer with combinations of monoclonal antibodies labelled with
fluorochromes for 30 minutes. After staining, the samples were washed and resuspended in 100
pl FACS buffer. Stained cells were analysed on a Beckman Coulter CytoFLEX flow cytometer.
Final analysis was performed using CytExpert (Beckman Coulter) and FlowJo (BD
Biosciences) software. The transferred T cells could be tracked due to their expression of
fluorescent reporter proteins.

2.2.15 Cell sorting

Animals were sacrificed by CO: inhalation and immediately transcardially perfused with 50ml
ice-cold 1xPBS. Tissues were dissected and prepared as described above. Cell sorting was
performed using a BD FACSAria I11 with minimum flow speed at 4°C. The sorted cells were
transferred into Eppendorf tubes and centrifuged with 300xg for 4 minutes at 4°C. The cell
pellet was resuspended in 500 pl QIlAzol Lysis Reagent and stored at -80°C until further

processing.

2.2.16 RNA isolation, cDNA synthesis and RT-gPCR

RNA isolation from QIAzol samples was performed according to the manufacturer’s protocol.
Subsequently, cDNA synthesis was performed using RevertAid First Strand cDNA Synthesis
Kit with random hexamer primers as described in the manufacturer’s protocol. Real-time
quantitative PCR (RT-qPCR) was performed with the gPCR master mix on a StepOnePlus
Real-Time PCR system using target-specific FAM and TAMRA labelled TagMan probes.
Analysis was done using StepOnePlus Software v2.0. The expression was normalized to that

of the housekeeping gene beta-actin using the delta-delta Ct method (244¢Y),

2.2.17 RNA-sequencing and library preparation

RNA for sequencing was isolated from QIlAzol samples. Library preparation and sequencing
were performed at the Microarray and Deep-Sequencing Core Facility of the University

Medical Centre Gottingen.
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2.2.18 RNA-sequencing analysis

The raw sequencing files (FASTQ files) were quality-controlled with FastQC and MultiQC
software. Reads were aligned to the Ensembl rat transcriptome Rnor_6.0 (Ensembl release 94)
and quantified with Salmon software (Patro et al., 2017). Gene-level abundance estimates were
generated and imported in R statistical software (3.5.0) with the R package tximport (Soneson
et al., 2016). Differential expression analysis of isolated leukocytes was performed with the
DESeq2 R package (Love et al., 2014). Specifically, the data were normalized and tested for
differentially expressed genes based on a generalized linear model likelihood ratio test
assuming negative binomial data distribution. Candidate genes were filtered to a minimum of
2-fold change (logz 1) and adjusted p-value < 0.05. The Benjamini-Hochberg false discovery
rate procedure was used to correct p values for multiple testing. Heat maps of differentially
expressed genes between leukocytes were generated with the R package pheatmaps.

For the ligand-receptor analysis, a list of receptor-ligand pairs was assembled from databases
and literature (Ramilowski et al., 2015). To extract meaningful receptor-ligand pairs that are
associated with cell migration and adhesion and that are located in the extracellular domain, a
list of relevant GO terms was generated, and genes annotated with these GO terms were queried
from databases in the R/Bioconductor environment using the biomaRt package. The
intersection of these two lists was used as the receptor-ligand pair list and used as input for
further analysis. Next, using the lists of differentially expressed genes defined above, all
receptors were selected that were upregulated in any of the leukocyte subpopulations. This
resulted in receptor lists of T cells, inflammatory and homeostatic monocytes. Then ligands
present on leptomeningeal blood vessel endothelial cells were extracted by filtering all genes
expressed higher than a normalized expression value of 10 and intersecting this list with the list
of ligands defined in the first step of the analysis. Last, the number of receptor-ligand

interactions of each leukocyte population with endothelial cells were quantified.

2.2.19 Interference with integrin signalling

To block 041 integrin signalling, a neutralizing mouse anti-rat monoclonal antibody against
VLA-4 (anti-CD49d, clone TA-2; Hojo et al., 1998; Issekutz and Wykretowicz, 1991) was
injected i.v. at a concentration of 4mg kg during intravital TPLSM recordings. Prof. Thomas
Issekutz kindly provided the antibody (Grace Health Center, Dalhousie University, Halifax,
Canada). After recording, saturated binding of the antibody was controlled as described

(Bartholomadus et al., 2009). To block aLB2 integrin signalling, a blocking mouse anti-rat
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monoclonal antibody against LFA-1 (anti-CD11a, clone WT.1) was injected i.v. at a
concentration of 4mg kg* during intravital TPLSM recordings.

2.2.20 Interference with chemokine signalling

For intravital studies focusing on intraluminal leukocyte migration, 20ug kg™ pertussis toxin A
Oligomer was applied during the intravital imaging intravenously via an OPS 50 ml Luer lock

infusion set with a total volume of 1 ml.

2.2.21 Hybridoma culture and monoclonal antibody production

In order to produce monoclonal antibodies for in vivo applications the hybridoma cell lines OX-
42, RP-1, RP-3, and WT.1 were used. Hybridoma were cultured in RPMI medium containing
10% FCS. Cells were subcultured every 2-3 days. For antibody production cells were pelleted
with 1200 rpm for 8 min at 4°C and resuspended in serum-free PFHM 1l medium. Cells were
then cultured for 10-14 days without further subculturing until most of the cells were dead.
Hybridoma supernatant containing the desired antibodies was harvested by centrifugation of
cultures and immediately frozen at -20°C until further processing.

Antibody purification was performed using HiTrap Protein G Purification 1ml columns
according to the manufacturer’s protocol. Eluates from purifications were buffer exchanged to
1xPBS using PD-10 desalting columns and subsequently measured for protein concentration

by NanoDrop measurement.
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3.Results

3.1  Monocytes closely follow infiltrating Tmep cells into the CNS during
atEAE

The kinetic of myeloid cell recruitment was investigated during EAE induced by adoptive
transfer of 5x10° activated T cells reactive against the myelin component myelin basic protein
(MBP). To allow tracking of these auto-antigen-specific T cells, e.g. by intravital TPLSM or
flow cytometry, they were retrovirally transduced to stably express the fluorescent reporter GFP
(Tmer-crr) (Fligel et al., 1999). The kinetic of recruitment of the transferred T cells and
endogenous monocytes in different organs including spleen, blood, spinal cord meninges, and
spinal cord parenchyma and at different time points post EAE induction was investigated by
flow cytometric quantification. For this purpose, endogenous monocytes were surface stained
for CD172a and CD43. Two main subpopulations of monocytes could be discriminated in flow
cytometry, CD172a* CD43"9" (homeostatic monocytes) and CD172a*CD43'" (inflammatory
monocytes) (Ahuja et al., 1995) (Figure 3). Flow cytometric quantification of monocytes in
naive animals showed that the CD172a*CD43"9" monocyte subpopulation was more prevalent
than the CD172a* CD43'°" monocyte population in blood and the spleen. Notably, even in naive
animals, a small number of monocytes could be detected in the spinal cord meninges and
parenchyma. The appearance of Twmgp cells in the circulation was accompanied by increasing
numbers of both monocyte subpopulations. However, the number of circulating monocytes
dropped on day 3 p.t. when an increase of monocytes in the meninges of the spinal cord could
be observed, suggesting recruitment of monocytes from the circulation to spinal cord meninges.
The number of recruited monocytes in the meninges peaked one day later (4 d.p.t.). Invasion of
monocytes into the spinal cord parenchyma started on day 3 p.t. One day later (4 d.p.t.)
parenchymal infiltration of monocytes reached its maximum (Figure 4). The peak of monocyte
recruitment to the spinal cord meninges and parenchyma coincided with maximal Twmgp cell
infiltration in the respective tissues (Figure 4). Of note, in the CNS at all the observed time
points the CD172a*CD43'"" monocytes were more frequent than the CD172a* CD43"d"
monocyte population. This data show that despite both monocyte populations are infiltrating

the spinal cord meninges and spinal cord parenchyma during atEAE.
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Figure 3 Rat monocyte subpopulations can be discriminated by their expression of CD43. Flow cytometric
analysis of peripheral blood monocytic cells (PBMCs). Monocyte subpopulations express CD172a. The majority
of monocytes are CD172a* CD43"9", Plots from flow cytometry of PBMCs from naive animals. Cells were surface
stained for CD172a and CD43. A representative plot from at least 3 independent experiments is shown.
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Figure 4 Infiltration Kinetic of Twmep-La cells and monocytes during atEAE. Flow cytometric quantification of
Twmep-Laand CD172a* CD43"9" and CD172a* CD43"°" monocyte subpopulations during the time course of atEAE
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induced by transfer of 5x10° Twge-La cells on d0. Spleen, blood, spinal cord meninges, and parenchyma were
taken daily. Numbers of monocytes and transferred Twugp cells were quantified by flow cytometry.

3.2 Visualization of monocytes in the leptomeninges of the spinal cord

3.2.1 Labelling of monocytes by intravenous injection of fluorescent liposomes

In order to study the migratory behaviour of monocytes in the leptomeninges of the spinal cord
by intravital TPLSM, we first established a labelling set-up to visualize these cells. In the
mouse, the resident monocyte subpopulation characterized by low surface expression of Ly6C,
high expression of the fractalkine chemokine receptor CX3CR1, and low expression of the
chemokine receptor CCR2, can be marked by intravenous injection of fluorescently labelled
liposomes which are taken up by these cells due to their high phagocytic activity (Sunderkdotter
et al., 2004). This monocyte subpopulation is correspondent to the CD43"9" monocytes in the
rat (Strauss-Ayali et al., 2007).

This approach for labelling the cells was adapted to the rat model. Liposomes were stained with
the lipophilic dyes Dil or DiA and injected intravenously into naive rats. Intravital TPLSM of
the leptomeninges of the spinal cord was performed on these animals 24 hours after liposome
injection. DiA* cells could be detected inside the vessels of spinal cord leptomeninges (Figure
5 A). Some of the cells were associated to the vessel walls, migrating along them. Trajectories

derived from cell tracking with IMARIS software are shown in Figure 5 B.

A

Figure 5 Phagocytic cells in the blood circulation can be visualized in the leptomeninges in vivo by
intravenous injection of DiA stained liposomes. Intravital TPLSM recordings of the leptomeninges of the spinal

cord. Liposomes were stained with the lipophilic dye DiA and injected i.v. into naive Lewis rats. TPLSM was
performed 24 hours after injection. Leptomeningeal vessels were visualized by i.v. injection of 70kDA FITC
labelled Dextran (grey) immediately before image acquisition. A. Original snapshot of DiA* cells (red) migrating
on the vessel endothelium A and 30 min trajectories (blue, B) are represented.
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3.2.2 Characterization of liposome up-taking cells

Although it was possible to label cells by intravenous injection of fluorescent liposomes, the
identity of these liposome-up-taking cells was not known. In order to elucidate their identity
and characterize them, blood was taken from naive animals 24 hours after i.v. injection of Dil-
stained liposomes. Peripheral blood cells were surface-stained for CD3 and CD45RA, specific
markers for T- and B-lymphocytes respectively, CD172a which is specific for monocytes, and
for RP1, a marker specific for neutrophils. Flow cytometry analysis revealed that CD3" T-
lymphocytes, as well as CD45RA+ B-lymphocytes, were negative for Dil (Figure 6A). Among
the investigated leukocyte subpopulations only CD172a* monocytes were positive for Dil
(Figure 6 A) and thus taking up the Dil-liposomes. When the total monocyte population was
investigated further by surface staining of CD43, it became apparent that the majority of the
Dil-liposome up-taking cells were of the CD172* CD43"9" subpopulation (Figure 6 B). The
flow cytometry data was confirmed on the mRNA level by RT-gPCR. CD172a* Dil* monocytes
isolated from blood by FACS-sorting expressed higher levels of CX3CR1 compared to the
FACS-sorted CD172a* Dil- monocytes (Figure 7 A). The opposite was observed for expression
levels of CCR2. Here the Dil- monocytes expressed higher levels of mRNA than the Dil*
monocytes (Figure 7 B). Taken together these data show that CD172a* CD43"9" monocytes
can be labelled with Dil-liposomes allowing to study their migration behaviour in vivo by
TPLSM.
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Figure 6 CD172a+ CD43"%" monocytes mainly take up fluorescent liposomes in the circulation. Flow
cytometry analysis of blood leukocytes 24 hours after i.v. injection of Dil-labelled liposomes. A Uptake of Dil
positive liposomes in CD3* T lymphocytes, CD45RA* B lymphocytes, CD172a* monocytes, and RP1*
neutrophils. Only monocytes were positive for Dil. B Uptake of Dil positive liposome in CD43"9" and CD43'"
monocyte subpopulations. CD43high monocytes constituted the majority of the liposome—up-taking monocytes.
Representative dot plots from 3 independent experiments.
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Figure 7 Chemokine receptor expression in Dil positive and negative monocytes. Blood-derived CD172*
Dil* and CD172* Dil- monocytes were FACS sorted. Isolated mRNA from both subpopulations was analysed by
RT-gPCR. Expression of A CX3CR1 and B CCR2 for monocyte subpopulation is shown as relative expression
to B-actin. Data from 3 independent experiments. Bars represent mean + SEM.

3.3  Migratory behaviour of monocytes in spinal cord leptomeninges during
atEAE

Having established a method for in vivo labelling of monocytes by intravital TPLSM, we next
studied their kinetic and migratory behaviour in the leptomeningeal vessels by intravital
TPLSM during adoptive transfer EAE. Therefore, EAE was induced in Lewis rats by
intravenous transfer of 5x10° activated Twmep cell blasts. Intravital TPLSM was performed every
day, starting from dO until d5 after T cell transfer. 24 hours before imaging endogenous
monocytes were labelled by Dil-liposome injection. On dO we observed only few Dil*
monocytes migrating along the endothelium of the leptomeningeal blood vessels. On day 1 p.t,
even before the first encephalitogenic T cells arrived at the leptomeninges, numbers of
intraluminal migrating Dil* monocytes increased (Figure 8). With EAE progression, increasing
numbers of Dil* monocytes were recruited to the spinal cord leptomeningeal vessels and their
numbers peaked 3 d.p.t. (Figure 8). At this time point, Tmsp cells had transgressed the vascular
wall, were evenly distributed in the subarachnoid space (SAS) and started to infiltrate the spinal

cord parenchyma. Starting from day 4 p.t., the number of Dil* monocytes in the vessels steadily
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decreased. The observations from the intravital TPLSM were in line with the FACS
quantification of monocytes (Figure 4). The quantitative increase of the intraluminal Dil*
monocytes with disease progression was associated with changes in their motility patterns and
migratory phenotypes. On day 0 the few Dil* monocytes moved very straight in the direction
of the blood flow. Starting from 2 days post transfer, when also Twmep cells arrived at
leptomeningeal blood vessels, the Dil* monocytes became more confined in their migration
behaviour. This phenomenon was most prominent between 3-4 days p.t., when Twmgp cells
started to infiltrate the spinal cord parenchyma and animals showed clinical symptoms.
Software-based 4D (x-y-z-t) cell tracking of the acquired intravital TPLSM imaging data
confirmed that the motility parameters of the monocytes changed with EAE progression. The
cells became slower, the time spent migrating on the vessel endothelium increased and the
straightness of the cell trajectories decreased (Figure 9 A-C). These changes indicated that
starting with the appearance of the first Twmge cells, Dil* monocytes adhered more tightly to

vascular endothelial cells and intensified scanning of the vessel lumen.
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Figure 8 Dil* monocytes accumulate at the spinal cord leptomeninges during EAE. A-D Intravital TPLSM
recordings of spinal cord leptomeninges on 2 and 3 days post transfer of Tmep cells. Grey: vessel lumen. Cyan:
Twee cells. Red: Dil* monocytes. Right panels are time projections of left images. Representative recordings from
at least 3 independent experiments per time point depicted. E Quantification of Dil* monocytes attached to the
vessel/field of view per time point shown. Data from at least 3 independent experiments depicted.
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Figure 9 Dil™ monocytes change their motility parameters during EAE. Data are based on 30 min intravital
TPLSM recordings in the spinal cord leptomeningeal vessels during EAE. A Average velocities, B track duration
and C track straightness are depicted at the indicated days post TMBP cell transfer. Boxplots are depicted as 10-
90 percentile. Data include 1680 cells from at least 3 independent experiments per time point. *P<0.05,
**P<0.01, ***P<0.001, Kruskal-Wallis-Test with naive as reference sample.
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Furthermore, it became apparent during cell tracking that Dil*™ monocytes exhibited very
heterogeneous migration modes compared to the transferred autoreactive T cells (Bartholomaus
et al., 2009) and these modes changed during EAE progression. To quantify their prevalence,
we classified the migration modes of Dil™ monocytes into four classes: 1) cells rolling along
vessel endothelium and only transiently adhering to vessel endothelium. 2) Cells migrating very
straight in the direction of the blood flow. 3) Cells migrating independently of the direction of
the blood flow, looping inside vessel lumen. 4) Cells with a very confined migration (Figure 10
A). Quantification of the migratory phenotypes showed that before the arrival of Tmgp cells in
the leptomeningeal blood vessels the majority of Dil™ monocytes exhibited straight migration
in the direction of the blood flow with the next most prevalent migration mode being rolling.
Only a minority of cells showed independent or confined migration modes (Figure 10 B). With
EAE progression the percentage of straight migration and rolling cells decreased and Dil*
monocytes switched to independent crawling and confined migratory phenotypes (Figure 10
B). These results corroborated the previous findings and suggested that with increased

inflammation during EAE Dil* monocytes adhered more tightly to the vessel endothelium.
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Figure 10 Dil* monocytes change their migration mode during EAE. A Different intravascular migration
modes exhibited by Dil* monocytes: rolling (green), confined migration (orange), independent crawling (blue),
straight migration (grey). B Quantification of migration modes of Dil* monocytes during EAE. Percentages of
migration modes on indicated time points post Twmgp cell transfer. Data from at least 3 different experiments per
time point are shown.
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We furthermore observed that the intraluminal migratory phenotype of Dil* monocytes and
Twmep cells clearly differed. The T cells showed much more independent looping and migrated
preferentially against the direction of the blood flow (Bartholomdus et al., 2009), whereas the
Dil™ monocytes migrated much straighter and preferentially in the direction of blood flow. To
quantify this observation, we compared mean speed, duration, displacement, straightness, and
directionality of monocytes and T cells. In order to quantify the directionality, the angle
between each displacement step which a tracked cell takes along its trajectory and the direction
vector of the blood flow was calculated by an algorithm from the trackdescriptor R package.
The blood flow direction was manually extracted from the intravital TPLSM imaging (Figure
11). The median of all angles of a given trajectory was used.

By using this approach, we observed that the monocytes moved significantly slower and
straighter on the vascular endothelium with a significantly increased displacement length than
Twep cells (Figure 12). Additionally, Tmep cells migrated with an average median angle in
relation to the blood flow of 89.24° as compared to 46.11° for Dil* monocytes, indicating that

intravascular movement of Twmgp cells is independent of the blood flow.

A B C

overlay flow and video image
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Figure 11 The median angle in relation to the blood flow as a new parameter to quantify intraluminal cell
migration. Methodological approach to calculate the median migration angle of a migrating cell in relation to the
blood flow direction. A Exemplary blood flow track projection (blue line) on top of blood vessel contours. B
Displacement steps of the blood flow vector. C Calculation of the angle between cell displacement vector (green
dots) and the nearest blood flow displacement vector (red dots)
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Figure 12 Twer cells and Dil* monocytes exhibit different intraluminal migratory phenotypes. Motility
parameters of Twuep cells and Dil" monocytes derived from intravital TPLSM 2 d.p.t. Boxplots with min-max
whiskers and median are depicted. Mean is shown as +. Data from at least 5 experiments shown. *P<0.05,
**p<0.01, ***P<0.001, two-sided t-test.

3.4  Computational analysis of cell migration patterns

Quantification of migratory phenotypes of Dil*™ monocytes showed that these cells changed
their migratory behaviour during the course of EAE based on the classification of the migration
modes into the four mentioned categories (Figure 10 A, B). This analysis methodology had
some intrinsic pitfalls. Indeed, the migration modes of Dil* monocytes as recorded by intravital
TPLSM were even more heterogeneous and complex than the applied classification could

account for. Additionally, such kind of manual classification is very observer-biased.

For overcoming this problem, we reasoned that the migratory pattern of a single cell over time
is encoded by the combination of several motility parameters. Based on this assumption, we
went for developing an automated, unbiased classification of migratory patterns that addressed
these two weak points and fulfilled following criteria: 1) classification of migratory modes

according to patterns that are inherent (encoded) in the data. 2) elimination of observer bias.

Methodologically, we employed unsupervised machine learning, i.e., hierarchical clustering.
This approach is often used for classification problems where features of unknown (unlabelled)

data are used to detect “hidden” (common) structures in the data (Press W 2007).

As input for the clustering algorithm, several migratory parameters of immune cells over time
(mean speed, track length, track duration, track displacement, straightness, and median angle
to blood flow) were used. These parameters were derived from software-based 4D (x-y-z-t) cell

tracking of the acquired intravital TPLSM-imaging data. The number of analysed cells and the
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clinical phase when they were recorded by intravital TPLSM recording are summarized in
Table 1.

Table 1 Summary of cell numbers and clinical phase for each cell type used for building database for

clustering.
Cell type Clinical phase Counts
Twmep cells gg ;g;
Dil* monocytes di 82
d2 2053
d3 572
naive 135

Six clusters generated by the applied algorithm were able to satisfactorily describe the motility

of the diverse immune cell populations. The representative cell track for each of the six clusters

was visualized for inspection and validation purposes (Figure 13 A, B)

Cluster 1: The migration pattern of the representative cell of this cluster was
characterized by short track duration in combination with large displacement, high
straightness, and low median angle to blood flow. Taken together this indicated that this
cluster represents cells that exhibit migratory phenotypes resembling leukocyte rolling
and cells that transiently adhere to the vessel endothelium.

Cluster 2: The migration pattern of the representative cell was straight. The cell migrated
for intermediate duration with high straightness, large displacement, and a low median
angle to the blood flow. This indicates that members of this cluster do not interact with
the vessel endothelium very tightly and migrate straight in the direction of the blood
flow.

Cluster 3: The migration pattern of the representative cell of this cluster resembled the
pattern of cluster 2 but migrated for a longer time, with lower straightness, and a higher
median angle to the blood flow.

Cluster 4: The representative cell showed a migration pattern resembling the looping
phenotype previously observed in intraluminal T cell migration. Its motility parameters
showed that the cells migrated for a long time on the endothelium with low straightness,
small displacement, and a median angle to the blood flow of about 90°. Taken together
this indicates that this cluster represents cells that show a classical intraluminal crawling

migration pattern.
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e Cluster 5: This cluster was characterized by intermediate track duration, intermediate
median angle to blood flow, intermediate straightness together with small displacement
in combination with small track length. This, together with the migration pattern of the
representative track indicates that this cluster includes cells migrating for short periods
independent of the blood flow direction.

e Cluster 6: Representative parameter fingerprints of cluster 5 showed that this class
migration pattern was characterized by short track duration and small displacement in
conjunction with small track length but, with a large median angle to blood flow and
high straightness. This leads to the conclusion, that this cluster represents cells that

migrate straight against the direction of the blood flow.

A ] B migratory pattern

. 1. 283 4/ 5s6

normalized parameter value

Figure 13 Clustering-based classification of migratory patterns of cells. Classification of migratory
patterns into six classes using hierarchical clustering of 4739 tracked cells. Data input consisted of normalized
motility parameters displacement length, track duration, median angle to blood flow, speed, straightness, and
track length. A Dendrogram built during the clustering algorithm (left) and representative member of each
cluster coded with distinct colours (right). B Corresponding fingerprint consisting of the normalized migratory
parameter values shown as histograms.
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3.5 Automated migratory pattern classification of Dil* monocytes during
atEAE

To validate the previously established method of automated, clustering-based analysis of
migratory patterns, we analysed the frequency of migratory classes of Dil* monocytes at
different time points during EAE. We observed that with EAE progression the number of cells
belonging to clusters 3, 4, and 5 were increasing (Figure 14 A and B). Based on the initial
analysis of the automated classification, all these clusters were associated with patterns that
were suggestive of stronger adhesion to the vessel endothelium. Notably, a drastic reduction in
cells belonging to cluster 1, representing slow rolling and transiently adhering cells, was
observed with EAE progression. Interestingly, cell numbers in cluster 6 remained constant. This
cluster only represented a minor percentage of all clusters but was unaffected by the increasing
inflammation during EAE (Figure 14 B). Additionally, we compared the distribution of
migratory patterns for Dil* monocytes and Twvgp cells from intravital TPLSM 2 d.p.t., the time
point where both cell types are present in the leptomeningeal vessel, therefore migrating in the
same milieu. The distribution of migratory phenotypes observed in Dil® monocytes was
different than the one observed in Twmgp cells (Figure 14 C). The Dil* monocytes showed higher
frequencies of clusters 1, 2, and 3 which all represent rather straight migration patterns that are
suggestive of weak to intermediate adhesion to the vascular endothelium. In contrast, T cells
showed higher numbers of migration patterns that are indicative of tight adhesion and
intraluminal crawling, i.e., cluster 4 and cluster 6. Taken together, we applied the previously
established automated classification to analyse the migratory behaviour of Dil © monocytes
during EAE. The results from this analysis were in line with and our observation that Dil*
monocytes adopted more confined migratory patterns during progressing EAE (Figure 9).
Furthermore, the observed differences in migratory patterns between the monocytes and T cells

were correctly reproduced by this unsupervised classification method, ultimately validating it.
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Figure 14 Automated migratory pattern classification of Dil* monocytes and Twgp cells. Data derived
from intravital TPLSM of spinal cord leptomeningeal vessels. A Overview of representative members of the
migratory classes derived from automated migratory pattern classification. B Relative frequency of migratory
patterns of Dil* monocytes (in %) occurring in naive animals and at the indicated days after transfer of Tvep
cells. C Frequency of migratory patterns of Dil* monocytes and Twmge cells on day 2 p.t.
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3.6 ldentifying molecular cues shaping migratory patterns of immune cells
during atEAE

Computer-assisted, automated classification of migratory patterns proved to be a powerful tool
to analyse the intravascular motility of immune cells in great detail. By this means we could
accurately classify and quantify migratory patterns of Dil* monocytes and Twmep cells. Next, we
used this tool to investigate the role played by molecular cues in shaping the migratory
phenotypes of Dil® monocytes and Twmee arriving in the leptomeningeal vessels during
preclinical EAE. Methodologically we chose to block the integrins VLA-4 and LFA-1 by using
monoclonal antibodies and to globally inhibit chemokines by using the Gai inhibitor PTX.
These targets were chosen because they are supposed to play a key role in intravascular immune
cell adhesion and transmigration (Figure 15).

1. Rolling 2. Activation 3. Adhesion 4. Transmigration

T cells: VLA-4 (Bartholomaus et al. 2009)

LFAT-ICAMI
VLA4-VCAMI ]
o,B,-integrin-MADCAMI PECAMI
Selectins SRC kinases CD99 S
PSGLI Selectin PI3K MACI JAMs ICAMI
VLA4 signalling [ Chemokines ‘ VAV], VAV2, VAV3 ICAMI ESAM PECAMI?
Activation J
Capture Paracellular and transcellular
. v transmigration
Slow Adhesion
“Rolling rolling Arrest strengthening,  Intravascular Paracellular

o o o o _o e o

Transcellular

C)

Endothelial cells Basement membrane
adapted from Ley et al. 2007

Resident monocvtes: LFA-1 (Auffray et al.)

O

Figure 15 Leukocyte adhesion cascade. Steps leukocytes undergo during leukocyte adhesion cascade,
consisting of 1) Rolling on vascular endothelium. 2) Activation of integrins by chemokine signalling. 3)
Strengthening of adhesion and 4) subsequent intravascular crawling. Red arrow indicating points and molecules
for possible targeting.

3.6.1 Interfering with VLA-4 signalling changes migratory pattern signature in Dil*
monocytes but not Twmep cells

In order to investigate the contribution of VLA-4 in shaping the intravascular migration pattern
of Dil" monocytes and Twmep cells during preclinical EAE, we interfered with VLA-4 signalling

in vivo. Therefore, a monoclonal blocking antibody against VLA-4 (Issekutz, 1991; Issekutz
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and Wykretowicz, 1991) was injected during spinal cord intravital imaging on day 2 p.t. At this
time point, endogenous Dil" monocytes, as well as transferred Tmge cells can both be analysed
simultaneously. Of note, as shown in Figure 27 C, at this time point both Twmge cells and Dil*
monocytes expressed high amounts of VLA-4.

Blocking VLA-4 signalling lead to a rapid and significant decrease of Dil* monocytes, as well
as Twmep cells, that were attached to the endothelial vessel wall (Figure 16 A). Dil™ monocytes
and Twep cells showed no significant difference in the detachment response at 30-60 min after
aVLA-4 injection (Figure 16 B). This detachment was not complete as we still could observe
some intraluminal migrating Dil* monocytes as well as Twmep cells. Quantifying the absolute
numbers of monocytes and Twmep cells belonging to the six described migratory phenotypes, we
saw that 60 min after aVLA-4 treatment in all migratory patterns both immune cell populations
were reduced with the only exceptions being monocytes belonging to migratory classes 4,
which stayed constant, and migratory pattern 6, which even increased after the treatment (Table
2). We then analysed the migratory pattern profile observed in Dil™ monocytes and Twmgp cells
before VLA-4 blocking and after the treatment. In contrast to Twmgee cells, which showed no
significant changes in their migratory pattern profile upon VLA-4-blocking, monocytes shifted
their pattern profile towards the motility classes 4-6, patterns associated with the classical
scanning locomotive behaviour (Figure 16 C) Here migratory pattern 4 was significantly
increased and the classes 5 and 6 showed a strong tendency to be increased (Figure 16 C, Table
3).
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Figure 16 Blocking VLA-4 interferes partially with intraluminal Dil* monocyte migration during preclinical
EAE. Blocking of VLA-4 by injection of monoclonal antibody against its a4-subunit during intravital imaging.

Data derived from 4D (x-y-z-t) image data 30 min after treatment and analysed with automated migratory pattern
classification. A Total number of cells migrating intraluminal before and after aVLA-4 treatment for monocytes
and Twmep cells. 10-90 percentile boxplots with median are depicted. B Percentages of intraluminal migrating Dil*
monocytes (MO) and Twgp cells (Tmbp) 30 min after treatment are depicted. Values were calculated in relation to
the starting condition (time point 0). Bars represent the mean + sem. C Migratory cluster distribution of monocytes
(MO) and Twep cells (Tmbp) before and after aVLA-4 treatment. The percentage of each migratory pattern among
all cells observed in each condition based on absolute cell numbers shown in Table 2 is depicted. Statistical
significance was determined by Wilcoxon-Mann-Whitney test. Data from 3 independent experiments is shown.
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Table 2 Absolute cell number of monocytes (MO) and Twep cells belonging to each of the migratory
patterns before (control) and after aVLA-4 treatment
Cumulative number of cells from at least 3 independent experiments.

1 2 3 4 5 6
MO:control 96 33 103 51 87 14
MO:aVLA-4 20 3 29 51 39 24
TMBP:control 23 2 19 15 16 42
TMBP:aVLA-44 5 1 8 6 6 6

Table 3 Relative frequency with 95% confidence intervals of each migratory pattern for monocytes (MO)
and Twep cells before (control) and after aVLA-4 treatment

Multinomial confidence intervals were computed according to the method of Sison and Glaz.

1 2 3 4 5 6
MO:control 25% [20-30] 9% [4-14]  27%[22-32] 13%[8-19]  23% [18-28] 4% [0-9]
MO:aVLA-4 1296 [5-20]  2%1[0-10]  17%[10-26] 31% [23-39] 23% [16-32]  14% [7-23]

TMBP:control 20% [11-29] 2% [0-11] 16% [8-26] 13% [4-22] 14% [5-23] 36% [27-45]

TMBP :aVLA-4 | 16% [0-33] 3% [0-20]  25% [9-42]  19%[3-36]  19%[3-36]  19% [3-36]

3.6.2 Interfering with LFA-1-signaling does not interfere with intraluminal migration of
Dil™ monocytes

Next, we investigated how blocking LFA-1-signalling interfered with intraluminal migration of
Dil™ monocytes during preclinical EAE. To elucidate this, we injected an anti-LFA-1-specific
monoclonal blocking antibody during intravital TPLSM on day 2 p.t. The migratory behaviour
of Dil" monocytes and Twmep cells was recorded before and after injection of LFA-1 blocking
antibody and analysed using our computational motility phenotyping pipeline. Starting with 30
min after aLFA-1 injection we observed increasing numbers of both Dil* monocytes and Twgp
cells attaching to the vasculature of the spinal cord leptomeninges. Although this increase
compared to the control situation did not reach statistical significance, the data shows a clear
trend (Figure 17 A, Table 4). This observed increase of intraluminal attached cells was not
different between monocytes and Twmgsp cells (Figure 17 B). Furthermore, we analysed if/how
blocking LFA-1 affected the number of intravascular monocytes and Twmgp cells belonging to
single clusters. We observed an increase in absolute numbers of both cell types in all the
migratory patterns except the migratory pattern 2, which was decreased after blocking LFA-1
(Table 4). Next, we analysed the overall migratory pattern profile of monocytes and Twep cells
before and after LFA-1 treatment. For both immune cell populations, we detected a shift

towards the migratory phenotypes 4, 5, and 6. Here pattern 5 was most notably increased in
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relative frequency of the migratory profile of monocytes and Twgp cells, although this increase
did not reach significance levels, a strong tendency was observed (Figure 17 C, Table 5).
Interestingly, we detected a significant reduction of migratory pattern 2 in the profile of
monocytes but not in Twmep cells (Figure 17, Table 5)
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Figure 17 Blocking LFA-1 interferes partially with intraluminal Dil* monocyte during preclinical EAE.
Blocking of LFA-1 by injection of monoclonal antibody against its aL-subunit during intravital imaging. Data
derived from 4D (x-y-z-t) image data 30 min after treatment and analysed with automated migratory pattern
classification. A Total number of cells migrating intraluminal before and after anti-LFA-1 (aLFA-1) treatment
for Dil* monocytes (MO) and Twmep cells (Tmbp). 10-90 percentile boxplots with median are depicted. B
Percentages of intraluminal migrating monocytes and Twge cells 30 min after treatment are depicted. Values
were calculated in relation to the starting condition (time point 0). Bars represent the mean + sem. C Migratory
cluster distribution of monocytes and Twmee cells before and after aLFA-1 treatment. The percentage of each
migratory pattern among all cells observed in each condition based on absolute cell numbers shown in Table
4Table 4 Absolute cell number of monocytes (MO) and Twep cells before (control) and after aLFA-1 treatment is
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depicted. Statistical significance was determined by Wilcoxon-Mann-Whitney test. Data from 3 independent
experiments is shown.

Table 4 Absolute cell number of monocytes (MO) and Twsp cells before (control) and after aLFA-1
treatment

Cumulative number of cells from at least 3 independent experiments.

1 2 3 4 5 6
MO:control 68 40 38 10 22 11
MO:aLFA-1 71 9 53 14 52 24
Twmee:control 19 3 8 14 5 3
Twep:aLFA-1 15 1 10 13 21 8

Table 5 Relative frequency with 95% confidence intervals of each migratory pattern for monocytes (MO)
and Twep cells before (control) and after aLFA-1 treatment

Multinomial confidence intervals were computed according to the method of Sison and Glaz.

1 2 3 4 5 6

MO:control 36% [29-44] 21% [14-29] 20% [13-28] 5% [0-13]  12% [5-19] 6% [0-13]
MO:aLFA-al | 32% [25-39] 4% [0-11]  24%[17-31] 6%[0-13]  23% [17-30] 11% [4-18]
TMBP:control | 37% [25-52] 6% [0-21]  15% [4-31]  27%[15-42] 10% [0-25] 6% [0-21]
TMBP:aLFA-1 | 22% [12-35] 19%[0-15]  15% [4-28]  19%[9-32]  31% [21-44] 12% [1-25]

3.6.3 Global Gui inhibition interferes with initial steps of intravascular migration of Dil*
monocytes

In order to elucidate how chemokine signalling contributed to intraluminal locomotion of Dil*
monocytes and Twmep cells in vivo, pertussis toxin (PTX) was injected during intravital TPLSM
on d2 p.t. This bacterial exotoxin irreversibly inhibits Gai-mediated signalling pathways of G-
protein-coupled protein, including chemokine receptors. Migratory behaviour was recorded
before and after injection of PTX and analysed using our computational migratory pattern
phenotyping. Quantification of monocytes and Twmgp cells that were migrating on the luminal
side of leptomeningeal vessels showed reduced numbers of both immune cell populations at 2
h after treatment, although this change did not reach significant levels (Figure 18 A). Twge cells
showed a tendency to be detached more by PTX treatment than Dil*™ monocytes (Figure 18 B).
Similar to the VLA-4-blocking experiments, not all cells were detached from the vessel walls.
We analysed the migratory phenotypes of these remaining cells and found that all motility
patterns except for pattern 4, which stayed constant, were reduced in terms of absolute number

2h after PTX treatment (Table 6). This was true for the monocytes and Twmgp cells. Notably, for
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Dil™ monocytes, the cells belonging to motility pattern 1 were most affected and reduced by the
Gai inhibition, whereas all observed motility patterns were reduced in similar magnitude in
Twmep cells (Table 6). The resulting migratory pattern profile of monocytes after PTX injection
was shifted towards clusters 4 and 5 with a significant increase in cluster 4 compared to the
profile in the control situation. This increase in the relative frequency of this motility pattern
was due to the unresponsiveness to the PTX treatment of cells exhibiting this migratory
phenotype and not an absolute increase (Figure 18, Table 7). Compared to the control pattern
profile we observed a significant reduction of monocytes classified as motility pattern 1 after
PTX (Figure 18, Table 6, and Table 7). The motility pattern profile of the remaining Twmgp cells
was significantly changed compared to the control profile. The increase of relative frequency
of Twmep cells belonging to pattern 4 could indicate that cells exhibiting this migratory pattern
are not responsive to chemokine signalling inhibition (Figure 18, Table 6, and Table 7).
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Figure 18 Global blocking of Gai-signalling interferes partially with intraluminal Dil* monocyte during
preclinical EAE.

Figure 18 Global blocking of Gai-signalling interferes partially with intraluminal Dil* monocyte during
preclinical EAE. Blocking global Gai-signalling by injection of pertussis toxin (PTX) during intravital imaging.

Data derived from 4D (x-y-z-t) image data before and 120 min after PTX treatment and analysed with automated
migratory pattern classification. A Total number of cells migrating intraluminal before and after PTX treatment
for Dil* monocytes (MO) and Twep cells (Tmbp). 10-90 percentile boxplots with median are depicted. B
Percentages of intraluminal migrating monocytes and Twge cells 120 min after treatment are depicted. Values
were calculated in relation to the starting condition (time point 0). Bars represent the mean + sem. C Migratory
cluster distribution of monocytes and Twmep cells before and after PTX treatment. The percentage of each
migratory pattern among all cells observed in each condition based on absolute cell numbers shown in Table
6Table 4Table 4 Absolute cell number of monocytes (MO) and Twgp cells before (control) and after aLFA-1
treatment is depicted. Statistical significance was determined by Wilcoxon-Mann-Whitney test. Data from 3
independent experiments is shown.
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Table 6 Absolute cell number of monocytes (MO) and Twsep cells before (control) and after PTX treatment

Cumulative number of cells from at least 3 independent experiments.

1 2 3 4 5 6
MO:control 53 23 44 16 34 5
MO:PTX 5 8 16 18 15 2
TMBP:control | 14 0 13 5 11 36
TMBP:PTX 6 0 5 6 2 15

Table 7 Relative frequency with 95% confidence intervals of each migratory pattern for monocytes (MO)
and Twmep cells before (control) and after PTX treatment

Multinomial confidence intervals were computed according to the method of Sison and Glaz.

1 2 3 4 5 6

MO:control | 30% [23-38]  13% [6-21] 25% [18-33] 9% [2-17]  19% [12-27] 3% [0-10]
MO:PTX 806 [0-21]  12% [2-26] 25% [14-38] 28% [17-42] 23% [12-37] 3% [0-17]
TMBP:control | 18% [8-30] 0% [0-12]  16%[6-28] 6% [0-18]  14%[4-26]  46% [35-57]
TMBP:PTX | 18%[3-36] 0% [0-18] 15% [0-33] 18% [3-36] 6% [0-24]  44% [29-62]

3.7  Cell-extrinsic factors shaping immune cell migratory patterns
3.7.1 Vessel diameter correlates with leukocyte migratory phenotypes

We have shown that monocytes and encephalitogenic T cells exhibit distinct motility patterns
during intravascular migration in the spinal cord leptomeninges that are differentially
responsive to chemokine and integrin interference (Figure 14 C). We next wanted to investigate
if cell-extrinsic factors can play a role in shaping these different migratory phenotypes. In vitro
not just molecular cues but also shear forces play a role in leukocyte migration (Valignat et al.,
2013, 2014). In our system, immune cells migrate in leptomeningeal vessels of different calibre
which could lead to changes in the hemodynamic shear stress. Therefore, we investigated if
differences in vessel size could be involved in shaping migratory pattern profiles of monocytes
and T cells. To address this question, we first developed a system to extract vessel diameter
from intravital TPLS microscopy data. For this, we reconstructed the vascular tree from the
imaging data in the statistical software programming language R and used the trackdescriptor
and GriBMSO packages to derive the diameter of the whole vessel system (Figure 19 A). We
validated the method by manual diameter measurement in ImageJ. The results showed that the

automated measurement of the vascular tree gave similar results to the manual measurement
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(Figure 19 A, B), with the advantage that by this approach we could derive the diameter over

the whole vessel system, whereas manual measurement gives only localized diameters.

This system allowed us to derive for each tracked immune cell the diameter of the blood vessel
the cell is located in at each time point along its track. We averaged for each cell the vessel
diameter over all positions of its trajectory and plotted the average diameter for each migratory
pattern for monocytes and Twgp cells (Figure 20 A). The diameters of the analysed vessels were
in the range between 25 and 50pum in diameter (Figure 20 B). Despite these limited changes in
calibre, we found a significant difference in the distribution of migratory patterns of monocytes
according to the vessel diameter. There was a gradual increase in average diameter from pattern
1 to migratory pattern 6 i.e., from less adhesive to more adhesive pattern of migration (Figure
20 A). Twmer cells did not show a significant difference in average diameter the single migratory
patterns were preferentially observed in (Figure 20 A).
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Figure 19 Comparison of automated vs manual vessel diameter measurement. Measurements based on
reconstructed 4D (x-y-z-t) intravital TPLSM imaging data. A Automated reconstruction of the vascular tree from
intravital TPLSM video with colours indicating vessel diameter. B Original intravital TPLSM video snapshot
with manual measurements at indicated sites. Scale bar represents 50 um.
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Figure 20 Blood vessel diameter correlates with monocyte migratory patterns. Analysis of blood vessel
diameter as a cell-extrinsic factor that could shape immune cell intravascular migration. A Distribution of
average vessel diameter migrating Dil* monocytes (MO) and Twge cells (Tmbp) were observed for each

migratory pattern. B Overall distribution of vessel diameters derived from automated image analysis of all
analysed intravital TPLSM videos.

3.7.2 Vessel junctions do not affect migratory patterns

Vascular trees in the leptomeninges of the spinal cord are highly branched (Figure 19 B) and at
the junctions of blood vessels, the hemodynamic flow becomes turbulent (Liepsch et al., 2012).
We, therefore, asked if turbulences at these blood vessel junctions could influence leukocyte
migratory phenotypes. To address this question, we developed an algorithm to detect blood
vessel junction points in the intravital microscopy data (Figure 19) and analysed cell migration
at these regions of interest. First, we assessed whether blood vessel junctions are a preferred
location for either monocytes or Tmep cells. We counted how often a tracked cell was located
in- or outside of junction areas over the whole track observation period and normalized these
counts for the total junction or non-junction areas of the respective video. No significant
difference in cell observations inside or outside of vessel junction areas was seen for monocytes

and Twmep cells (Figure 21 A). Secondly, we assessed if different molecular cues guide immune
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cell motility inside or outside the junction areas. Therefore, we subjected the imaging data from
the integrin- and chemokine blocking experiments (chapters 3.6.1, 3.6.2, and 3.6.3) to the same
analysis. No significant difference in the localization at junction or non-junction regions was
seen for monocytes and Twgp cells before and after interference with VLA-4, LFA-1, or
chemokines (Figure 21 B, C, and D). Finally, we investigated if the presence of junctions
influences the distribution of Twmep cell or monocyte migratory patterns. We, therefore, analysed
if one of the six described migratory phenotypes was preferentially observed in junction or non-
junction areas. Migratory patterns of monocytes were not preferentially detected in either of the
regions of interest, apart from pattern 6, which was not observed in junction areas (median of
observation per non-junction area = 0,0030; median observations per junction area 0). Although
we saw no significant difference in cells observed per region of interest, it is worth noting, that
patterns 3, 4, and 5 had higher median observed monocytes in junction areas (Figure 22 A).
Twmep cells migratory patterns 1 and 5 showed significantly more observed cells in non-junction
areas, whereas the remaining migratory phenotypes had similar cell observations in junction

and non-junction areas (Figure 22 A).
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Figure 21 Intravascular migrating immune cells are not preferentially observed at vessel branch junctions.
A Quantification of the number of displacement steps of immune cells along their tracks inside or outside of blood

vessel-junction areas. Numbers were normalized for total junction or non-junction area of the respective time-
lapse video. D Same quantification as A but after treatment with aVLA, aLFA, or PTX. Time points of analysis
after treatments were 30 min, 30 min 120 min, respectively (ns = not significant, Wilcoxon-Mann-Whitney-test).
Data from at least 3 independent experiments are depicted.



56

Vessel area - junction E non-junction

A control B VLA4
MO Tmbp MO Tmbp
*%k * E3 0.154 *%k * *
o 0.15 ©
o g
(v (1]
] % 0.10
€ 0.10 =
0] []
E E
8 8
S .05 * ﬁ “ T 0.057
* B Bk *
© ©
0.004 ﬁﬁ ﬂ-- “h 0.00 4 == o™ hh -— i- *i-—ﬁ
12 3 4 12 3 4 5 6 1 2 3 4 5 6 > 3 4 5 6

5 6 i 2 3 4 5 6

clusterid clusterid
C pLFA1 D PTX
MO Tmbp MO Trbp
* *
0.075
(3]
® 0064 i# ©
© o
B 2
T © 0.050 -
© 0.04- @
E £
(7] [0]
S @
%o.cz-h EF‘ |$| B 0027 é
1] ‘ 0
© - .D o hﬁ F
F = = [~
0.004 d Q - - 0.000 - e -
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 86

clusterid clusterid

Figure 22 Analysis of monocyte and Twmer motility pattern distribution at vessel branch junctions.
Preferential location of migratory patterns 1-6 of homeostatic monocytes (MO) and Twge cells during preclinical
EAE in leptomeningeal blood vessels was analysed. Data derived from 4D (x-y-z-t) intravital TPLSM imaging. A
Quantification of the number of displacement steps of immune cell migratory patterns 1-6 for monocytes and Twgp
cells along their tracks inside or outside of blood vessel-junction areas. Numbers were normalized for total junction
or non-junction area of the respective time-lapse video. B-D Same quantification as A but after treatment with
aVLA, aLFA, or PTX. Time points of analysis after treatments were 30 min, 30 min 120 min, respectively (ns =
not significant, Wilcoxon-Mann-Whitney-test). Data from at least 3 independent experiments are depicted.

3.8  Molecular cues shaping migratory phenotypes

3.8.1 Dil" monocytes do not change their expression profile during the course of atEAE

The newly developed computational analysis revealed that Dil" monocyte motility patterns in
the vasculature of the leptomeninges change during the course of atEAE. These changes could
be due to cell-intrinsic expression profile changes. To address this question, we daily FACS-
sorted Dil* and Dil- monocytes from the blood starting on dO until d5 post Tmep cell transfer.
We analysed the mRNA expression of the population-defining chemokine receptors CX3CR1
and CCR2 and the integrins VLA-4 and LFA-1 by RT-qPCR. Dil* as well Dil- monocytes did
not significantly regulate the expression of their signature chemokine receptors CX3CR1 and

CCR2, respectively throughout atEAE (Figure 23 A). When the integrin expression was
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analysed, it became apparent that the Dil™ monocytes showed a generally higher expression
level of integrins compared to Dil- monocytes. VLA-4 expression was higher than LFA-1 in
both monocyte subpopulations. Over the time course of atEAE no significant changes in
integrin expression levels could be detected (Figure 23 B). These results indicated that there is
no change of VLA-4 and LFA-1 expression levels in Dil* and Dil- monocytes during atEAE.
However, this did not exclude that posttranslational regulation could affect the surface
expression of these integrins and therefore cause the change of motility patterns of the
monocytes. To address this, we isolated Dil* and Dil- monocytes from blood each day during
atEAE and surface-stained them for VLA-4, LFA-1, and additionally Mac-1. Flow cytometry
analysis of the surface expression of these integrins corroborated the qRT-PCR data: Dil*
monocytes had higher surface levels of VLA-4, LFA-1, and Mac-1 than Dil- monocytes
although throughout atEAE surface expression of these integrins did not change in both

monocyte populations (Figure 24).

To get a global quantification of the genes expressed in blood-derived monocytes during atEAE,
we then performed microarray transcriptome analysis of Dil*and Dil- monocytes FACS-sorted
from blood during atEAE, starting from day 0 p.t. until day 4. Clustering analysis of this
transcriptome data clearly separated the two monocyte subpopulations, as is shown in the
principal component analysis plot. Almost 50% of the variance in the data was explained by
the cell population phenotype, clearly distinguishing Dil* from Dil- monocytes. Samples from
the different days post EAE induction did not separate in the PCA analysis, indicating that there
are only few transcriptional changes over the course of the disease (Figure 25 A). This was also
seen when differentially expressed genes between Dil™ and Dil- monocytes were plotted in a
heat map: the two monocytic cell populations differed from each other but samples from each
day did not show differentially expressed genes (Figure 25 B). Taken together, using RT-qPCR,
flow cytometry, and microarray transcriptome analysis, we did not find cell-intrinsic
regulations that could explain the change in migratory patterns that we observed in Dil*
monocytes by intravital TPLSM.
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Figure 23 Di* and Di- monocytes do not change their expression of chemokine receptors and integrins.
Monocyte subpopulations were FACS-sorted from blood according to their labelling by Dil liposomes during the

course of atEAE. RT-gPCR analysis of A population defining chemokine receptors CX3CR1 and CCR2 and B
integrins VLA-4 and LFA-1. Mean values = SEM are plotted. Data from 3 independent experiments.
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Figure 24 Di* and Di- monocytes do not change their surface expression of integrins. Monocytes
subpopulations were isolated from blood according to their labelling by Dil liposomes during the course of
atEAE. Grey histograms represent Dil- monocytes, red histograms represent Dil* monocytes. Flow cytometry of
monocyte subpopulations surface-stained for VLA-4, LFA-1, and Mac-1. Representative histogram plots from 3
independent experiments are depicted.
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Figure 25 Dil" and Di- monocytes show distinct transcriptomes but in each monocyte subpopulation,
transcriptional profiles do not change drastically during the course of atEAE. Microarray transcriptome

analysis of Dil* and Dil- monocytes sorted from blood during atEAE. A Principal component analysis plot of the
data. B Heat map of top 50 differentially expressed genes between both subpopulations for each indicated day
post EAE induction. Colour scale is the z-score of normalized expression values.
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3.9 Impact of endothelial cell expression pattern on Dil* motility patterns
In literature, it is described that during EAE endothelial cells of spinal cord micro vessels
upregulate the expression of several chemokines and adhesion molecules required for recruiting
lymphocytes, their adhesion, and transmigration (Elhofy et al., 2002; Fife et al., 2001; Narumi
et al., 2002). Therefore, the change in the motility patterns of Dil* monocytes could be due to
a change in the expression profile of spinal cord micro vessel endothelial cells during EAE.

3.9.1 Spinal cord leptomeningeal endothelial cells change their expression profile during
preclinical EAE

To assess whether the changes in monocyte motility patterns were due to EAE induced
differential expression profiles in endothelial cells, we isolated blood vessel endothelial cells
from spinal cord leptomeninges of naive animals and from animals during preclinical EAE (3
d.p.t). Genome-wide expression profiles were obtained from FACS-sorted endothelial cells by
RNA-Seq and compared. In the principal component analysis of the RNA-Seq data, the samples
from naive animals separated clearly from samples isolated from EAE animals. About 77% of
the variance in the dataset was explained by the autoimmune inflammatory component (Figure
26 B). Out of 18768 expressed genes in these endothelial cells, we identified 1229 significantly
differentially expressed genes (Figure 26 C, adjusted p-value < 0.05, fold change > 2). Further
in-depth analysis showed that among the significant genes the adhesion molecules Vcam1 and
Icam1 as well as E-selectin (Sele) were upregulated in preclinical EAE. We observed significant
upregulation of Cxcl9 and Cxcll1l, ligands for the chemokine receptor Cxcr3, and thus,
chemoattractants for activated T cells. Cxscll and Ccl2, chemoattractants for the monocyte
subpopulation-defining chemokine receptors CX3CR1 and CCR2 were not significantly
regulated. Conversely, we observed a significant downregulation of the tight-junction
molecules claudin-5 and Occludin in endothelial cells from preclinical EAE (Figure 26 D). The
results from the RNA-Seq indicated that during preclinical EAE endothelial cells upregulate
adhesion molecules and inflammatory chemokines (Figure 26 D). But due to the limited amount
of mMRNA that could be extracted from sorted endothelial cells only 2 out of 4 biological
replicates could be analysed. Therefore, RT-gPCR was performed on samples that were isolated
exactly as for RNA sequencing to validate the results from the RNA-Seq. Similar to the RNA
sequencing results Vcam1 was significantly upregulated in EAE samples but not Icam1 which
showed high variance in expression in naive endothelial cells. Similarly, the chemokines Cxcl11
and Cxcl9 were upregulated and the tight junction genes claudin-5(cldn5) and Occludin (Ocln)

were downregulated in preclinical EAE (Figure 26 E).
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Figure 26 Leptomeningeal endothelial cells change their gene expression profiles during preclinical EAE
and upregulate adhesion molecules and chemokines. RNA-Seq transcriptome analysis of FACS-sorted

endothelial cells (EC) isolated from spinal cord leptomeninges of naive animals and animals at preclinical EAE
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stage. A Gating strategy for FACS-sorting of ECs. B Principal component analysis (PCA) of transcriptomes of
leptomeningeal ECs (n = 2 biological replicates per group, each pooled from 4 individual animals). C Heat map
of significantly up- and downregulated genes in meningeal ECs from preclinical EAE animals compared to naive
ECs. Colour scale is z-scores of rlog-transformed normalized counts (p < 0.05, fold-change > 2, Wald-test). D
normalized expression values of selected genes. E validation of selected targets from D with RT-qPCR (n =4
biological replicates per group, * p < 0.05, t-test).

3.10 Comparison of expression profiles between blood monocytes and
encephalitogenic T cells

Our analysis of motility patterns of monocytes and encephalitogenic T cells showed that these
cells displayed very distinct motility pattern profiles during intravascular locomotion in the
spinal cord leptomeninges (Figure 14 C). Therefore, we next asked which molecular cues
govern these different migratory patterns. As monocytes and MBP-specific T cells are
migrating in the same milieu, we hypothesized that cell-intrinsic factors shape the migratory
patterns of these immune cells. Therefore, Twvge cells, Dil* homeostatic monocytes, and Dil
inflammatory monocytes were flow cytometry-purified from blood 2.5 days post transfer of
Twep cells for MRNA extraction, and RNA sequencing was performed on these samples. This
time point was chosen because distinct migratory patterns between Dil™ monocytes and
encephalitogenic T cells were observed by intravital TPLSM (Figure 14 C) in this phase of
preclinical EAE. This opens the possibility to correlate RNA-Seq data with the TPLSM data.
As expected, principal component analysis of the NGS data showed that Twmgpe cells clustered
separately from the monocyte population. But also, homeostatic and inflammatory monocytes
were clearly separated from each other (Figure 27 A). Differential gene expression analysis
identified 3403 out of 18977 expressed genes as differentially expressed across all three
immune cell populations (Figure 27 B). Further in-depth analysis of the expression of adhesion
molecules involved in intravascular migration revealed that VLA-4 (ltga4) and LFA-1 (Itgal)
were higher expressed in homeostatic monocytes compared to Twep cells. We next investigated
the expression of the adhesion molecules Alcam and Ninjurin-1 (Ninj1), which are also involved
in leukocyte adhesion to the BBB endothelium during autoimmune CNS-inflammation (Cayrol
et al., 2008; Ifergan et al., 2011; Lécuyer et al., 2017). Alcam was not differentially expressed
between monocytes and Twmer cells and Ninjurin-1 was higher expressed in homeostatic
monocytes (Figure 27 C). We found no difference in expression of L-selectin which was
expressed only very lowly in homeostatic monocytes and Twmep cells. Results from RNA
sequencing of endothelial cells showed that during autoimmune CNS-inflammation these cells

upregulate Cxcl11 and Cxcl9, thus we looked at the expression of the cognate receptor of these
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chemokines CXCR3 in the isolated leukocytes. Twmep cells expressed significantly higher levels
of Cxcr3 than homeostatic monocytes (Figure 27 C).

Taken together, transcriptome analysis and comparison of homeostatic monocytes and Twmgp
cells revealed some differentially regulated genes that are associated with intraluminal
migration but most of these genes were still robustly expressed in both immune cell populations.
Hence, we asked if the different motility pattern profiles of homeostatic monocytes and
encephalitogenic T cells observed in vivo are not the result of the differential expression of
single genes but rather caused by the usage of distinct repertoires of cell-cell adhesion and
migration associated receptor-ligand pairs. To test this idea, we assembled a list of 591 unique
receptor-ligand pairs from literature and databases. Next, we extracted the receptors from this
list that are differentially expressed between monocytes and Twmep cells and we quantified for
each immune cell population the number of inferred interactions of these receptors with ligands
that have shown to be expressed on the endothelial cells in our RNA sequencing data. Twep
cells had more receptor-ligand interactions in comparison to the monocyte populations (Figure
27 D).
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Figure 27 Transcriptome analysis of monocytes and Twmep cells. RNA-Seq transcriptome analysis of FACS-
sorted homeostatic Dil* monocytes (MH), inflammatory Dil- monocytes (M) and Twee cells isolated from blood
at preclinical EAE stage (2,5 days p.t.). A Principal component analysis (PCA) of transcriptomes of homeostatic
monocytes, inflammatory monocytes, and Twmep cells (n = 3 biological replicates per group, each pooled from 4
individual animals, p < 0.05 fold-change > 2, Wald-test). B Heat map of top 50 regulated genes across all analysed
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immune cell populations Colour scale is rlog-transformed normalized counts. C normalized expression values of
selected genes. D quantification of inferred ligand-receptor pair interaction between homeostatic monocytes,
inflammatory monocytes, TMBP cells, and leptomeningeal endothelial cells.
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4.Discussion

4.1 Establishing the system

Multiple Sclerosis is thought to be initiated by auto-reactive T cells, although several lines of
evidence suggest that cells of the myeloid lineage play an important role in the pathology, too.
Mononuclear phagocytes, such as macrophages and microglia, are indeed the dominant immune
cells in MS lesions. They can interact with cells of the adaptive immune system but can also
directly cause tissue damage. Myeloid phagocytes are the main perpetrators of myelin damage
and removal, forming demyelinating lesions, the hallmark of MS (Henderson et al., 2009;

Lassmann et al., 1998), but also contribute to axonal damage (Trapp et al., 1998).

Evidence of the importance of myeloid cells in the formation of CNS infiltrates and in the
consequent development of clinical symptoms comes also from animal studies on EAE. In a
Lewis rat EAE model depletion of peripheral monocytes abrogated clinical EAE (Huitinga et
al., 1990, 1995; Tran et al., 1998). Moreover, genetic or Ab-mediated strategies for interfering
with the CCR2/CCL2 axis, which play an essential role in determining the Ly6C" monocytic
cell’s trafficking to the CNS, resulted in delayed or abrogated EAE.

Although recruitment of myeloid cells seems to be crucial for EAE development, the detailed
migratory steps prior to overcoming the BBB and molecular cues involved in them are not yet
completely understood. Therefore, in the present work, we studied the migration of monocytes
at the BBB in real-time in vivo in the Lewis rat adoptive transfer EAE model. We chose this
model based on our long-standing experience and on the fact that the effector T cells can be
tracked, allowing therefore the unique possibility to track together T cells and CD43"9" and
CD43"" monocytes. By using this approach, we could show that: (1) both subpopulations
closely followed the infiltration Kinetics of the transferred T cells into the CNS. (2) Moreover,
we observed an increase of both monocyte subsets in the blood circulation before the disease
onset (Figure 4). This result was in line with findings from King et al. which showed in a mouse
EAE model that Ly6C"9" and Ly6C'*" monocytes increased in the blood circulation before EAE
onset (King et al., 2009). Our results showed that in the Lewis rat atEAE model monocytes are
recruited to the spinal cord leptomeninges before disease onset and this recruitment is closely

followed by the transferred T cells.

In order to study the underlying mechanisms of the monocyte migration at BBB, we established
a system to visualize the CD43"9" monocytes for intravital TPLSM. Injecting fluorescently

labelled liposomes intravenously specifically labelled this monocyte subpopulation. Using flow
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cytometry and qPCR analysis on FACS sorted Dil* we confirmed that the liposome-uptaking
monocytes were of the CX3CR1M"9" homeostatic monocyte subpopulation (Figure 6, Figure 7).
A birth-dating study of mouse blood monocytes using a similar approach showed that 24h after
injecting stained liposomes all of the labelled monocytes were of the Ly6C'"" phenotype
(Sunderkatter et al., 2004).

A study by Auffray and colleagues showed by intravital confocal microscopy in mice that
homeostatic Ly6C'*" CX3CR1M"9" monocytes crawled inside the lumen of blood vessels of the
ear dermis, the cremaster, and mesenteric blood vessels in steady-state condition (Auffray et
al., 2007). These monocytes showed extensive scanning of the blood vessel endothelium and
were therefore also termed patrolling monocytes. When we performed intravital TPLSM in
naive Lewis rats 24 hours after i.v. injection of Dil-liposomes, we could observe Dil* cells in
the leptomeningeal blood vessels of the spinal cord. These cells migrated intraluminally on the
blood vessel endothelium (Figure 5, Figure 8 A). As we excluded unspecific labelling by the
Dil-liposome labelling (Figure 6) we concluded that these cells belonged to the CD43M9"
homeostatic monocyte subpopulation. Inside the leptomeningeal blood vessels, they migrated
very straight in the direction of the blood flow. This migratory behaviour was in contrast to the
observations from Auffray et al. which described that patrolling monocytes crawled in looping
patterns inside the blood vessels (Auffray et al., 2009). This could be due to differences between
monocytes of rats and mice. As far as to our knowledge, the motility of homeostatic monocytes
in blood vessels has not been studied by intravital microscopy in Lewis rats, therefore we can
only speculate about differences between intraluminal migration of mouse and rat monocytes.
Another explanation could be attributed to technical aspects. Auffray and colleagues used
conventional confocal microscopy for intravital imaging studies which produces more photo
toxicity compared to two-photon microscopy, which we used in the present work. Therefore,
this could have resulted in minimal photoactivation of the blood vessel endothelium leading to

increased adhesion and change in motility patterns.

4.2  Migratory behaviour of monocytes in spinal cord leptomeninges during
adoptive transfer EAE

With the established system, we studied the migratory behaviour of homeostatic monocytes
during EAE. We performed intravital TPLSM from day 0 until the peak of disease on day 5

post T cell transfer. We made the following observations:

(1) We detected an increase of intraluminal migrating homeostatic monocytes until 3 days p.t.

This was the time point when the animals showed first signs of clinical symptoms (Figure
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8). Thereafter homeostatic monocyte numbers decreased again. Notably, we rarely detected
labelled homeostatic monocytes extravascular in the subarachnoid space (not shown).

(2) With EAE progression the motility behaviour of the homeostatic monocytes changed:
(Figure 9).

(3) The motility parameters and migratory modes of the monocytes were distinct from the ones
of the adoptively transferred autoreactive T cells (Figure 12). This observation will be
discussed in a later paragraph.

The observed increase of homeostatic monocytes in the leptomeningeal blood vessels was in
line with the kinetic data obtained by flow cytometry (Figure 4). The increase of homeostatic
monocytes observed in the leptomeningeal vessels during intravital TPLSM (Figure 8) was
accompanied by changes in their motility parameters: they migrated with lower mean speed
inside the vessels, the time they spent migrating on the vessel endothelium increased, and the
straightness of their movement decreased (Figure 10). This recruitment and changed motility
behaviour of the monocytes coincided with the appearance of the autoreactive T cells in the
leptomeningeal vessels and therefore it could be due to T-cell mediated activation of the blood
vessel endothelium. This interpretation is in accordance with the vessel maintenance function
of homeostatic monocytes described in the literature. Carlin and colleagues showed by intravital
microscopy that Ly6C'™" CX3CR1M" monocytes scavenged micro particles from the luminal
side of blood vessels in steady-state. Perturbation of the steady-state by TLR7-dependent
signalling leads to Ly6C'*" monocyte retention in the kidney microvasculature and changes in
their motility pattern characterized by decreased crawling velocities, increased track length, and
track duration. In this model of TLR7-mediated inflammation, severe focal necrosis of
endothelial cells was detected at sites where monocytes and neutrophils were retained. Ly6C'*"
monocytes adjacent to damaged endothelial cells could be observed phagocytosing cellular
debris (Carlin et al., 2013). This report and previous observations that homeostatic monocytes
crawl on blood vessel endothelia (Auffray et al., 2009; Hanna et al., 2011) and that they do not
contribute to the pool of inflammatory monocytes that extravasate at sites of inflammation and
give rise to macrophages and dendritic cells support their function as vascular “housekeepers”.
Our observation that we rarely detected extravasated homeostatic monocytes by intravital
TPLSM s in line with these previous reports and supports the hypothesis that homeostatic
monocytes are also recruited to leptomeningeal vessels to maintain the CNS endothelium. An
alternative interpretation could be, that the homeostatic monocytes are preparing the
extravasation of autoaggressive T cells or inflammatory monocytes. A strategy to investigate

this hypothesis could be to deplete the homeostatic monocytes and investigate the extravasation
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and infiltration of the autoimmune T cells and inflammatory monocytes in combination with

transcriptome analysis of leptomeningeal endothelial cells.

In our model, we could study the intravascular locomotive behaviour of homeostatic monocytes
and autoreactive T cells simultaneously. Two days after T cell transfer, a time point where both
cells can be observed migrating in the lumen of leptomeningeal blood vessels, we noted that
both cell types exhibited profoundly different types of motility modes. The transferred MBP-
specific T cells were crawling in looping patterns preferentially against the direction of the
blood flow, whereas the homeostatic monocytes showed very heterogeneous migratory
patterns, although at this time point the majority was migrating very straight in the direction of
the blood flow (Figure 11, Figure 12). As both cell populations migrated in the same
environment, this discrepancy was most likely due to different cell-type-specific and cell-
intrinsic mechanisms of cell migration. In vitro studies using migration assays under flow
conditions, have shown that T cells orient against the direction of the flow and migrate against
the flow (Valignat et al., 2013). These studies supported earlier in vivo data which showed that
T cells reactive against MBP preferentially migrated against the direction of the blood flow
(Bartholomadus et al., 2009). In contrast, neutrophils did not show this orientation against the
direction of the flow both in vitro and in vivo (Phillipson et al., 2006; Schenkel et al., 2004;
Sumagin et al., 2010). Also, studies describing intravascular locomotion of homeostatic
monocytes did not report any directional bias (Auffray et al., 2009; Carlin et al., 2011). These
observations lead to the assumption that lymphocytes and myeloid cells respond differently to
shear stress and that hemodynamic parameters are likely to be a factor shaping intravascular

migration.

4.3 Automated characterization and classification of cell motility reveals
heterogeneity in immune cell populations

Studying homeostatic monocytes in the leptomeningeal blood vessels of the spinal cord during
atEAE it became evident that these cells were not homogeneous in their migratory behaviour.

Various migratory patterns emerged, which indicated an additional level of complexity.

To account for this increased complexity, we employed unsupervised machine learning to
classify and analyse immune cell motility patterns. Using this approach immune cells were
classified into six motility patterns (Figure 13). With this approach we could not just reproduce
the main results obtained by the manual analyses of the migratory behaviour of monocyte and
T cells (Figure 14) but more importantly 1) we eliminated observer bias and 2) we were able to

detect more patterns than the ones that were manually assigned to the cells. Therefore, the
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heterogeneity of monocyte motility patterns could be better described. For example, the
manually assigned firm adhesion phenotype (Figure 10 A and B) was further subdivided by the
automated classification into the motility patterns 5 and 6 which differed mainly by their
migration angle in relation to the blood flow and their track straightness, which was quite
straight against the direction of blood flow in pattern 6 (Figure 13 A and B). This different
motility behaviour suggested a potentially biological relevant difference in the quality of
adhesion to the blood vessel endothelium between these two motility patterns which was not
detected by manual classification. Moreover, motility pattern 6 represented only a minor
fraction of migratory patterns in homeostatic monocytes and therefore could possibly escape as
an emerging pattern in manual classification. Although being only an underrepresented motility
pattern of homoeostatic monocytes, pattern 6 is notable in the regard that it is the only motility
pattern that is not modified by the ongoing inflammation induced by atEAE. In contrast, all
other patterns either in- or decrease with ongoing inflammation (Figure 14 B). Taken together,
the automated unsupervised classification methodology used in the present work was able to
reliably detect and classify immune cell motility patterns in an unbiased manner. These patterns
represent potentially biologically meaningful locomotion phenotypes and not artificial classes
imposed by the hierarchical clustering algorithm. Furthermore, this methodological approach
enabled us to quantitatively analyse immune cell migration on the single-cell level and avoided
averaging motility parameters (i.e., speed, displacement etc.) on the population level, which
limits the degree of heterogeneity that can be revealed in the data, and which is usually a
drawback of the statistical analysis at the level of cell populations. This was best exemplified
by the results from our VLA-4-blocking experiments. Injection of VLA-4-blocking antibody
led to a significant detachment of homeostatic monocytes and Twmgep cells. Single-cell-level
analysis of the remaining cells revealed a shift of homeostatic monocyte migratory pattern
profile towards the more independently crawling motility phenotypes 4-6. This shift was mainly
driven by the resistance of patterns 4 and 6 to VLA-4-blocking. Such a shift was not apparent
in Tmep cells, here all patterns were similarly affected by the treatment (Figure 16 C). Analysing
the same data with conventional population-level analysis of the single migratory parameters
did not show a difference in the response to VLA-4-blocking between homeostatic monocytes
and Twmep cells. Rather, changes of the parameters after treatment followed the same trend in

homeostatic monocytes and Twmep cells (Figure 28 A and B).
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Figure 28 Migratory parameters of homeostatic monocytes and Twer cells before and after anti-VLA-4
treatment. Motility parameters derived from intravital TPLSM 2 days post Twmge cell transfer.

4.4 Molecular cues shaping motility patterns

Applying automated characterization and parameter-free classification revealed heterogeneity
in the migration modes of homeostatic monocytes and encephalitogenic T cells in
leptomeningeal blood vessels. We investigated which molecular cues shaped the distinct
motility patterns by blocking the integrins VLA-4 and LFA-1 by intravenous injection of
blocking antibodies and by inhibiting global Gi-signalling by injection of Pertussis toxin during
intravital TPLSM.

Interfering with VLA-4 signalling led to significant detachment of Twmee cells as well as
homeostatic monocytes from leptomeningeal endothelium. Even though the magnitude of the
detachment was not significantly different between monocytes and Twmgp cells (Figure 16 A and
B), in-depth automated classification analysis on the single-cell level revealed that monocytes
and T cells differed in their response to blocking VLA-4. The remaining Twmgep cells showed a
similar reduction across all motility patterns (Figure 16 C, Table 2, and Table 3) indicating the
Twmep cell motility patterns are VLA-4-independent in the way that o4-integrins are necessary

to mediate T cell adhesion to the endothelium, but they are not involved in shaping their motility
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patterns. In contrast, the remaining monocytes showed a general shift from the straight in
direction of blood flow migrating motility patterns 1-3 to the more independent migrating
patterns 4-6. Of note here are patterns 4 and 6 which were not removed from the endothelium
by blocking VLA-4. These data indicate that motility patterns 1-3 in homeostatic monocytes
are dependent on VLA-4, whereas the motility patterns 4-6 are rather VLA-4-independent
(Figure 16 C, Table 2 and Table 3).

When we blocked LFA-1 we noticed an increase of monocytes as well Twmgp cells attached to
leptomeningeal vessel endothelium. Furthermore, absolute numbers of motility patterns
increased after the treatment in both cell populations, except pattern 2, which was decreased in
monocytes (Figure 17 A-C, Table 4, and Table 5). This leads to the conclusion that motility
pattern 2 is oL-integrin-dependent. Blocking LFA-1 leads to an influx of newly arriving
monocytes and Twmep cells which makes it difficult to assess the role of LFA-1 in shaping
motility patterns because the state of these newcomers is unknown and no reference motility

patterns from before treatment were recorded.

These data furthermore showed that our analysis methodology is able to reveal heterogeneity
in the motility behaviour of cell populations that standard population-level analysis cannot
detect. Our T cell data are in line with data from Bartholomaus et al. that showed that blocking
LFA-1 in Lewis rat atEAE had no clear effect on intravascular encephalitogenic T cell crawling.
Using flow cytometry, the authors of this study observed an increased number of these T cells
recovered from spinal cord meninges after LFA-1 blocking compared to isotype control
(Bartholomdus et al., 2009). The same study showed that blocking VLA-4 abrogated
intravascular T cell crawling in leptomeningeal vessels which is in accordance with the results
presented in this work. In vivo, VLA-4-mediated capture and rolling are mainly seen in venules
in the CNS (Kerfoot and Kubes, 2002; Vajkoczy et al., 2001). Several lines of evidence show
that VLA-4-mediated intravascular migration of T cells is one of the most critical factors for
the development of EAE. Functional interference with VLA-4-mediated adhesion by blocking
antibodies prevented the accumulation of infiltrating leukocytes in the CNS and the
development of EAE (Baron, 1993; Engelhardt et al., 1998; Yednock et al., 1992). Due to this
critical involvement of VLA-4 in EAE development, the molecule came into focus as a target
for treatment in MS. The humanized monoclonal antibody against a4-integrin Natalizumab is
used to treat relapse-remitting multiple sclerosis (RRMS) and shows beneficial effects
(Engelhardt and Kappos, 2008; Johnson, 2007).
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It is described that intravascular crawling of patrolling homeostatic monocytes in mice is LFA-
1 dependent (Auffray et al., 2007; Carlin et al., 2013), therefore it was surprising that blocking
VLA-4 led to such a substantial detachment of homeostatic monocytes from the endothelium
of leptomeningeal blood vessels and that homeostatic monocytes were not detached from blood
vessel endothelium by blocking alB2-integrin. All these previous studies were carried out on
mouse models, therefore one possible explanation could be that integrin-usage of homeostatic
monocytes could be substantially different between rats and mice. VLA-4 is described in the
literature to be also involved in monocyte capture and rolling (Chan et al., 2001; Huo et al.,
2000; Kerfoot and Kubes, 2002). This can lead to the assumption that the motility patterns 1-3
are in fact rolling cells instead of cells that show a form of intravascular crawling, and the
observed effect of blocking VLA-4 is therefore the blocking of monocyte capture and rolling.
Rolling leukocytes only transiently adhere to the vascular endothelium and rolling velocities
are in the range of several um s, therefore it is very difficult to observe these events with
TPLSM (Kawakami, 2016). In contrast, monocyte motility patterns of 1-3 have much lower
average velocities of 11.1+0.49 um min?, 16.3+1.86 um min* and 7.38+0.163 pum min* and
observation times of 5.85+0.182 min, 16.0+0.53 min and 26.3+0.282 min, respectively. These
parameters clearly exclude these motility patterns from being classified as conventional rolling.
After blocking LFA-1, we saw the tendency to an overall increase in the numbers of monocytes
attached to the endothelium (Figure 17 A and B). In-depth analysis on the single-cell level
revealed that motility pattern 2 was in fact LFA-1-dependent and removed by blocking LFA-1
(Figure 17 C, Table 4). These findings again indicate that homeostatic monocytes, that we
observed by TPLSM, in the rat are a heterogeneous population and that monocytes exhibiting
motility pattern 2 could be the closest counterparts to the patrolling monocytes described by
Auffray et al. It furthermore exemplifies that automated classification analysis on the single-
cell level is a useful tool to detect cell population heterogeneity in terms of cell motility
behaviour. Another possible explanation is that endothelial cells differ in the cell adhesion
ligands they express from endothelial cells of peripheral veins and venules where most of the
data from published studies are from (i.e. dermis of the ear, mesentery, liver, [Auffray et al.,
2007; Carlin et al., 2013]). Indeed, we have preliminary RNA-sequencing data that show that
endothelial cells from the spinal cord leptomeninges have a different transcriptional profile
from peripheral endothelial cells derived from the cremaster muscle. This difference was

observed in naive ECs as well as in ECs during atEAE.

In addition to the role of integrins, we also investigated if and how chemokine signalling

contributed to shaping immune cell motility patterns. After infusion of pertussis toxin, which
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globally inhibits Gg-signalling and therefore also chemokine signalling, during intravital
TPLSM, the results were similar to the VLA-4-blocking experiments. Monocytes and Twmep
cells were significantly but not completely detached from the blood vessel endothelium. The
detachment was not as profound as with blocking VLA-4 and the response to PTX was not
significantly different between monocytes and T cells, although T cells were by trend more
affected (Figure 18 A-B). The automated classification analysis of the remaining monocytes
showed a shift in their migratory pattern profile towards the independent crawling patterns 4-6.
Again, motility pattern 4 stood out as it was not affected by PTX and showed no reduction after
the treatment. In contrast to the results from the VLA-4-blocking experiments, Tmep cells
responded in the same way as monocytes to inhibition of chemokine signalling (Figure 18,
Table 6, and Table 7). These results imply that the motility patterns 1-3 of monocytes and
encephalitogenic T cells are chemokine signalling-dependent. As this phenotype very much
recapitulated the observations from VLA-4-blocking experiments, it is to be assumed that VLA-
4 is activated through G;-signalling in cells exhibiting motility patterns 1-3. This chemokine-
mediated activation of integrins seems to be much less necessary for the motility patterns 4-6,
especially pattern 4, which is completely independent of it. This indicates that this type of
motility closely resembles the patrolling of homeostatic monocytes described in the literature,
which has been shown to be independent of the chemokine receptor CX3CR1 and G in general

under steady-state conditions (Carlin et al., 2013).

4.5 Change of monocyte motility patterns is due to transcriptional changes
of leptomeningeal blood vessel endothelial cells

We observed that with the progression of autoimmune inflammation homeostatic monocytes
changed their motility phenotypes (Figure 10 B). It has been shown that GM-CSF can elicit an
inflammatory transcription program in classical inflammatory monocytes, licensing them to
cause tissue damage during EAE (Croxford et al., 2015). This raised the question if the observed
changes are mediated by cell-intrinsic expression profile reprogramming or rather facilitated by
cell-extrinsic molecular cues. Transcriptome analysis of monocytes isolated from the blood
daily over the time course of EAE did not reveal substantial changes in the transcriptional
profile of monocytes (Figure 25 A-B). These results were confirmed by RT-qPCR of a selected
subset of genes, including adhesion molecules and chemokine receptors, and on the protein
level by flow cytometry (Figure 23 A-B, Figure 24). Next, we focused on inflammation-induced
changes in leptomeningeal endothelial cells and performed RNA-sequencing on these cells
isolated in naive conditions and at the preclinical phase of atEAE when most of the T cells are

still localized inside the vessels. Global transcriptome analysis revealed that endothelial cells
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significantly changed their transcriptional profile as indicated by the clear segregation of the
two isolated populations in PC1 (Figure 26 A-B). Most notably, they upregulated adhesion
molecules (Icam-1, Vcam-1) and chemokines (Cxcl9-11, Cxscll), and downregulated tight-
junction molecules (Occludin, claudin-5) at the preclinical phase of atEAE (Figure 26 B-D).
This data indicates that ECs become more “sticky” with progressing inflammation and that the
higher availability of cell adhesion ligands likely facilitates the change of monocyte motility
patterns. Interestingly, among the upregulated genes we found chemokines that are associated
with T cells (Cxcl9 and Cxcl11) and with homeostatic monocytes (Cxacll) but not inflammatory
monocyte chemokine (Ccl2). Although the number of samples for RNA-sequencing was only
2, we could verify the results by RT-qPCR for most of the genes (Figure 26). Interestingly, we
had opposite results for Cxscl1 and Cxcl9 which were downregulated in the RT-gPCR samples.
It should be noted that both these genes were very lowly expressed. These discrepancies could
be explained by differences in amplification and quantification methods of these protocols as
well as by expression levels of the genes. A benchmark study to compare RNA-sequencing
with RT-qPCR revealed that about 85% of genes showed a high correlation between these
methods. But the study also revealed a small but specific set of genes that showed inconsistent
results. These genes were typically shorter, had fewer exons, and showed low expression
(Everaert et al., 2017). To finally address this point, in the future we have to sequence the second
batch of ECs.

4.6  Cell extrinsic factor shaping motility patterns

Cell migration is an essential component of the immune response: to perform their complex
functions efficiently immune cells are guided towards target locations by external cues such as
soluble chemoattractants (chemotaxis), surface-bound molecules (haptotaxis), or mechanical
stimuli. In the present work we observed that whereas intravascular crawling Twmep cells
preferentially migrated against the direction of the blood flow as previously reported
(Bartholomadus et al.), monocytes mainly followed blood flow direction. Similar results were
also reported in vitro by using flow chamber assays (Valignat et al., 2013, 2014). Thus, we
asked if not just molecular cues but also mechanical cues such as shear force play a role in
shaping the motility patterns of monocytes and/or T cells. In our system, immune cells migrate
in leptomeningeal post-capillary venules with high shear stress (>6dyn/cm? [Ley and
Gaehtgens, 1991]). It is well established that there is a negative correlation between shear stress
and vessel diameter (Secomb, 2016) and therefore investigated if differences in vessel size
could be involved in shaping migratory pattern profiles of monocytes and T cells. Thus, we

established a system to automatically derive vessel diameters from the recorded intravital
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microscopy videos and correlated each cell track to the blood vessel diameter it was located in
during its observation. We found that the distinct Tmep cell motility patterns were equally
distributed across all diameters and therefore seem to be independent of this vascular feature
(Figure 20 A). This was not the case for homeostatic monocytes: indeed, migratory patterns 1-
3 showed a preference towards blood vessels with smaller diameters (Figure 20 A). This could
be explained by the observation that monocytes are in general less adhesive and less interacting
with the vascular wall and therefore they will attach more loosely to vessels with a lower
diameter and higher shear stress. Apart from the diameter, other architectural features of blood
vessels influence the hemodynamic parameters. From literature it is known that at blood vessel
bifurcations, mainly in the arterial vascular tree, the laminar blood flow becomes turbulent (Ku,
1997). Therefore, we investigated the distribution of motility patterns at sites of blood vessel
junctions and non-junction regions to elucidate if these vessel features influence motility
phenotypes. We developed an algorithm to automatically detect junction points in the
microscopy data and assessed whether these regions are preferential locations for either
monocytes or T cells. As it turned out, neither monocytes nor T cells showed any preference
for junction or non-junction areas. The data suggested that location was distributed randomly
between these regions of interest. We additionally used the recorded videos of the integrin- and
chemokine-blocking experiments as input for the analysis pipeline to evaluate if these
molecules are involved in the distribution of the cells to these regions of interest. Blocking any
of these molecules did not change the seemingly random distribution of monocytes and T cells
(Figure 21 A-D). From this, we conclude that areas of vessel junctions play no role in shaping
motility phenotypes. There are two possible explanations. (1) There are no or minimal
perturbations of laminar flow at the investigated vessel junction. For this argues that
disturbances in the laminar flow are mainly described in the arterial vessel tree, especially at
the carotid artery bifurcation (Ku, 1997). A possible approach to explore this would be to use
intravenously injected blood tracer beads in combination with high-speed intravital laser
scanning microscopy. Modern resonant scanners in multiphoton microscopes are able to
achieve scanning rates from 30 frames per second to up to 420 frames per second in small area
scans. With this acquisition rate, it would be possible to follow fluorescent beads passively
swimming in the blood flow and resolve perturbations in laminar flow. (2) Perturbations of
laminar flow are not relevant for shaping the intravascular motility behaviour of immune cells
in the spinal cord leptomeninges. Additional experiments are needed to investigate this
possibility. In order to provide controlled experimental conditions, an artificial in vitro

bifurcation system would be needed.
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4.7 Monocytes display different motility pattern profiles than
encephalitogenic T cell

Our model of atEAE in combination with the possibility to fluorescently label homeostatic
monocytes and encephalitogenic T cells allowed us to study both cell types simultaneously in
vivo by intravital TPLSM. Automated motility pattern classification analysis on the single-cell
level of the recorded time-lapse imaging data revealed that intravascular migrating homeostatic
monocytes and Twmgp cells displayed different motility pattern profiles in leptomeningeal blood
vessels. Monocyte motility profiles were shifted towards straight in the direction of the blood
patterns 1-3, whereas T cells displayed profiles shifted towards independent crawling patterns
4-6 (Figure 12 A and C). These cells were migrating in the same milieu; therefore, it was
interesting that motility patterns differed to such a high extent. We asked what factors could
facilitate the different motility pattern profiles. We addressed this question by global
transcriptome analysis of monocytes and Twmep cells. Among the 3377 significantly expressed
genes we found several cell adhesion-associated genes. Surprisingly, monocytes expressed
more Itga4, Itgal, Itgh2, Alcam, and Ninjurin than Twmgep cells (Figure 27 C), although their
motility pattern profile suggests that their interaction with blood vessel endothelium is weaker
than that of T cells. Thus, we hypothesized that the observed differences in motility phenotypes
could be due to the utilization of further cell adhesion receptors by T cells and monocytes. We
conducted a sub-analysis focused on receptor-ligand pairs associated with cell migration and —
adhesion. For this, we assembled a list of cell adhesion receptors located on the external surface
and which are associated with adhesion and cell migration. From this list, we quantified the
number of receptor interactions with their cognate ligands, which showed up in our endothelial
cell RNA-sequencing dataset, which were upregulated either in monocytes or Tmgp cells. We
found that ligand-receptor interactions in T cells significantly exceeded the ones of monocytes
(Figure 27 D). This implies that Twmep cells utilize a broader repertoire of molecules interacting
with vascular endothelial cells than monocytes which could explain the differences in their
motility profile patterns. Although these results are inferential, they provide a basis for the

rational design of future experiments.
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S.Summary

In summary, we have established a system to specifically label the homeostatic monocyte subset
in Lewis rats for intravital TPLSM. With this system, we could study and characterize the
recruitment and motility of these cells in the adoptive transfer Lewis rat EAE model. We have
shown that in this model homeostatic monocytes are recruited to the leptomeninges of the spinal
cord during the preclinical phase of EAE. A further advantage of the model is that the adoptively
transferred MBP-reactive T cells express fluorescent reporter proteins, therefore enabling us to
study the motility of T cells and homeostatic monocytes in parallel. Using a novel machine
learning-based analysis of immune cell motility, we observed that homeostatic monocytes
exhibited heterogeneous motility phenotypes inside of leptomeningeal vessels and that these
motility modes are distinct to Tmep cell motility phenotypes. Furthermore, this analysis platform
enabled us to investigate the effect of hemodynamic parameters on intravascular immune cell
migration. By interfering with integrin- and chemokine signalling we could show that the
observed immune cell migratory phenotypes responded differently to these interfering
strategies. Notably, homeostatic monocytes showed greater heterogeneity in their response to
these interferences than Twmep cells, indicating a possible heterogeneous monocyte
subpopulation. Our analysis approach could be useful to link immune cell subpopulations,
identified by state-of-the-art single-cell sequencing techniques, with immune cell behaviour in

situ.
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