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Angela R.M. Kurz Abstract

ABSTRACT

Extravasation of neutrophils from postcapillary venules into inflamed tissue is a crucial
step during the inflammatory response. Within this process, neutrophils migrate across
the endothelium and subsequently need to penetrate the perivascular basement
membrane. The precise regulation of both steps is not fully understood, yet. By using
multiphoton intravital microscopy and immunofluorescence staining we identified
mammalian sterile 20-like kinase 1 (MST1) as a key player for the migration of
neutrophils through the perivascular basement membrane. Mstl knock out neutrophils
(Mst1™) persist between the endothelium and the basement membrane of inflamed
murine cremaster muscle venules and fail to migrate into inflamed tissue. Mstl™”
neutrophils also fail to extravasate from gastric submucosal vessels in a murine
Helicobacter pylori infection model. Mechanistically, impaired extravasation of Mstl™
neutrophils was accompanied by defective translocation of VLA-3, VLA-6, and neutrophil
elastase from intracellular vesicles to the neutrophil surface, a requirement for
neutrophils to penetrate the basement membrane. Taken together, our findings identify
MSTL1 as a critical regulator of neutrophil transmigration and emphasize the importance

of MST1-dependent vesicle trafficking for the recruitment process.
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1 INTRODUCTION

In humans, neutrophils are the most abundant white blood cells in the circulation, the
key cell type of the innate immune system. Neutrophils are the first line of defense; they
are the first leukocytes to be recruited to the site of infection and are the major
pathogen-fighting immune cells. It is crucial for them to extravasate from the blood
vessel to the site of infection. Successfully transmigrated neutrophils recognize,
phagocytose and consequently kill pathogens within tissue. They control local infections
via various cytotoxic mechanisms, including reactive oxygen species (ROS) production,
release of antimicrobial peptides and the release of neutrophil extracellular traps (NETS).

Neutrophil recruitment, activation and function needs to be tightly regulated as
malfunction leads to diverse disorders. For example human leukocyte adhesion
deficiencies (LAD) are severe immunodeficiencies leading to recurring bacterial and
fungal infections due to inherited defects in selectin ligands (LADII), B2 integrins (LADI)
or Kindlin3 (LADIIl) and consequently profound defects in neutrophil recruitment
(Schmidt et al., 2013), whereas an extensive or prolonged response results in tissue
damage as observed in certain forms of vasculitis and autoimmune disease (Mayadas et
al., 2014).

1.1 NEUTROPHIL RECRUITMENT

Recruitment of neutrophils from postcapillary venules to sites of inflammation is a
fundamental process during the innate immune response. This process follows a well-
defined cascade of events, including neutrophil tethering and rolling, firm adhesion,
crawling, extravasation and migration into inflamed tissue (Nourshargh and Alon, 2014)
(Figure 1.1).
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Figure 1.1 Neutrophil recruitment cascade

Schematic representation of the sequential steps of neutrophil recruitment from postcapillary venules into
tissue. Neutrophil tethering and rolling, mediated via selectin and selectin ligand interaction, is followed by
adhesion and intravascular crawling, which involves the B2 integrins LFA1 and Macl. After finding the
appropriate exit point neutrophils migrate through the endothelium via the paracellular or the transcellular
route. Following transendothelial migration, neutrophils crawl at the abluminal side of the vessel,
interacting with pericytes, and finally extravasate from low expression regions within the basement
membrane. Adapted from (Vestweber, 2015)

1.1.1 LUMINAL INTERACTIONS BETWEEN NEUTROPHILS AND THE ENDOTHELIUM

Neutrophil recruitment is initiated by inflammatory mediators which induce changes in
the surface expression of adhesion and activation molecules on endothelial cells.
Depending on the time and stimulus, P-selectin, prestored in Weibel-Palade bodies, is
upregulated within minutes, whereas de novo synthesized E-selectin can only be
detected in sufficient quantities more than 90 min after stimulation. Circulating
neutrophils, expressing P-selectin glycoprotein ligand 1 (PSGL1), E-selectin ligand 1
(ESL1), CD44 and L-selectin, interact with P-selectin and E-selectin on the endothelium
initiating capture and rolling. E- and P-selectin bind to PSGL-1 and CD44 inducing talin
dependent conformational changes in LFA-1 leading to slow rolling (McEver, 2015). Our
group recently discovered a new pathway, where E-selectin binding to PSGL-1 leads to
the release of MRP8/14, which in turn binds to TLR4 and induces MyD88- and
Rapl-dependent activation of LFA-1 leading to slow rolling of neutrophils across
inflamed endothelium (Pruenster et al., 2015). In addition to selectin ligands,
chemoattractants on the endothelium induce integrin activation (Kolaczkowska and
Kubes, 2013). Crucial chemokines for neutrophil activation are CXCL8 (also known as
IL-8) in humans and CXCL1 (also known as Keratinocyte-derived chemokine, Kc and
analogue to CXCLS8 in humans), CXCL2 and CXCLS5 in mice. These chemokines bind to
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CXCR2 on neutrophils and activate B2 integrins via inside-out signaling. The B2
integrins, lymphocyte function-associated antigen 1 (LFAl; CD18/CD11a; alLp2) and
macrophage-1 antigen (Macl; CD18/CD11b; aMB2), change their conformation and
increase their affinity to endothelial expressed intercellular adhesion molecule 1 (ICAM1)
and ICAM2 leading to neutrophil adhesion to the endothelium. Upon selectin binding or
chemokine stimulation, talinl interacts with the cytoplasmic tail of B2 integrins inducing
the intermediate affinity of LFA1 which promotes slow rolling (Lefort and Ley, 2012,
Pruenster et al., 2015, McEver, 2015). Binding of both, kindlin3 and talinl, to the
cytoplasmic tail of B2 lead then to high affinity conformation of LFA1 and firm arrest of

neutrophils on the inflamed endothelium (Lefort et al., 2012) (Figure 1.2).
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Figure 1.2 LFA1 activation in rolling neutrophils

Both, E- and P-selectin binding to PSGL-1 or CD44, or E-selectin/ PSGL-1 dependent release of MRP14
and binding to TLR4, as well as signals transmitted through chemokine receptors can modulate LFA1
affinity in neutrophils. PSGL-1 or CD44 induce talin1-dependent conformational changes in LFA1 leading
to intermediate activity and slow rolling (left). Whereas chemokine receptor stimulation induces a talinl1
and kindling 3 dependent high affinity state (right). Adapted from (Pruenster et al., 2015)
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After firm arrest, neutrophils actively crawl along the endothelium scanning for an
exit point, a process which is mostly dependent on ICAM1-Macl interactions (Phillipson
et al., 2006). In addition, blocking ICAM-2 function in vivo alters the dynamics of crawling
neutrophils to a stop-start profile and prolongs the time neutrophils remain at endothelial
cell junctions before initiating transmigration (Halai et al., 2014).

At exit sites, endothelial cells extend ICAM-1 and VCAM-1 enriched membrane
structures at their apical surface called ‘docking structures’ (Barreiro et al., 2002) or
‘transmigratory cups’ (Carman and Springer, 2004). These pseudopod-like apical
membrane extensions surround transmigrating neutrophils. Neutrophil binding to
endothelial ICAM-1 stimulates phosphorylation of cortactin, activation of RhoG and
ICAM-1 clustering around transmigrating neutrophils (ICAM-1 ring like structures).
Blocking RhoG activation inhibits ICAM-1 induced cortactin phosphorylation and
neutrophil transendothelial migration (TEM) (Vestweber, 2015).

1.1.2 NEUTROPHIL TRANSMIGRATION

Neutrophils need to leave the vasculature in order to migrate to the site of injury or
inflammation. Although most of the recruitment steps have been thoroughly studied in
the past (Kolaczkowska and Kubes, 2013), the precise mechanism of neutrophil
transmigration across venular walls remains elusive (Hallmann et al., 2015, Muller, 2015,
Nourshargh and Alon, 2014, Rowe and Weiss, 2008, Sorokin, 2010, Vestweber, 2015).
Neutrophils cross the endothelium whithin 2- 5 min. This is followed by the penetration of
the perivascular basement membrane (BM) and associated incomplete layer of
pericytes, which takes 5- 15 min (Kolaczkowska and Kubes, 2013). Transmigration
through postcapillary venules can be divided into different steps: Transendothelial
migration (TEM), abluminal crawling, followed by penetration through the perivascular
BM and migration into the interstitial matrix to the site of inflammation (Nourshargh et al.,
2010, Weninger et al., 2014, Nourshargh and Alon, 2014).
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Transendothelial Migration

Introduction

Intravascularly crawling neutrophils search for exit cues, which initiate TEM. Neutrophils

breach the endothelial barrier regularly via the paracellular route (between adjacent

endothelial cells, ~70-90%) and to a smaller extent via the less efficient transcellular

route (through the endothelial cell), which can take 20- 30 min (Kolaczkowska and

Kubes, 2013) Adhesion molecules involved in neutrophil transmigration are listed in

Table 1.1.

Table 1.1 Adhesion molecules involved in neutrophil extravasation from postcapillary venules
Adapted from (Kolaczkowska and Kubes, 2013, Vestweber, 2015)

Adhesion Gene family Neutrophil Endothelial Function
receptor ligand(s) ligand(s)
E-selectin Selectin PSGL-1, None Tethering and rolling
CD44, ESL-1
P-selectin Selectin PSGL-1 None Tethering and rolling
PSGL-1 Proteoglycan ligand L-selectin P-selectin, Tethering and rolling
E-selectin
GlyCAM Proteoglycan ligand L-selectin Tethering and rolling
ICAM-1 Immunoglobulin LFA-1, Macl None Slow rolling, adhesion, crawling, triggering VE-cadherin
superfamily phosphorylation
VCAM-1 Immunoglobulin VLA-4 None Slow rolling, adhesion, crawling, triggering VE-cadherin
superfamily phosphorylation
ICAM-2 Immunoglobulin LFA-1, Macl None Crawling and initiation of TEM
superfamily
JAM-A Immunoglobulin LFA-1 JAM-A unknown
superfamily
JAM-B Immunoglobulin VLA-4 JAM-C, JAM-B TEM
superfamily
JAM-C Immunoglobulin Mac-1 JAM-B, JAM-C Prevents reverse transmigration
superfamily
ESAM-1 Immunoglobulin Unknown ESAM-1 TEM, supports the induction of increased permeability
superfamily
PECAM-1 Immunoglobulin PECAM-1 PECAM-1 Triggering LBRC recycling in endothelial cells, support
superfamily disconnection of neutrophils from the endothelial cells and
penetration of the BM
CD99 Unique CD99 CD99 Triggers LBRC recycling in endothelial cells, supports
disconnection of neutrophils from the endothelial cells and
penetration of the BM
CD99L2 Unique Unknown CD99L2 Supports disconnection of neutrophils from the endothelial
cells and penetration of the BM
VE-cadherin Cadherin None VE-cadherin Endothelial cell junction barrier and prevention of TEM
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Successful TEM requires interaction of several adhesion molecules and receptors on
neutrophils and/or endothelial cells: ICAM-1, ICAM-2, vascular cell adhesion protein 1
(VCAM-1) as well as the junctional proteins, including junctional adhesion molecules
[e.g. JAM-A, JAM-B, JAM-C and endothelial cell-selective adhesion molecule 1 (ESAM-
1)], platelet endothelial cell adhesion molecule (PECAM-1; also known as CD31), CD99
and CD99 antigen-like protein 2 (CD99L2) and poliovirus receptor (PVR) (Muller, 2015,
Vestweber, 2015). These molecules participate in paracellular TEM, but not all of them
are involved in transcellular migration. Furthermore, their roles vary between different
leukocyte subsets, different organs, venules and inflammatory models (Kolaczkowska
and Kubes, 2013, Muller, 2015, Nourshargh and Alon, 2014, Vestweber, 2015) (Table
1.1).

Comparing the effects of function blocking antibodies and knockout mice provided
evidence for a sequential involvement of these molecules and receptors during
neutrophil transmigration. In IL-1B stimulated murine cremaster muscles, neutrophils
lacking JAM-A (genetic depletion) accumulate at endothelial cell junctions. Disruption of
PECAM-1 (genetic depletion) arrests neutrophils between endothelial cells and the
basement membrane (Woodfin et al., 2007, Bixel et al., 2010). Genetic depletion of
ICAM-2 leads to the accumulation of neutrophils at the luminal surface above endothelial
cell junctions (Woodfin et al., 2009). Interestingly, JAM-A, PECAM-1 and ICAM-2 display
the same cytokine selectivity, as shown in studies where genetic disruption of JAM-A,
PECAM-1 or ICAM-2 inhibited neutrophil transmigration in response to IL-13, but not
TNF-a. In contrast to IL-13, TNF-a activates neutrophils, which may lead to TEM that
can bypass the requirement for those receptors. Neutrophils lacking TNF-receptors
require all three adhesion receptors to transmigrate in TNF-a stimulated postcapillary
venules in the murine cremaster muscle (Woodfin et al., 2009). Blocking of CD99 or
CD99L2 (functional blocking through specific antibodies) traps migrating neutrophils
between endothelial cells and the basement membrane in postcapillary venules of IL-13
and TNF-a stimulated cremaster muscles, indicating its functional independence from

the type of inflammatory stimulus (Bixel et al., 2010).
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Figure 1.3 Sequential functions of adhesion receptors during neutrophil transendothelial migration
Genetic deletion or function blocking of adhesion receptors leads to the accumulation of extravasating
neutrophils at the indicated position. These results are based on 3D analysis by confocal microscopy of
stimulated postcapillary venules within the mouse cremaster muscle or skin (Bixel et al., 2010, Watson et
al., 2015, Woodfin et al., 2007, Woodfin et al., 2009). Adapted from (Vestweber, 2015).

These studies established that neutrophil TEM is a sequential process, mediated by
several cell surface receptors. So far, four positions are characterized: adhesion to the
luminal surface above endothelial cell junctions (Position A); engaged between the
endothelial junctions (Position B); detaching from the endothelium (Position C); between
endothelial cells and the basement membrane (Position D) (Vestweber, 2015) (Figure
1.3).

The paracellular transmigration additionally requires the liberation of junctional
intercellular protein bonds, such as those formed by vascular endothelial (VE)-cadherin.
VE-cadherin is crucial for the stability of endothelial cell junctions. Vascular endothelial
protein tyrosine phosphatase (VE-PTP) associates with VE-cadherin and supports its
adhesive activity. Neutrophil-endothelial cell interaction and vascular permeability factors
trigger the dissociation of VE-PTP from VE-cadherin, which is required for the positive
regulation of this exit pathway. This implies that tyrosine phosphorylation of VE-cadherin
and/or proteins in close proximity are required (Vestweber, 2015). Neutrophil bound
ICAM-1 and VCAM-1 is indeed known to trigger tyrosine phosphorylation in the
cytoplasmic domain of VE-cadherin. Dephosphorylation of Y731 of VE-cadherin is
required for neutrophil recruitment in TNF-a as well as IL-1B stimulated cremaster
muscle venules, whereas phosphorylation of Y685 is required for increasing the vascular
permeability (Wessel et al., 2014, Vestweber, 2015).
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TEM of neutrophils may be further supported by the lateral border recycling
compartment (LBRC), a multi vesicular compartment inside of endothelial cells
containing PECAM-1, CD99 and JAM-A (Mamdouh et al., 2009, Muller, 2015). LBRC
vesicles are initially recruited via PECAM-1 to transmigrating neutrophils, followed by a
second CD99-dependent wave, helping to accommodate the body of neutrophils within
junctions (Mamdouh et al., 2003, Muller, 2015, Watson et al., 2015) (Figure 1.4).
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Figure 1.4 Sequential process of neutrophil transendothelial migration (TEM)

TEM is a process mediated by neutrophils and endothelial cells: Stopping at preferential exit points;
loosening of endothelial cell contacts; preventing plasma leakage; extending the membrane surface area
via LBRCs; migration through the endothelial cleft; sealing of the endothelial cell junction; and dissociation
from the endothelial cell. After TEM neutrophils need to transmigrate through the basement membrane.
Adapted from (Vestweber, 2015)
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Penetration of the basement membrane

Once neutrophils have migrated through the endothelial layer, they need to cross the
underlying BM, a dense protein network embedded with pericytes, to enter inflamed
tissues.

The perivascular BM consists of a dense (40-70 nm pore size) and
heterogeneous network of collagen 1V, nidogenl and 2, perlecan and two specific
laminin isoforms (isoform 511 and 411) (Hallmann et al., 2015, Sorokin, 2010, Rowe and
Weiss, 2008, Weninger et al., 2014). The BM is crucial for the integrity of the blood
vessel wall, and provides a tremendous barrier to transmigrating neutrophils.

Embedded in the BM pericytes reside and form an irregular network of cellular
protrusions around the vessel, contributing to the composition of the basement
membrane (Sorokin, 2010). Laminin 411 is ubiquitously expressed in perivascular BM of
postcapillary venules. In contrast laminin 511 displays a patchy distribution with areas of
low or no expression (Sixt et al., 2001, Wu et al.,, 2009, Voisin et al.,, 2010) and
potentially also low expression of collagen IV (Wang et al., 2006, Proebstl et al., 2012).
These ‘low expression sites’ (LER) localize at the gaps between pericytes (Sorokin,
2010, Voisin et al., 2010) and are the preferential sites for neutrophil extravasation
(Wang et al., 2006). Laminin 411 deficient mice demonstrate a ubiquitous expression of
laminin 511 in perivascular BM and show reduced neutrophil transmigration, indicating
that laminin 511 has inhibitory effects on neutrophil migration (Kenne et al., 2010).

After TEM, neutrophils enter the subendothelial space and crawl along pericytes
towards LERs, via pericyte expressed ICAM-1 and neutrophilic Mac-1 and LFA-1
(Proebstl et al., 2012, Ayres-Sander et al., 2013).

The mechanism through which neutrophils breach the perivascular BM is not fully
understood yet (Rowe and Weiss, 2008). Neutrophils contain specific proteases, such
as matrix metalloproteases (MMPs) and the serine protease, neutrophil elastase (NE),
therefore it is tempting to argue that neutrophils ‘cut’ their way through the basement
membrane, but neither genetic nor pharmacologic inhibitors could corroborate this
(Kolaczkowska and Kubes, 2013). Maintenance of vascular integrity is indeed essential
for tissue homeostasis, hence degradation of the basement membrane is unlikely and
potentially contentious (Nourshargh and Alon, 2014, Rowe and Weiss, 2008, Hallmann
et al., 2015).
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Interestingly, neutrophils only penetrate the BM in the presence of an overlying
endothelium, indicating that neutrophils are ‘educated’ by endothelial cells on how to
cross the BM (Rowe and Weiss, 2008, Huber and Weiss, 1989). Furthermore, it was
reported that LERs are transiently enlarged after neutrophil transmigration, probably
through subtle disassembly and physical carriage of neutrophil bound BM-components
(e.g. laminins) (Voisin et al., 2010, Wang et al., 2006).

After neutrophils have migrated through the endothelial layer, they are thought to
interact with matrix components of the BM such as collagens and laminins via their
surface molecules, B1 and B3 integrins. The use of function blocking antibodies and
genetic deletion in in vivo studies have implicated several cell adhesion molecules,
including the major laminin binding integrins on neutrophils, namely VLA-3 (a3f31,
CD49c/CD29) (Hyun et al., 2012) and VLA-6 (a6p1, CD49f/CD29) (Dangerfield et al.,
2005) and the junctional molecules ESAM-1, and PECAM-1 and CD99, expressed both
by neutrophils and endothelial cells (Vestweber, 2015). These studies suggest that
information obtained by migration across the endothelial cell monolayer primes
neutrophils for the subsequent penetration of the endothelial BM.

VLA-3 was shown to be necessary for neutrophil extravasation in TNF-a and
fMLP-induced transmigration in vivo (Hyun et al., 2012). Homophilic interactions
between PECAM-1 on neutrophils and on endothelial cells induce the surface
expression of VLA-6 on neutrophils enabling them to cross the basement membrane
(Dangerfield et al., 2002). Using blocking antibodies suggest a role for VLA-6 in IL-1[3,
but not TNF-a dependent neutrophils extravasation (Dangerfield et al., 2005). Migration
through the BM was described to be further accompanied by the surface expression of
the serine protease NE (Wang et al., 2005), although experiments using NE deficient
mice in vivo could not confirm a role of NE in the extravasation process (Young et al.,
2007). Since VLA-3, VLA-6 and NE are stored in intracellular vesicles (Uriarte et al.,
2008, Wang et al., 2005), they need to be translocated to the cell surface during

transmigration.

10
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1.2 VESICLE TRAFFICKING IN NEUTROPHILS

Neutrophil immune function strongly depends on the capacity to synthesize and store
pre-formed pro-inflammatory mediators in specialized intracellular vesicles
(Sheshachalam et al., 2014). Defects result in severe immunodeficiency as seen in
patients with neutrophil-specific granule deficiencies (Schaffer and Klein, 2013).

Mature neutrophils from the blood lack any proliferative capacity. Structurally,
neutrophils possess a characteristic multi-lobed nucleus, very few mitochondria, a small
Golgi apparatus, and a highly granular cytosol, that is packed with vesicles. In contrast
to other cells, the protein content of neutrophil granules is not sorted, but sequentially
formed during neutrophil differentiation (sequential synthesis model) (Le Cabec et al.,
1996). Neutrophils consist of at least four types of granule structures: azurophilic
(primary) granules, containing e.g. myeloperoxidases (MPO); specific (secondary)
granules, containing e.g. lactoferrin; gelatinase (tertiary) granules, containing e.g. matrix
metalloproteinases 9 (MMP9); and secretory vesicles (Table 1.2). Azurophilic as well as
specific granules can be further subdivided due to their specific protein composition
(Borregaard, 2010). Of note, in mature neutrophils secretory vesicles can also be formed

de novo by the Golgi apparatus (Sheshachalam et al., 2014).

Table 1.2 Content of human neutrophil granules and secretory vesicles
Adapted from (Borregaard and Cowland, 1997)

Azurophilic (primary) Specific (secondary) Gelatinase (tertiary) Secretory vesicles
granules granules granules
MPO Lactoferrin Acetyltransferase CD16
Lysozyme Lysozyme Lysozyme CD19
Defensin MMP9 MMP9 CD14
Cathapsin B/ D/ G Gelatinase Gelatinase Clqg-receptor
Neutrophil elastase Collagenase Alkaline phosphatase
Proteinase 3 CD11b/CD18 CD11b/CD18 CD11b/CD18
CD63 fMLP-receptor fMLP-receptor fMLP-receptor
CD68 Cytochrome b558 Cytochrome b558 Cytochrome b558
VAMP-7 VAMP-2/7 VAMP-2 VAMP-2
CR3, CR4 CR1
Laminin-receptor
CD66
CD67

TNF-receptor

Vitronectin-receptor

11
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1.2.1 STIMULATION OF EXOCYTOSIS

In general, secretory vesicles and gelatinase granules can be rapidly transported to the
plasma membrane (for example B2 integrins) upon moderate activation. A stronger
activation of neutrophils is required to release azurophilic and specific granules
(Kolaczkowska and Kubes, 2013, Mayadas et al., 2014). This hierarchy of granule
release corresponds to the different roles of their secreted proteins during adhesion,
migration, chemotaxis, phagocytosis and ROS production (Catz, 2014). During TEM,
secretory vesicles are exocytosed to 100%, gelatinase granules to 38%, specific
granules to 22% and azurophilic granules to only 7% (Rorvig et al., 2009, Sengelov et
al., 1995).
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Figure 1.5 Signaling cascade regulating neutrophil degranulation

Both, kinases and the fusion machinery regulate degranulation. Activated surface receptors trigger
activation of kinases resulting in cytoskeletal remodeling. Docking of vesicles is regulated by interaction of
Rab27 with Munc-13-4, which in turn interacts with SNARE leading to the fusion with the target
membrane. Adopted from (Sheshachalam et al., 2014)
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Due to high cytotoxicity, release of neutrophilic granules is strongly regulated by
binary signals and involves on the one side adhesion-dependent mechanisms (32-
integrin or actin de-polymerization) and on the other ligation and activation of immune
receptors (Sengelov et al., 1995). The Src kinases Fgr and Hck mediate both the
adhesion-dependent signaling cascade and the immune receptor mediated activation
(Mocsai et al., 1999). Current evidence favors the existence of an activation threshold,
accomplished by binary signals, which induce degranulation or downstream pathways.
This can induce an increase in intracellular Ca®** and subsequently the hierarchical
release of neutrophil granules in the order of secretory vesicles > gelatinase granules >

specific granules > primary granules (Sengelov et al., 1993) (Figure 1.5).

1.2.2 VESICLE TRAFFICKING, DOCKING AND FUSION IN NEUTROPHILS

Granules and vesicles are transported to a target membrane (e.g. plasma membrane or
phagosome) via actin remodeling and microtubule assembly through sequential actions
of the core fusion machinery (Lacy and Eitzen, 2008, Sheshachalam et al., 2014,
Toonen and Verhage, 2003).

Docking and fusion of granules and secretory vesicles to a target membrane are
regulated by distinct core fusion proteins, involving the Rab and SNARE (soluble N-
ethylmaleimide-sensitive factor attachment protein receptor) protein family. After Rab
proteins tie vesicles to the membrane, SNARE proteins catalyze fusion (Lacy and
Eitzen, 2008). Vesicle SNAREs (v-SNAREs) pair with target SNAREs (t-SNARES)
resulting in the fusion of vesicles with the target membrane. In neutrophils, vesicle-
associated membrane protein 2 (VAMP-2) is mainly localized on secretory vesicles and
gelatinase granules, whereas VAMP-7 is predominantly localized to azurophilic
granules. Numerous proteins regulate the core fusion machinery and are important for
SNARE complex formation (Sheshachalam et al., 2014) (Figure 1.6).
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Figure 1.6 Vesicle trafficking to the target membrane

Vesicles are transported along cytoskeletal tracks. Rab-GTP on vesicles associates with motor proteins,
directing the movement of the vesicle, and later with Rab effectors (tethering factors), bringing the vesicle
in close proximity to the target membrane. Binding of v-SNARESs and t-SNARES leads to the fusion of
vesicles with the target membrane and the release of cargo proteins. Adapted and modified from
(Vazquez-Martinez and Malagon, 2011)

1.2.3 REGULATION OF VESICLE TRAFFICKING IN NEUTROPHILS BY RAB27A

The Rab27 GTPases regulate vesicle trafficking in neutrophils. This includes priming,
tethering, docking and fusion to target membranes via interaction with multiple cell
specific effector molecules. While Rab27 GTPases are expressed in a large variety of
cell types and are involved in multiple steps, the expression of their effector proteins is
more cell type specific and required to allow sequential interaction with Rab27 (Catz,
2013). Rab27a has emerged as a central regulator of many neutrophil functions, though
its ability to regulate vesicle exocytosis (Catz, 2014). So far, two effector molecules,
Synaptotagmin-like protein 1 (SIp1/JFC1) and Muncl13-4, have been identified to interact
with Rab27a in neutrophils (Brzezinska et al., 2008, Johnson et al., 2011b, Munafo et
al., 2007, Pivot-Pajot et al., 2008). Rab27b, which is 72% homologous to Rab27a, binds
to the same effector molecules as Rab27a and regulates several secretion mechanisms,
although studies suggest different roles during azurophilic granules exocytosis in
neutrophils (Brzezinska et al., 2008, Johnson et al., 2010).

Interestingly, out of more than 60 Rab GTPases expressed in humans, Rab27a is

the only one associated with human disease. Patients with a genetic defect in Rab27a, a
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disease called Griscelli syndrome type 2 (GS2), suffer from often fatal viral and bacterial
infections, due to a severe immune deficiency, neutropenia, thrombocytopenia and
uncontrolled T cell and macrophage activation (Harfi et al., 1992, Klein et al., 1994).
Defects in Rab27a cause impaired function of cytotoxic T lymphocytes (CTL), natural
killer cells (NK cell) and neutrophils (Munafo et al., 2007, Trambas and Griffiths, 2003).

Rab27a-dependent trafficking of azurophilic granules

Only ~20% of azurophilic granules are able to engage in exocytosis. This coincides with
the percentage of azurophilic granules associated with Rab27a (Catz, 2013), but it is
unclear whether only Rab27a positive azurophilic granules are mobilized to target
membranes. Use of function blocking reagents or genetic deletion of Rab27a leads to
impaired azurophilic granule exocytosis and decreased MPO plasma levels (Munafo et
al., 2007, Johnson et al., 2010).

The Rab27a effector protein Slp1l/JFC1 is expressed in neutrophils and was
shown to bind and colocalize with Rab27a on azurophilic granules in close proximity to
the plasma membrane (Catz, 2013). The loss of Slp1/JFC1 results in impaired release of
azurophilic granules in response to fMLP in neutrophils (Brzezinska et al., 2008,
Johnson et al., 2012). In addition, SIp1/JFC1 interacts with Geme-interacting protein
(GMIP) regulating RhoA dependent actin remodeling facilitating docking and fusion of
vesicles. Furthermore genetic deletion of Slpl/JFC1 or GMIP impairs exocytosis by
trapping azurophilic granules within cortical actin, whereas inhibition of RhoA induces

exocytosis via increased actin polymerization (Johnson et al., 2012) (Figure 1.7).
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Model of vesicular trafficking and actin remodeling during exocytosis
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Another Rab27a effector protein, Munc13-4, also known as UNC13D, was
first identified to associate with Rab27a dependent vesicles in platelets and CTLs. Later,
it was discovered that Munch13-4 associates with gelatinase and azurophilic granules
(colocalizing with MMP9) (Brzezinska et al., 2008, Pivot-Pajot et al., 2008). Function
blocking antibodies or genetic deletion of Muncl3-4 results in decreased MPO
exocytosis and reduced granule docking at the plasma membrane (Johnson et al.,
2011b). Munc13-4 links vesicles via two calcium sensitive lipid binding C2 domains (C2A
and C2B) to the fusion machinery of SNARES, regulating the docking of the vesicle to
the plasma membrane (Brzezinska et al., 2008) (Figure 1.5). Another study recently
showed that MST3 (STK24) and cerebral cavernous malformations 3 (CCM3) regulate
exocytosis of azurophilic granules. Whereas MST3 inhibited Munc13-4 function, CCM3
antagonized MST3-mediated inhibition, providing additional regulation of degranulation
(Zhang et al.,, 2013). Additionally, Muncl13-4 controls phagosomal maturation by
regulating the fusion of azurophilic granules and late endosomes to the phagosome,
independent of Rab27a (Brzezinska et al., 2008, Johnson et al., 2011b, Monfregola et
al., 2012).
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Rab27a dependent trafficking of specific and gelatinase granules

In additional to its role in regulating azurophilic granule trafficking, Rab27a is also
involved in specific and gelatinase granule trafficking as the blockade of Rab27a leads
to impaired MMP9 release (Brzezinska et al., 2008). MMP9 is mostly stored in specific
and gelatinase granules. After molecular interference with Rab27a, the upregulation of
the specific granule marker CD66b is diminished, supporting the involvement of Rab27a
in specific granule trafficking (Herrero-Turrion et al., 2008). Furthermore, it could be
demonstrated that the Rab27a effector Munc13-4, but not SIp1/JFC1, is involved in
gelatinase granule trafficking (Brzezinska et al., 2008, Pivot-Pajot et al., 2008).

Rab27a dependent trafficking of secretory vesicles

Secretory vesicles contain adhesion molecules, receptor and endocytic cargo proteins
(Uriarte et al., 2008) and can be rapidly mobilized, even in response to weak stimulation.
Mobilization of secretory vesicles containing Mac-1 or LFA-1, as well as a4p1 and a5p1
is not affected in Rab27a” or Munc13-47 neutrophils (Brzezinska et al., 2008, Johnson
et al., 2010, Johnson et al., 2011a). In contrast, the surface expression of hyaluronan
receptor CD44 is decreased in Rab27a’ neutrophils, impairing neutrophil recruitment to
the liver (Johnson et al., 2011a).
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1.3 MAMMALIAN STERILE 20-LIKE KINASE (MST)

The Mammalian Sterile 20-like (MST) kinase family (Creasy and Chernoff, 1995), which
is related to the Hippo kinase in Drosophila melanogaster, consists of five different
proteins, which are conserved in all metazoans. These MST kinases can be divided into
two subgroups, with the first group containing MST1 (also called STK4 or KRS2) and
MST2 (also called STK3), and the second group containing MST3 (also called STK24),
MST4 (also called STK26) and YSK1 (Yeast Spsl/Ste20-related kinase 1; also called
STK25 or SOK1) (Figure 1.8 demonstrates the relationship and Table 1.3 gives an
overview on the nomenclature of MST kinases) (Thompson and Sahai, 2015).
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Table 1.3 Table of the nomenclature of MST kinases in different organisms
Adapted from (Thompson and Sahai, 2015)

Organism MST1/ MST2 sub-family MST3/ MST4/ YK1 sub-family
S. cerevisiae Cdc15 Kicl/ Sps1
S. pombe Sid1/ Cdc7/ Shki Nak1 (Orb3)/ Pkp11l
D. melanogaster Hippo Geklll
C. elegans Cstl/2 Gekl
D. rerio STK3 STK24b MST4 STK25b
Mammals MST1/ STK4 MST2/ STK3 | MST3/ STK24 MST4/ MASK MST5/ STK25/ YSK1
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Despite millions of years of divergent evolution, MST family kinases exert similar
functions across eukaryotes. MST family kinases influence cell proliferation, organ size,
cell migration, cell polarity, and cell- and tissue homeostasis (Thompson and Sahai,
2015).

1.3.1 MAMMALIAN STERILE 20-LIKE KINASE 1/2 (MST1/2) SUBFAMILY

Cell division cycle 15 (Cdcl5) in S.cerevisiae was the first MST kinase characterized
(Hartwell et al., 1973, Thompson and Sahai, 2015) and turned out to be crucial for cell
proliferation. Later, Hippo (Hpo) was discovered in D.melanogaster and identified to
control tissue overgrowth by limiting cell proliferation (Halder and Johnson, 2011)
(Figure 1.9). Both, Cdc15 and Hpo, are homologs of the mammalian MST1 and MST2.
Knockout of Mstl and Mst2 (Mst1”Mst2”) in mice causes embryonic lethality,
showing defects in placental development, vascular patterning, primitive hematopoiesis
and regulation of cell proliferation and survival (Oh et al., 2009). Mst1/2 conditional
knockouts in the liver lead to tissue overgrowth and tumorigenesis (Lu et al., 2010, Zhou
et al., 2009) (Figure 1.9). Conditional intestinal Mst1/2 knockouts cause expansion of

stem cell and progenitor cell compartments (Thompson and Sahai, 2015).

a Wild type b hpo clones

£t
¢

fr s

Figure 1.9 Phenotypes of Hippo mutants in D.melanogaster and mice

Scanning electron microscopy of WT (a) and hpo mutant D.melanogaster (b) (Halder and Johnson, 2011).
Liver form 2 month old WT (c) and overgrown liver of 2 month old mice, where Mst1/2 were conditionally
deleted in the liver. Liver of 6 month old WT (e) and liver specific Mst1”Mst2” double knockout with
overgrowth and foci of hepatocellular carcinoma in the later one (Lu et al., 2010). Adapted from (Johnson
and Halder, 2014)
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On a cellular level, hpo is known to control polarization of the F-actin cytoskeleton
and cell migration. These functions are independent of the canonical Hippo pathway,
arguing for a dual role of hpo and an additional non-canonical Hippo pathway (Lucas et
al., 2013). The regulation of MST1/2 kinases is still unclear. Several mechanosensory
systems are under discussion to directly or indirectly activate MST1/2 via cell
(cytoskeleton) and tissue architecture (tissue forces) (Thompson and Sahai, 2015).

MST1 and MST2 share 88% similarity and 76% identity in amino acid (AA)
sequence. Therefore, it is not surprising that Mstl and Mst2 single knockout are viable,
revealing that these two kinases act at least in part in a redundant fashion. Although
Mst1” mice are viable and develop normally, they display severe immunophenotypes

(see below). In contrast, Mst2” mice have no obvious phenotype (Oh et al., 2009).

1.3.2 MAMMALIAN STERILE 20-LIKE KINASE 1 (MST1)

MST1 is ubiquitously expressed with particularly high levels in lymphoid organs (Oh et
al., 2009). Acting as a serine/threonine kinase MST1 has a N-terminal kinase domain, a
coiled coil region, caspase 3 cleavage sites and a C-terminal SARAH domain. The
SARAH domain is a highly conserved dimerization domain and important in regulating
MST1, as it facilitates trans-autophosphorylation of the activation loop of MST1 through
its ability to form antiparallel homodimers. MST1 can be cleaved by caspase 3 at 316 AA
and 349 AA in response to apoptotic stimuli, separating the N-terminal kinase domain
(37 kDa) and the C-terminal SARAH domain (18 kDa) (Thompson and Sahai, 2015)
(Figure 1.10).

Caspase 3 cleavage sites

326 (349

Kinase domain C ocoil

1 487

Figure 1.10 Schematic representation of MST1

STK4/ MST1 is a protein of 487 AA with a N-terminal kinase domain (30- 281 AA), a coiled coil region
(290- 310 AA), caspase 3 cleavage sites (326, 349 AA) and a C-terminal SARAH domain (432- 480 AA)
(Ren et al., 2009)
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MSTL1 signaling can be divided into the canonical and non-canonical Hippo
pathway. In the canonical pathway, activated MST1/2 stimulates Large tumor
suppressor kinase (LATS) kinases, which phosphorylate and inactivate the transcription
factor Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding
motif (TAZ), restricting YAP and TAZ localization to the cytoplasm. Activated YAP and
TAZ act as transcription factor and induce the expression of various genes controlling
growth. Functions of MST1 other than growth and independent from LATS/ YAP/ TAZ
are mediated via the non-canonical Hippo pathway and appear to be cell type specific.
For example, genetic deletion of MST1 in T cells as well as activation of MST1 in HelLa
or NIH-3T3 cells leads to an adhesion defect (Artemenko and Devreotes, 2013, Johnson
and Halder, 2014) (Figure 1.11).

MST1/2 is expected to play important roles in cancer, given the importance in
controlling cell proliferation. Although some mutations and fusions of MST1/2 have been
discovered in some cancer types, those mutations did not appear in high frequency
(Miyanaga et al., 2015).
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During development and within the canonical pathway MST1/2 seem to have
redundant roles. Interestingly, MST1 and MST2 do not act redundantly in immune cells,
possibly reflecting different expression patterns. Loss of MST1 in humans leads to an
immunodeficiency syndrome (Abdollahpour et al., 2012, Crequer et al., 2012, Nehme et
al.,, 2012, Dang et al., 2016, Halacli et al.,, 2015). In addition, single nucleotide
polymorphisms (SNPs) in MST1 are associated with colitis and Crohn’s disease (Nimmo
et al., 2012, Waterman et al., 2011).

1.3.3 FUNCTION OF MST1 IN THE IMMUNE SYSTEM

The expression of murine MST1 is most abundant in lymphoid organs. MST1 is crucial
for T cell selection in the thymus, adhesion, migration, growth and apoptosis (Dong et
al., 2009, Katagiri et al., 2006, Katagiri et al., 2009, Mou et al., 2012, Zhou et al., 2008,
Katagiri et al., 2011). Mst1™ mice display a reduction in splenic white pulp, a decreased
number of peripheral CD4" and CD8" T cells, B220" B cells and absence of marginal
zone B cells (Qin et al., 2013).

The role of MST1 in T cell development in the thymus
During development and maturation in the thymus, T cells undergo selection processes
marked by the surface expression of CD4 and CD8: double negative (DN, CD4°CD8") >
double positive (DP, CD4'CD8") > and single positive (SP, CD4'CD8 or CD4 CD8").
Throughout this selection, immature T cells undergo first a positive followed by a
negative selection resulting in mature SP CD4" and CD8" T cells (Du et al., 2015). MST1
and MST2 expression can be detected in DP T cells and increases in SP T cells (Mou et
al., 2012). In Mst1™ mice the number of SP T cells in the thymus is increased (Dong et
al., 2009, Katagiri et al., 2009), whereas the number of peripheral CD4" and CD8" T
cells is strongly reduced (Dong et al., 2009, Katagiri et al., 2009, Zhou et al., 2008, Choi
et al., 2009). It was shown that MST1 is important for negative selection, but not positive
selection, most likely due to defects in LFA-1/ ICAM-1 mediated adhesion, migration and
antigen recognition (Ueda et al., 2012).

Of note, global deletion of Mst2 did not alter lymphocyte numbers, however
additional elimination of Mst2 in the hematopoietic lineage (Mstl” Mst2""-vavCre
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mouse) led to an aggravated phenotype compared to Mst1l” mice, indicating that MST2

can partially compensate for the loss of MST1 (Mou et al., 2012, Du et al., 2014).

MST1 regulates T cell apoptosis and survival

The severe reduction in peripheral T cells in Mstl” mice is accompanied by a lower
percentage of naive T cells (CD62""CD44°") and a higher percentage of
effector/memory T cells (CD62°"CD44"") (Zhou et al., 2008, Du et al., 2014). This
lymphopenic phenotype is more severe in Mstl” Mst2""—vavCre double knockout mice
(Mou et al.,, 2012), and reflects the phenotype observed in human STK4 deficient
patients (Abdollahpour et al., 2012, Nehme et al., 2012). The decrease of peripheral T
cells is not only due to impaired egress from the thymus, but also due to enhanced cell
death (Dong et al., 2009, Katagiri et al., 2009), indicating that MST1 is required for
maintaining survival and inhibiting apoptosis, however the exact mechanism is still
unclear given that results from different groups vary dramatically and are sometimes
contradictory (Du et al., 2015).

MST1 dependent T cell migration and homing

MST1 is critical for lymphocyte trafficking by controlling the proper organization of LFA-1
at the leading edge (Du et al., 2015), a major adhesion molecule involved in T cell
trafficking. The study by Katagiri et al. provided the first evidence, showing that
knockdown of MST1 in T cells affected LFA-1 activation/ clustering, T cell polarization
and adhesion in response to chemokine or TCR stimulation (Katagiri et al., 2006) and
was later confirmed in Mstl” T cells (Katagiri et al., 2009, Zhou et al., 2008, Xu et al.,
2014). Consistently, Mst1” mice display defective migration, antigen recognition (Ueda
et al., 2012), impaired thymocyte egress (Mou et al., 2012, Dong et al., 2009, Katagiri et
al., 2009) and decreased lymphocyte homing (Dong et al., 2009, Katagiri et al., 2009,
Zhou et al., 2008).

Functional studies using Mstl-deficient mice showed that MST1 is involved in
lymphocyte trafficking by controlling exocytosis and localization of lymphocyte function-
associated antigen 1 (LFA-1; aLB2) in the plasma membrane (Nishikimi et al., 2014).
After chemokine stimulation, MST1 is activated and associates with the cytoplasmic tail
of the a, subunit via Rap1-RAPL (Katagiri et al., 2006, Katagiri et al., 2003).
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Then, MST1 activates Rab13 by promoting phosphorylation DENND1C, the guanine
nucleotide exchange factor (GEF) for Rab13. MST1 together with activated Rab13 leads
to the translocation of LFA-1 containing vesicles along actin filaments in a myosin Va-
dependent manner (Nishikimi et al., 2014). In addition, MST1 promotes polymerization
of F-actin, by phosphorylating VASP, crucial for the Rabl13-dependent mobilization of
LFA-1 containing vesicles (Nishikimi et al., 2014, Du et al., 2015) (

Figure 1.12). Mou et al. further demonstrated that MST1/2 are required for chemokine
induced T cell migration and actin polarization by regulating Rho GTPase activation by
enhancing Mob1l phosphorylation and its association with Dock8, a RaclGEF (Mou et
al., 2012).

Role of MST1 in B cells

The reduction of peripheral B cells in Mstl” mice is accompanied by a decreased
number of splenic marginal zone B cells, reduced B cells adhesion and trafficking (Dong
et al., 2009, Katagiri et al., 2009, Zhou et al., 2008). In contrast to T cells, little is known
on the function of MST1 and MST2 in B cells. One study by Salojin et al. demonstrated
that B cells from Mst1” mice have decreased responsiveness to B cell mitogen in vitro

and defective IgE production in vivo (Salojin et al., 2014).

Role of MST1 in eosinophils

Both MST1 and MST2 are expressed in eosinophils. However only MST1 gets activated
during apoptosis by caspase cleavage, suggesting a role for MST1 in the regulation of
eosinophil apoptosis (De Souza et al., 2002). Interestingly, the same study reported no
expression of MST1 in neutrophils (De Souza et al., 2002).
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1.3.4 HumAN STK4 DEFICIENCY

MST1 emerges as a critical regulator of lymphocyte function and autoimmunity.
Recently, five independent groups identified mutations in the serine/threonine protein
kinase 4 (STK4) in human patients causing a novel primary immunodeficiency, called
STK4 deficiency. This disorder is caused by an autosomal recessive honsense mutation
in STK4, which encodes for Mstl. So far, three patients form a consanguineous Iranian
family (Abdollahpour et al., 2012), six patients form three consanguineous unrelated
Turkish families (Halacli et al.,, 2015, Nehme et al., 2012), one patient from a
consanguineous family of Senegalese origin living in France (Crequer et al., 2012) and
three patients of a consanguineous family of unpublished origin (Dang et al., 2016) have
been reported. Taken together, so far 16 patients from 6 consanguineous unrelated
families were diagnosed with STK4 deficiency, resulting from 6 different nonsense
mutations in STK4 gene (Abdollahpour et al., 2012, Crequer et al., 2012, Nehme et al.,
2012, Dang et al., 2016, Halacli et al., 2015) (Table 1.4, Figure 1.13).

Table 1.4 STK4 mutations revealed in patients

DNA sequence  Amino acid Commonly used Site of Type of Reference

change change nomenclature mutation mutation

¢.58-61delATAG p.Glu22X E22X Exon 2 Nonsense (Halacli et al., 2015)
c.C>T p.Arg115X R115X Exon 4 Nonsense (Crequer et al., 2012)
€.349C>T p.Arg117X R117X Exon 4 Nonsense (Nehme et al., 2012)
c.442C>T p.Arg148X R148X Nonsense (Dang et al., 2016)
C.750G>A p.Trp250X W250X Exon 7 Nonsense (Abdollahpour et al., 2012)
€.1103delT p.369X 369X Nonsense (Nehme et al., 2012)

Caspase 3 cleavage sites

326 349
] Kinase domain Cbcoil

1 ‘ 487
E22X R1156X \R148X W250X 1103delT 369X
R117X

Figure 1.13 Schematic representation of human mutations in STK4/ MST1
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Patients with STK4 deficiency suffer from T cell lymphopenia, with a low
proportion of naive T cells and a high proportion of effector T cells, and an impaired
T cell response (Nehme et al., 2012). Additional neutropenia and heart malformations
could be observed in some patients (Abdollahpour et al., 2012). Patients also display
recurring bacterial, viral and fungal infections together with an autoimmune
manifestation and their life expectancy is very short unless successfully transplanted. In
particular, STK4 deficient patients frequently suffer from recurrent pulmonary infections,
are susceptible to candidiasis, non-regressing cutaneous warts caused by multiple types
of human papillomavirus infection and skin abscesses (Abdollahpour et al., 2012,
Crequer et al., 2012, Nehme et al., 2012). Furthermore, different autoantibodies are
detectable in these patients, indicative for autoimmune diseases (Abdollahpour et al.,
2012, Nehme et al., 2012). Finally, T cells as well as neutrophils from STK4 deficient

patients show increased susceptibility to apoptosis (Abdollahpour et al., 2012).

In contrast to STK4 deficient patients, no increased susceptibility to bacterial, viral
and fungal infections have been reported for Mst1” mice, yet. However, similar to STK4
deficient patients, Mst1” mice are prone to autoimmune diseases (Du et al., 2014, Ueda
et al.,, 2012). Several studies suggest, that the major cause of autoimmune disease in
Mst1” mice is the impaired function of regulatory T cells (Tregs) in absence of MST1
(Du et al., 2014, Tomiyama et al., 2013).

While lymphopenia may explain a major part of the clinical manifestation.
Impaired responses to acute infections imply an additional defect in myeloid cell function
(Abdollahpour et al., 2012, Crequer et al., 2012, Nehme et al., 2012, Dang et al., 2016,
Halacli et al., 2015).
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2 AIM OF THE THESIS

Children suffering from a novel primary immunodeficiency disorder, caused by nonsense
mutations in STK4, suffer from lymphopenia, recurring bacterial, viral and fungal
infections and their life expectancy is very short unless successfully transplanted.
Furthermore, the group of Prof.Dr. Christoph Klein (LMU, Minchen) also reported
intermitted neutropenia (Abdollahpour et al., 2012), which together with the impaired
response to acute bacterial and fungal infections suggests an additional defect in
myeloid cell function.

Until now, little is known about the function of MST1 in myeloid cells, especially in
neutrophils. Therefore, in this study the function of MST1 in neutrophils during acute
inflammation in humans and mice was elucidated, hypothesizing that the loss of MST1

leads to defective myeloid cell trafficking.

The specific aims of the thesis include:

e to identify potential defects in neutrophil rolling and slow rolling in the
absence of MST1

e to uncover any impairment in neutrophil firm adhesion and neutrophil crawling
in Mst1” mice

e to reveal putative neutrophil transmigration defects in the absence of MST1

e to elucidate impaired interstitial migration in Mst1” mice
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3 MATERIALS

3.1 LABORATORY ANIMALS

Materials

Mst1” mice were generated and provided by Dae Sik Lim, Biomedical Research Center,

Korea Advanced Institute of Science and Technology, Daejon, Korea (Oh et al., 2009).

Lyz2°FP (Faust et al., 2000) were generously provided by Thomas Graf, Centre for
Genomic Regulation, Barcelona,

Spain.

Mstl” x Lyz2°" were created by

crossbreeding. C57BL/6 wild type (WT) mice were obtained from Janvier Labs (Saint

Berthevin, France). All mice were maintained and bred at the Walter Brendel Center for

Experimental Medicine, Ludwig Maximilians Universitat, Munich, Germany. Animal

experiments were approved by Regierung von Oberbayern, Germany, AZ 55.2-1-54-

2531-149/10 and AZ 55.2-1-54-2532-34/14.

Table 3.1 Mouse strains used in this thesis

Strain Background Genotype Reference Source
wild type (WT) C57BI/6 Wild type In-house facility
Lyz2®™* C57Bl/6 Lyz2®™F* Faust et al., 2000  In-house facility
Mst1™ C57BI/6 Mst1™” Oh et al., 2009 In-house facility
Mstl” x Lyz2°™"  C57BI/6 Mst1” x Lyz2°"™ In-house breeding  In-house facility
3.1.1 GENOTYPING
Detailed PCR protocol for Lyz2%" and Mst1” mice

Number of cycles 35

Initial denaturation 95°C 3 min

Denaturation 95°C 15 sec

Annealing 60°C 15 sec

Extension 72°C 15 sec

Final extension 72°C 7 min
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Table 3.2 Primers used for genotyping

Primer Oligoname 5-3’ Company
MST1 M1 NestF Fw GTCCATAAGGTTCTAGCGTG metabion
MST1 M1 NestR Rv Mst1™” AGGTGTGGCACAATCGCATG metabion
MST1 Puro NestR RvWT ATGCTCCAGACTGCCTTGGG metabion
Lyz2°" MLYSUP Fw AGGCTGTTGGGAAAGGAGGG metabion
Lyz2°" MLP1 RvWT TCGGCCAGGCTGACTCCATA metabion
Lyz2®F EGFPDWN Rv Lyz2°™" GTCGCCGATGGGGGTGTT metabion

3.2 CELL LINES

1G11 murine lung endothelial cell line (Dong et al., 1997); generously provided
by Annunciata Vecchi, Humanitas Research Hospital, Milan, Italy.

3.3 BUFFERS AND SOLUTIONS

Superfusion buffer
131.89 mM NaCl
4.68 mM KCI
2.66 mM CaCl,
2.13 mM MgCl,

18 mM NaHCO,

HBSS buffer 1L

1 mM MgCl2 0.038 ¢

1 mM CaCl2 0.044 ¢

0.1% Glucose

HBSS™ buffer 250 ml
HBSS 250 mi

0.25% BSA 625 mg

10 mM Hepes 596 mg

adjustthe pHto 7.4
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Annexin binding buffer
10 mM Hepes/NaOH
140 mM NaCl

2.5 mM CaCl2

adjust the pH to 7.4

1.5M Tris-HCI, pH8.8
Tris base
adjust the pH to 8.8

0.5M Tris-HCI, pH 6.8
Tris base
adjust the pH to 6.8

TBS buffer (10x)
Tris base
NacCl
Adjust to pH 7.5

TBS-T buffer
100 ml 10x TBS buffer
Tween-20

SDS Running buffer (10x)
Tris base
Glycine
SDS

Blotting buffer (10x)
Tris base
Glycine

To make 1 L of 1x blotting buffer
100 ml blotting buffer (10x)
25ml Methanol (fresh)

Add H,0 to a final volume of 1 L

Materials

500 ml
1.19¢
4.09 g
0.14 g

1L
181.5 g

1L
60g

1L
30.39
80¢g

1L
1ml

1L
30.3g
144 g
10g

1L

30.3 9
144 g
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modified RIPA lysis buffer
150 mM NaCl

1% Triton X-100

0.5% sodium deoxycholate

50 mM Tris-HCI, pH 7.3

2 mM EDTA

1x protease inhibitor mixture [Roche]

1x phosphatase inhibitor cocktail 1+2 [Sigma-Aldrich]

5x Laemmli sample Buffer 50 ml
1M Tris-HCI, pH 6.8 15 ml

1% SDS 59

50% Glycerin 25 ml
B-Mercaptoethanol 10 ml
Bromphenol blue 125 mg

store at -20°C

FACS buffer
1% BSA
in PBS

Narcotic Ketamin/Xylazin

125 mg kg Ketamin

25 mg kg? Rompun 2% (Xylazin)
in NaCl

3.4 MEDIA

Medium for 1G11 murine endothelial cells

DMEM (low Glucose) 500 mi
1% non-essential amino acids
1 mM L-Glutamine
1mM Na-pyruvate
100 pg/ml Heparin
20% FCS
1 mM Penicillin/ Streptavidin
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3.5 SUBSTANCES

Materials

Table 3.3 Recombinant Proteins

Substance

Company

rmCXCL1 (Kc)

Preprotech

rmICAM-1 R&D Systems
rmTNF-a R&D Systems
rmE-selectin R&D Systems
rmPECAM-1 R&D Systems
fMLP Sigma

Table 3.4 Fluorescent substances

Substance Company
Strepatvidin PE-Cy5 BD
Streptavidin Alexa Fluor 647 Invitrogen

DQ™ Gelatin

Life Technologies

T-MRE Molecular Probes, Mobitech
TO-PRO3 Invitrogen

Neutrophil Elastase 680 Fast'" Perkin Elmer

Table 3.5 Other substances

Substance Company
Acrylamid

Agarose UltraPure Invitrogen
Antibody Diluent with Background Reducing Components Dako

BSA (bovine serum albumin) PAA Laboratories
Bromophenol Blue sodium salt Sigma
Chemiluminescent HRP Substrate Immobilon Western Millipore

Direct PCR Lysis Reagent (Tail) peQLab

DMEM, low glycose PAA Laboratories
DMSO Sigma

DNA Ladder 100bp peQLab
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Materials

EDTA

FCS (fetal calf serum), heat-inactivated

FACS lysing solution

Flow-Count™ Fluorosperes

Fluoromount-G
N-Formylmethionyl-leucyl-phenylalanine (fMLP)
Gelatine

Glutamax

Glycerin

Heparin-Natrium-25000

Isopropanol/ 2-Propanol

Ketavet (100mg/ml)

NacCl

Natural mouse laminin

Liberase™ research grade purified enzyme
B-Mercaptoethanol

Penicillin-Streptomycin, liquid

Percoll, pH 8.5 -9.5

PermaFluor

Precision Plus Protein Kaleidoscope Standards Western
Phorbol 12-myristate 13-acetate (PMA)
Phosphatase Inhibitor Cocktail 2

Phosphatase Inhibitor Cocktail 3
Polymorphoprep

Protease Inhibitor Cocktail, cOmplete™, mini, EDTA-free
PermaFluor

SDS ultra pure

Tris base, Tris(hydroxymethyl)-aminomethan
Triton X-100

Turk’s solution

Tween20

Invitrogen
BD

Beckman Coulter

Biozol/ Southern Biotech

Sigma
Sigma
Invitrogen
Roth
Ratiopharm
Roth

Pharmacia GmbH

Fresenius Kabi GmbH

Life technologies
Roche

Sigma

Invitrogen
Sigma

Thermo Sientific
BioRad

Sigma Aldrich
Roche

Roche
Axi-Shield PoC AS
Roche
Thermoscientific
Roth

MERCK

Appli Chem
MERCK
MERCK
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3.5.1 ANTIBODIES
Table 3.6 Primary antibodies

h — human, m — mouse
Antibody Dye Reactivity Isotype Clone company
CD11a (LFA-1) - rat antim IgG2a,k 2D7 BioLegend
CD11a (LFA-1) Alexa Fluor 546 rat anti m IgG2a,k 2D7 BioLegend
CD11a (LFA-1) APC rat antim IgG2a,k M17/4 eBioscience
CD11b (Mac-1) - rat anti m 1gG2b,k M1/70 BioLegend
CD11b (Mac-1) PE rat anti m 1gG2b,k M1/70 BioLegend
CD11b (Mac-1) Brilliant Violett 510 rat anti m 1gG2b,k M1/70 BioLegend
CD16/CD32 - rat anti m lgGa,A 93 BioLegend
(mouse Fc-bock)
CD18 FITC rat anti m IgG2a,k C71/16 Pharmingen
CD31 (PECAM-1) - rat anti m IgG2a,k 390 BioLegend
CD31 (PECAM-1) Alexa Fluor 647 rat anti m IgG2a,k 390 BioLegend
CD31 (PECAM-1) Alexa Fluor 488 rat anti m IgG2a,k MEC13.3 BiolLegend
CD44 Brilliant Violett 570 rat anti h, m 1gG2b,k IM7 BioLegend
CD45 PerCp-Cy5.5 rat anti m IgG2b,k 30-F11 BioLegend
CD49c (VLA-3) - mouse anti m lgG1 42/CD49c BD
CDA49f (VLA-6) Alexa Fluor 647 rat anti h, m IgG2b GoH3 BioLegend
CD62E - rat anti m IgG1 9A9 InVivo
CD62L FITC rat anti m IgG2a,k MEL-14 BioLegend
CD62P - rat anti m IgG1 RB40.34 InVivo
CD115 APC
CD162 (PSGL-1) PE rat anti m 1gG1 2PH1 Pharmingen
CD182 (CXCR2) APC rat anti m IgG2a 242216 R&D
ESAM-1 - Rabbit anti m D.Vestweber
GAPDH - Mouse anti IgG1 6C5 Calbiochem
JFC1/ Slp1 rabbitantih, m  1gG Santa Cruz
Laminin alpha 5 - rat anti m 19G 4G6 L.Sorokin, Munster
Ly6G eFluor 405 rat anti m IgG2a,k 1A8 BioLegend
Ly6G/Ly6C (Gr-1) eFluor 405 rat anti m lgG2b RB6-8C5  BioLegend
MRP14 (S100A9) - rabbit anti m polyclonal  T.Vogl, Munster
MST1 - rabbit anti h, m polyclonal  CellSignaling
MST1 - rabbitantih, m 1gG polyclonal  Upstate
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MST2 - rabbit anti h, m polyclonal  CellSignaling
Muncl3-4 - rabbitantih, m IgG polyclonal proteintech
Neutrophil

- rabbit antih, m  1gG polyclonal  Abcam
Elastase
Rab27a - sheep antih,m IgG polyclonal R&D
RAPL (Norel, ) )

- rabbitantih, m IgG polyclonal Abcam
Rassfb)
Isotype control FITC rat anti m IgG2a,k eBioscience
Isotype control PE rat antim IgG1 eBioscience
Isotype control APC rat anti m IgG2a RTK2758 BiolLegend
Isotype control Brilliant Violett 570 rat anti h, m 1gG2b,k RTK4530 BioLegend
Isotype control eFluor 405 rat anti m IgG2a,k BioLegend
Isotype control eFluor 405 Rat antim 1gG2b eBioscience
Table 3.7 Secondary antibodies
Antibody Conjugated Company
goat anti-human Fcy Biotin eBioscience
donkey anti-rabbit Alexa Fluor® 488 Invitrogen
donkey anti-rat Alexa Fluor® 488 Invitrogen
goat anti-mouse Alexa Fluor® 488 Invitrogen
donkey anti-sheep Alexa Fluor® 488 Invitrogen
goat anti-rat Alexa Fluor® 555 Invitrogen
goat anti-mouse Alexa Fluor® 546 Invitrogen
goat anti-rat Alexa Fluor® 546 Invitrogen
goat anti-rabbit Alexa Fluor® 546 Invitrogen
donkey anti-goat Alexa Fluor® 548 Invitrogen
donkey anti-rabbit Alexa Fluor® 647 Invitrogen
goat anti-rat Alexa Fluor® 647 Invitrogen
donkey anti-rabbit Brilliant Violet™ 510 BioLegend

goat anti-mouse IgG (H+L)
goat anti-rabbit (IgG H+L)

donkey anti-sheep

HRP
HRP
HRP

Jackson Immuno
Jackson Immuno

Jackson Immuno
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3.6 KiITS

Materials

Alexa Fluor® 546 antibody labeling Kit
pHrodo™ E.coli BioParticles® Phagocytosis Kit
EasySep mouse neutrophil enrichment Kit
Mouse MPO ELISA Kit

3.7 EQUIPMENT

Molecular Probes/ Invitrogen

Invitrogen

STEMCELL Technologies

Hycult biotech

Intravital BX51WI microscope
TrimScope

Confocal microscope SP5
ProCyte Dx

Gallios flow cytometer
Rotina 420R

Centrifuge 5427R

Table centrifuge

pH meter 720

Pipetts, Research Plus
Protein Electrophoresis and Blotting
Power Supplies
Vortex-Genie 2

Rocker 3D basic
Incubator

Peq MIX Plus

Thermo Mixer F1.5

PCR machine T Advanced
Compact Muli-Wide
Balance AB 104-S-A
Nano Drop 2000

ORCA system

Olympus

LaVision Bio Tec,
Leica

IDEXX Laboratories
Beckman Coulter
Hettich

Eppendorf

Labnet International
InoLab

Eppendorf

BioRad

BioRad

Scientific Industries
IKA

Binder

PeqgLab

Eppendorf
Biometra

Biometra

Mettler Toledo
Thermo Scientific

Hamamatsu
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3.8 CONSUMABLES

Materials

Cell strainer, 40um Nylon
6-Well plate

24-Well plate

96-Well plate

24-Well transwell plate, 5um pore size

Multiscreen filterplate, 3um pore size

Transport receiver plate
Flask, 25cm?

Flask, 75cm?

Flask, 175cm?

Syringe, 1, 10ml
Syringe, 2,5,20ml|
Cannulaes

Tube, 5ml

Tube, 15ml

Tube, 50ml

Pipettes, 1, 2, 5, 10, 25ml

Pasteur Pipetts

3.9 SOFTWARE

Falcon, Corning
Corning
Corning
Corning
Corning
Millipore
Millipore
Corning
Corning
Corning

Braun

BD

BD

BD Falcon
Greiner

Falcon, Corning
Corning

Brand

Kaluza 1.3
Prism 6.05
Image J 1.49
Imspector Pro

Imaris 7

Adobe Photoshop & lllustrator CS6

EndNote X7.4
Wasabi

Beckman Coulter
Graphpad

National Institute of Health
LaVision Biotech

Bitplane

Adobe

Thomson Reuter

Hamamatsu
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4 METHODS

4.1 NEUTROPHIL RECRUITMENT IN VIVO

4.1.1 CONVENTIONAL INTRAVITAL MICROSCOPY OF THE MOUSE CREMASTER MUSCLE

Anesthetized mice (using 125 mg kg'1 Ketamin and 25 mg kg™ Xylazin 2%) were
intubated (plastic tube inner diameter (ID):0.76 mm; outer diameter (OD): 1.22 mm) and
a carotid artery catheter (plastic tube 1D:0.28 mm; OD: 0.61 mm) was placed to inject
blocking antibodies and collect whole blood for analysis using ProCyte Dx (IDEXX
Laboratories). The cremaster muscle was exteriorized and a superfusion buffer -
preheated and saturated with 95% N, and 5% CO, was used to moisturize the tissue
and reduce oxygen levels. Venules were recorded for at least 1 min by intravital
microscopy (Olympus BX51WI microscope, water immersion objective 40x, 0.80 NA,
Olympus; CCD camera, CF8/1, Kappa). Thereafter, rolling flux fraction (rolling cell min™
divided by all neutrophils passing the vessel min™), rolling velocity and neutrophil
adhesion efficiency (number of adherent neutrophils mm™ divided by the systemic
neutrophil count) determined, as described before (Pruenster et al., 2015). Postcapillary
venules ranged from 20-40 um in diameter. Blood flow velocity was measured using a
dual photodiode connected to a digital on-line temporal intensity cross-correlation
program (Circusoft Instrumentation, Hockessin, USA,; originally developed by Wayland &
Jonson 1967). Microvascular parameters (venular diameter, venular vessel segment

length) were determined using Fiji software (Schindelin et al., 2012).

Trauma induced cremaster muscle model and CXCL1 induced adhesion

The trauma induced cremaster muscle model was used to observe leukocyte
recruitment under mild inflammatory conditions in WT and Mst1” mice (Ley et al., 1995).
Briefly, the cremaster muscle was exteriorized and superfused for 20 min before
recoding venules.

In a second step, a venule was recorded before CXCL1 (Kc) injection, whole
blood was collected and 600 ng CXCL1 was injected i.v. through the carotid artery
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catheter. One minute after CXCL1 injection the same venule was recorded again for 1

min and the number of adherent neutrophils was compared.

TNF-a induced cremaster muscle model

Leukocyte recruitment in TNF-a stimulated mouse cremaster muscle venules was
observed in WT and Mst1”™ mice, as previously described (Frommhold et al., 2010).
Briefly, 2 h after intrascrotal injection of TNF-a (500 ng mouse™) the cremaster muscle
was exteriorized and rolling flux fraction (rolling cell min™ divided by all neutrophils
passing the vessel min™), rolling velocity and neutrophil adhesion efficiency (number of
adherent cells mm™ divided by the systemic neutrophil count) determined by intravital
microscopy. Injection of anti-mouse E-selectin (clone 9A9, 30 ug, i.v.), anti- mouse P-
selectin (RB40.34, 30 pg, i.v.), anti-mouse L-selectin (MEL14, 30 pug, i.v.), anti-mouse
LFA-1 (TIB 217, M17/4.4.11.9, 100 pg i.p., one hour prior stimulation), anti-mouse Macl
(TIB 218, M1/70.15.11.5HL, 100 pg i.p., one hour prior stimulation), and anti-mouse
ICAM-1 (YN1/1.7.4, 100 pug i.p., one hour prior stimulation) were used to alter rolling and
adhesive properties.

4.1.2 MULTI-PHOTON INTRAVITAL MICROSCOPY OF THE MOUSE CREMASTER MUSCLE

Extravasation of neutrophils into the inflamed mouse cremaster muscle of
Lyz2®" (Faust et al., 2000) and Lyz2°F" x Mst1” mice was investigated by multi photon
microscopy (Woodfin et al., 2011). Briefly, TNF-o. (500 ng mouse™) and a rat anti-mouse
PECAM-1 antibody labeled with Alexa Fluor 546 (clone 390; labeled ‘in house’ with
monoclonal antibody labeling kit; 3 pg) were injected into the scrotum of mice. One hour
later, the cremaster muscle was prepared for intravital multi photon microscopy. Z-stacks
of postcapillary venules between 20-40 pum in diameter were captured using a
TrimScope (LaVision Bio Tec (Rehberg et al., 2011), upgraded with Hamamatsu
H7422A-40 high sensitivity GaAsP photomultipliers; Olympus XLUMPIlanFI, 20x water
immersion objective, 0.95 NA, 810 nm excitation, 390/80 for SHG signal, ultra-sensitive
port (USP) 525/50 for GFP, 580/60 for PECAM1-Alexa Fluor 546 detection). Images
were acquired by sequential scans at a resolution of 966 x 966 pixels, corresponding to
300 x 300 um. Stacks of images with a step size of 4 um were acquired at intervals of 30

seconds. After acquisition, sequences of z-stacks were processed and analyzed using
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Imaris 7 and Fiji software. Transmigration time was defined from the point neutrophils
started to transmigrate (excluding intraluminal crawling) until they completely detached

from the abluminal vascular wall.

Laser induced injury using multi-photon intravital microscopy

Neutrophil swarming to the site of injury was observed in Lyz2°™ and Lyz2°™ x
Mst1” mice. Four h after intrascrotal injection of TNF-a. and one hour after anti-mouse
PECAML1 Alexa Fluor 546 antibody intrascrotal injection, a laser injury was induced in
the cremaster muscle using high laser power by scanning an area of 50 x 50 um 121
times in the center of 500 x 500um. Images were acquired for 30 min as described
above. The GFP intensity, which is proportional to the number of neutrophils at the site

of injury, was analyzed using Fiji software.

4.1.3 TNF-a INDUCED NEUTROPHIL EXTRAVASATION INTO THE PERITONEAL CAVITY

WT and Mst1” mice were intraperitoneally injected with NaCl (control) or TNF-a
(rmTNF-a, 1 pug mouse™). Mice were sacrificed 2 h later and peritoneal lavage
performed using 5 ml ice-cold PBS. Cells were collected and stained with a rat anti-
mouse Ly6G Pacific Blue antibody (1A8). Number of extravasated neutrophils was
measured by using a Beckman Coulter Gallios™ flow cytometer with Flow-Count™

Fluorospheres and analyzed using Kaluza® Flow Analysis Software.

4.2 FLOW CHAMBER ASSAYS

4.2.1 MURINE EX VIVO FLOW CHAMBER SYSTEM

To investigate adhesion under flow conditions we used a previously described flow
chamber system (Yang et al., 2012). Glass capillaries (Rect.Boro Capillaries 0.04 x 0.40
mm ID VitroCom, Mountain Lakes, USA) were coated overnight with combinations of E-
selectin (CD62E, rmE-selectin Fc chimera, 20 ug ml™), ICAM-1 (rmICAM-1 Fc chimera,
15 pg mi™) and CXCL1 (rmCXCL1, 15 ug ml™). Flow chambers were auto perfused with
whole blood from WT or Mst1” mice via a carotid artery catheter with a shear stress of

2.7 dyne cm™. One representative field was recorded (Olympus BX51WI microscope
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with a CCD camera CF8/1, Kappa, Germany; water immersion objective x20, 0.95 NA,

Olympus). Number of adherent cells was determined using Fiji software.

4.2.2 LFA-1 CLUSTERING UNDER FLOW CONDITIONS

In order to investigate LFA-1 clustering during neutrophil adhesion under flow conditions,
flow chambers were perfused (2 pl min™®) with whole blood from WT or Mst1” mice,
incubated with rat anti-mouse LFA-1 Alexa Fluor 546 antibody (2D7, labeled ‘in house’
with monoclonal antibody labeling kit; 2.5 ug ) for 10 min. Adherent cells were imaged

using confocal microscopy (Leica System SP5, 63%, 1.4 NA oil objective, xyzt- series).

4.2.3 HUMAN FLOW CHAMBER SYSTEM

In order to investigate adhesion of human neutrophils under flow conditions we used a
previously described flow chamber system (Nussbaum et al., 2013). Glass capillaries
(Rect.Boro Capillaries 0.2 x 2 mm ID VitroCom, Mountain Lakes, USA) were coated
overnight with combinations of E-selectin (thCD62E Fc chimera, 5 pg mi™), ICAM-1
(rhICAM-1 Fc chimera, 4 pg ml™*) and CXCLS8 (interleukin8, IL-8; rhCXCL8, 5 ug ml™).
Whole blood was isolated from two patients with STK4 deficiency and their
heterozygous parents in Hannover, Germany and sent to Munich for analysis. Flow
chambers were perfused with Polymorphoprep™ purified blood neutrophils (2 x 10° mI™)
from parents (STK4™") or STK4™ patients using a high precision pump with a shear rate
of 2 dyne cm™? One representative field of view was recorded (Olympus BX51WI
microscope with a CCD camera CF8/1, Kappa, Germany; water immersion objective
20x, 0.95 NA, Olympus). Number of adherent cells was determined. Experiments were

approved by the ethical committee, LMU, Germany, AZ 66-14.

41



Angela R.M. Kurz Methods

4.3 FLUORESCENCE ACTIVATED CELL SORTING (FACS)

4.3.1 NEUTROPHIL AND MONOCYTE DIFFERENTIATION

To differentiate between neutrophils and monocytes, antibodies against CD45 and
CD11b were used to gate CD45"%" CD11b" myeloid cells. To further differentiate
antibodies against CD115 and Gr-1 were used to identify neutrophils (Gr-1"9", CD115),

inflammatory (Gr-1"9", CD115%) and non-inflammatory monocytes (Gr-1", CD115").

4.3.2 SURFACE EXPRESSION ON NEUTROPHILS

Surface expression of aL (LFA-1, CD1la, M17/4), aM (Mac-1, CD11b, M1/70),
CXCR2 (CD182, 242216), CD44 (CD44, IM7), PSGL1 (CD162, 2PH1) und L-selectin
(CD62L, MEL-14) of bone marrow and blood derived Ly6G"* (Ly6G, 1A8) neutrophils
from WT and Mstl” mice was compared using a Beckman Coulter Gallios™ flow

cytometer and analyzed using Kaluza® Flow Analysis Software (Beckman Coulter).

4.3.3 SELECTIN BINDING TO NEUTROPHILS

E- and P- selectin binding was performed as described previously (Borsig et al., 2002).
Briefly, whole blood was isolated from WT and Mst1” mice and incubated with an Fc-
blocking antibody for 15 min at 4°C. Meanwhile selectin-chimeras were pre-complexed
by incubating P- or E-selectin hFc chimera (3.6 pg) with goat anti- human Fc gamma-
biotin in 100ul HBSS buffer for 20 min at room temperature. Cells were incubated with
pre-complexed selectin-chimera with or without EDTA (10mM) for 50 min at 4°C. EDTA
served as a negative control due to its ability to form complexes with Ca®* and Mg*",
both cations are required for selectin binding. Cells were fixed (FACS Lysing Solution),
stained with streptavidin PE-Cy5 and rat anti-mouse Ly6G-Pacific Blue antibody (1AS8)
and measured using a Beckman Coulter Gallios™ flow cytometer. For the analysis,

Kaluza® Flow Analysis Software was used.
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4.3.4 SoLUBLE ICAM-1 BINDING TO NEUTROPHILS

A soluble ICAM-1 binding assay was performed as described previously (Lefort et al.,
2012). Briefly, bone marrow neutrophils were isolated from WT and Mst1” mice using a
Percoll gradient. Cells were suspended in complete HBSS™ buffer. Cells were
stimulated with 100 ng ml* CXCL1 or an equal volume of HBSS* buffer, in the
presence of ICAM-1 (rmICAM-1 hFc chimera, 20pg ml™), goat anti-human Fc gamma-
biotin and Streptavadin — PerCP-Cy5.5 for 3 min at 37°C. Cells were fixed, stained with
rat anti-mouse Ly6G-Pacific Blue antibody (1A8) and measured using a Beckman
Coulter Gallios™ flow cytometer. For the analysis, Kaluza® Flow Analysis Software was

used.

4.3.5 PHAGOCYTOSIS

Phagocytic capacity of neutrophils was evaluated using pHrodo™ E.coli BioParticles
Phagocytosis Kit according to manufacturer. Briefly, whole blood from WT and Mst1™”
mice was incubated with pHrodo particles for 15 min at 4°C or 37°C. A rat anti-mouse
Grl-eFluor 405 antibody was used to identify neutrophils (Grlhi). Using the pHrodo™
dye fluorescence intensity of WT and Mstl™ neutrophils was evaluated by using a

Beckman Coulter Gallios™ flow cytometer.

4.3.6 NEUTROPHIL VIABILITY

Viability and apoptosis rate of neutrophils was evaluated using T-MRE
(tetramethylrhodamine) and TO-PRO3, respectively. The positively charged dye, T-MRE
accumulates in active mitochondria due to their relative negative charge. Depolarized or
inactive mitochondria with decreased membrane potential fail to gather T-MRE, making
it suitable to indicate live cells (Barteneva et al., 2014). TO-PRO3 is taken up by
apoptotic cells via pannexin 1 channels (Poon et al., 2014). Briely, isolated neutrophils
were cultured in HBSS™ buffer for 0, 24, 48 and 72 h. Afterwards cells were stained with
T-MRE, TO-PRO3 and anti- Ly6G- PB antibody and measured using a Beckman Coulter
Gallios™ flow cytometer.
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4.3.7 NUMBER AND VIABILITY OF NEUTROPHILS WITHIN THE CREMASTER MUSCLE

In order to evaluate the total number of neutrophils within the whole cremaster muscle,
TNF-a (500 ng mouse™) was injected into the scrotum of WT and Mstl” mice. Two
hours later, the cremaster muscle was exteriorized, dissected and digested with
Liberase (0.25 mg ml™) for 1 h at 37°C. Cells were stained with rat anti-mouse Ly6G PB
antibody (1A8), T-MRE and TO-PROS3. The number of neutrophils and the viability was
measured by using a Beckman Coulter Gallios™ flow cytometer with Flow-Count™

Fluorospheres and analyzed using Kaluza® Flow Analysis Software.

4.4 NEUTROPHIL ISOLATION

4.4.1 MURINE NEUTROPHIL ISOLATION

For murine neutrophil isolation either percoll density gradient centrifugation was
performed or EasySep mouse neutrophil enrichment Kit was used according to the

manufacturer (StemcCell).

Isolation of murine neutrophils using percoll density gradient centrifugation
The principle of percoll gradient centrifugation was used to separate murine neutrophils.
Briefly, two layers of percoll - lower layer with a density of 1.11 g ml* and an
intermediate layer with a density of 1.08 g ml™ — are carefully applied. Thereafter, diluted
whole blood or bone marrow was applied to the top. After 30 min centrifugation at 1000
g without break, the second interphase containing enriched neutrophils was carefully
transferred.

4.4.2 HUMAN NEUTROPHIL ISOLATION

To isolate human neutrophils, venous whole blood was collected using syringes (40 unit
heparin ml™). Whole blood was carefully applied on top of a layer of Polymorphoprep™.
After 30 min centrifugation at 500 g without break, the interphase containing enriched

neutrophils was carefully transferred.
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4.5 IMMUNOFLUORESCENCE

4.5.1 CREMASTER WHOLE MOUNT STAINING

TNF-a (500 ng mouse™) was applied to the scrotum of WT and Mst1” mice. After 2 h the
mouse cremaster muscle was dissected and fixed with 4% PFA for 1 h, permeabilized
and blocked for 2 h in 0.5% Triton X-100/ 2% ovalbumine /PBS. Thereafter, the
cremaster was incubated with rat anti-mouse laminin a5 antibody 4G6 (Sorokin et al.,
1997), rabbit anti-mouse ESAM1 antibody (Wegmann et al., 2006) and goat anti-mouse
MRP14 antibody (S100a9) overnight in 2% ovalbumine/ PBS at room temperature (RT).
After labeling with secondary antibodies (donkey anti-rat Alexa Fluor 488, donkey anti-
goat Alexa Fluor 568, donkey anti-rabbit Alexa Fluor 647) in 1% ovalbumine/ PBS for 5 h
at RT, the tissue was embedded on glass slides in PermaFluor Mounting Medium under
cover slips. In order to analyze neutrophil extravasation, z-stack images of vessels, with
a length of over 150 um without branching and an average diameter of 20-40 um, were
taken using confocal microscope (Zeiss LSM 780, LSM 510). Neutrophils, which

appeared within 50 um around the vessel segment were counted using Imaris software.

4.5.2 MoBILIZATION OF VLA-3, VLA-6, NE, MST1 AND RAB27A IN NEUTROPHILS

Mobilization of a3 (VLA-3, CD49c), a6 (VLA-3, CD49f) and neutrophil elastase (NE) on
PECAM-1, ICAM-1 and CXCL1 coated wells was performed as previously described
(Wang et al., 2005). Briefly, u-Slide 8 well chambers were coated with either 2% BSA
(control) or a combination of PECAM-1 (2 pg ml™), ICAM-1 (8ug ml™) and CXCL1 (10 pg
ml) overnight at 4 °C. Bone marrow neutrophils from WT and Mst1” mice were isolated
using a Percoll gradient and incubated on coated wells for 30 min at 37 °C. Cells were
fixed with 4% PFA for 15 min at RT, blocked and permeabilized with PBS/ 0.1% Triton
X-100/ 2% BSA for 1 h at RT. Cells were incubated with the primary antibodies at 4 °C
overnight, in the first set of experiments, cells were incubated with a rabbit anti-mouse
NE antibody (polyclonal), a mouse anti-mouse VLA-3 antibody (42/CD49c) and rat anti-
mouse VLA-6 Biotin conjugated antibody (GoH3) overnight at 4 °C.

In a second set of experiments, sheep anti-mouse Rab27a antibody, rabbit anti-
mouse MST1 antibody (polyclonal) and rat anti-mouse VLA-6 antibody (GoH3) or sheep
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anti-mouse Rab27a antibody, a rabbit anti-mouse NE antibody (polyclonal) and a rat
anti-mouse VLA-6 antibody (GoH3) was used. Primary antibodies were detected using
goat anti-mouse Alexa Fluor® 488, goat anti-rabbit Alexa Fluor® 546, Streptavidin Alexa
Fluor® 647, donkey anti-sheep Alexa Fluor® 488 and goat anti-rat Alexa Fluor® 647,
respectively. Cells were incubated for 1 h at room temperature. Finally, cells were
embedded in PermaFluor and imaged by confocal microscopy (Leica System SP5, 63X,

1.4 NA oil objective) and analyzed using Fiji software.

4.5.3 INVIVO NE ACTIVITY ASSAY

NE68OFAST (4 nmols per mouse) was injected i.v. One h later TNF-a (500 ng mouse™)
was applied to the scrotum of WT and Mst1” mice. Two h later, the mouse cremaster
muscle was dissected and fixed with 4% PFA for 1 h, permeabilized and blocked for 2 h
in 0.5% Triton X-100/ 2% ovalbumine /PBS. Thereafter, the cremaster was incubated
with rat anti- mouse PECAM-1 antibody labeled with Alexa Fluor 488 (MEC13.3)
overnight in 2% BSA/ PBS at room temperature (RT). As a control, only TNF-a (500 ng
mouse™) was applied to the scrotum of WT and Mstl” mice and stained using rabbit
anti-mouse MRP14 antibody (gift of Thomas Vogl, University Minster, Germany). The
MRP14 antibody was detected with a goat anti-rabbit Alexa Fluor® 546 antibody
(Molecular Probes/ Invitrogen). Afterwards, tissues were embedded on glass slides in
PermaFluor under cover slips. Finally, whole cremaster were imaged by confocal
microscopy (Leica System SP5, 40x, 1.4 NA oil objective) and analyzed using Fiji and

Imaris software.

4.6 WESTERN BLOTTING

Murine neutrophils from WT and Mstl” mice were isolated from bone marrow using
EasySep™ mouse neutrophil enrichment kit. Cells were incubated in lysis buffer,
homogenized in Laemmli sample buffer and boiled for 5min at 95°C. Proteins were
resolved by SDS-polyacrylamide gel electrophoresis (SDS—-PAGE) gels and then
electrophoretically transferred from the gels onto PVDF membranes. Membranes were

incubated with rabbit anti-mouse MST1 antibody (Upstate), rabbit anti-mouse MST2
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antibody, rabbit anti-mouse NE antibody, mouse anti-mouse VLA-3 antibody
(42/CD49c), rabbit anti-mouse VLA-6 antibody, sheep anti-mouse Rab27a or mouse
anti-mouse GAPDH antibody and subsequently labeled with goat anti-mouse HRP, goat
anti-rabbit HRP or donkey anti-sheep HRP. Bound antibodies were detected using

enhanced chemiluminescence using Hamamatsu ORCA system.

4.7 CELL CULTURE

4.7.1 TRANSWELL ASSAYS

Murine neutrophils were isolated from bone marrow using EasySep™ mouse neutrophil
enrichment kit. Complete HBSS buffer, 10 ng mI™* CXCL1 or 100 ng mlI* CXCL1 was
applied to the lower compartments of the transwell system (5 um pore size). Isolated
neutrophils were applied to the upper compartment (5x10° cells per well) and allowed to
migrate for 45 min at 37°C. Cells were collected from the lower chamber and stained
with a rat anti- mouse Ly6G Pacific Blue antibody (1A8). Number of transmigrated
neutrophils was measured by using a Beckman Coulter Gallios™ flow cytometer with

Flow-Count™ Fluorospheres and analyzed using Kaluza® Flow Analysis Software.

Transwell assay with filters coated with murine laminin

In a second set of experiments, we performed transmigration assays with additional
coating of the membrane as described before (Wang et al., 2005). Briefly, the
membrane of the transwell system (3 um pore size) was coated with laminin 1 (15 pg ml
1y or 2% BSA as a control at 4 °C overnight. Afterwards, laminin was additionally coated
with a combination of PECAM-1 (2 pg mI™) and ICAM-1 (8 pug ml™) for 2 h at 37 °C.
Either complete HBSS buffer alone or with 1 ng mlI™ CXCL1 was added to the lower
compartments. Isolated bone-marrow neutrophils (2x10° cells per well) were suspended
in complete HBSS buffer, added to the upper compartment and allowed to migrate for 3
h at 37 °C. Cells were collected from the lower chamber and stained with a rat anti-
mouse Ly6G Pacific Blue antibody (1A8). Number of transmigrated neutrophils was
evaluated by using a Beckman a Coulter Gallios™ flow cytometer with Flow-Count™

Fluorospheres.
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Transwell assay with filters coated with murine endothelial cells

In a third set of experiments, murine endothelial 1G11 cells (kindly provided by
Annunciata Vecchi) were seeded on transwell inserts (5 um pore size) coated with 2%
gelatin and cultured until a monolayer has formed (on average overnight). Either
complete HBSS buffer alone or with 100 ng mI* CXCL1 was added to the lower
compartments. After 30 minutes of equilibration, isolated bone marrow neutrophils
(2x10° cells per well) were added to the upper compartment and allowed to migrate for 1
h at 37 °C. Numbers of transmigrated cells were evaluated using Ly6G-pacific blue and
Flow-Count™ Fluorospheres with flow cytometry.

4.7.2 3D COLLAGEN MIGRATION

3D Chemotaxis was performed according to the manufacturer’s instructions. Briefly,
bone marrow neutrophils from WT and Mstl” mice were isolated using a Percoll
gradient and 3x10° cells were seeded together with Collagen | into a channel of Ibidi p-
Slides Chemotaxis®°. After 5 min of incubation at 37 °C, the reservoirs were filled with
either complete HBSS buffer alone or with CXCL1 (100 ng ml™) or fMLP (10 uM).
Images were acquired every 14 sec for 30 min at 37 °C using an Axiovert 200M

microscope. Images were analyzed using Fiji software.

4.8 STATISTICAL ANALYSES

All data were analyzed and plotted using Graph Pad Prism 6 Software. For pairwise
comparison of experimental groups a paired t-test, unpaired t-test or Mann-Whitney test
was performed. For multiple comparisons, a two way analysis of variance (ANOVA) was
used with either Sidak’s multiple comparisons test or Tukey’s multiple comparisons test
(comparison of all experimental groups against each other). A p-value < 0.05 was

considered as statistically significant.
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5 RESULTS

5.1 CHARACTERIZING NEUTROPHILS OF MST1KNOCK OUT MICE

In the past, conflicting results on the expression of MST1 in mouse neutrophils were
published (De Souza et al., 2002). Therefore, we first confirmed the expression of MST1
in neutrophils from wild type (WT) and the absence of MST1 in Mstl” neutrophils
(Figure 5.1a). In addition, the expression of MST2 was tested and no MST2 expression
could be detected neither in WT nor Mst1” neutrophils (Figure 5.1b). GAPDH served as
a loading control.
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Figure 5.1 Protein levels of MST1 and MST2 in neutrophils
(a) MST1 and (b) MST2 protein levels are shown from neutrophils of WT and Mst1” mice. GAPDH served
as loading control. EGF-stimulated A431 cell lysate was used as control for MST2 expression (n=3).

Next, peripheral blood cell counts were determined and, as previously reported
(Choi et al., 2009), a decreased number of lymphocytes found in Mst1” mice compared
to WT mice (Figure 5.2). Neutrophil counts were not significantly altered in Mst1” mice
(881 + 204 neutrophils pl™, mean + SEM) compared to WT mice (669 + 103 neutrophils
ulI™t, mean + SEM).
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5.1.1 VIABILITY AND APOPTOSIS OF WT AND MSTl_/_ NEUTROPHILS

Numerous publications demonstrated that MST1 regulates apoptosis and proliferation in
a cell type specific manner (Johnson and Halder, 2014). To determine whether MST1
has an effect on the survival of neutrophils, isolated bone marrow neutrophils of WT and
Mst1” mice were cultured for 0, 24, 48 and 72 h. Neutrophils were measured by flow
cytometry using T-MRE and TO-PRO3 to determine viability and apoptosis, respectively.
As illustrated in Figure 5.3, the absence of MST1 had no effect on the viability of murine

neutrophils in vitro.
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Figure 5.3 Viability and apoptosis of WT and Mst1™” neutrophils over time

Isolated neutrophils from WT (black circles) and Mst1” mice (grey circles) were cultured for indicated
times, stained with Ly6G, T-MRE and TO-PRO3 to quantify (a) viable (TO-PRO3  T-MRE") and (b)
apoptotic neutrophils (TO-PRO3" T-MRE") (n=3, mean + SEM).
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5.2 MSTL IS DISPENSABLE FOR NEUTROPHIL ROLLING AND ADHESION IN HUMANS

AND MICE

Previous studies have shown that MSTL1 is crucial for T-cell adhesion in vitro (Katagiri et
al., 2006) and in vivo (Katagiri et al., 2009) by regulating LFA-1 localization on the T-cell
surface (Nishikimi et al., 2014). Therefore, we compared leukocyte rolling and adhesion
properties in vivo and in vitro between WT and Mst1” mice, both processes are affected
by LFA-1 activity.

5.2.1 NEUTROPHIL ROLLING AND ADHESION IN MST1”" MICE IN VIVO

To test whether the absence of MST1 influences neutrophil recruitment in vivo, rolling
and adhesive properties of neutrophils were compared in trauma and TNF-a stimulated
cremaster muscle venules of WT and Mstl” mice using conventional intravital

microscopy.

Trauma induced cremaster muscle model

In this model mild trauma is caused by surgical preparation and exteriorization of the
mouse cremaster muscle. Within minutes after exteriorization P-selectin is mobilized
from Weibel-Palade bodies within the endothelial cell to the endothelial surface (Ley et
al., 1995, Mayadas et al., 1993) leading to P-selectin dependent leukocyte rolling. The
model the expression of E-selectin is absent or very low (Ley et al., 1995). Firm
leukocyte adhesion is mostly mediated via LFA-1 and Mac-1 interacting with ICAM-1 and
RAGE, respectively (Frommhold et al., 2010, Jung and Ley, 1997). Neutrophil rolling
(Figure 5.4a), rolling velocity (Figure 5.4b) and neutrophil adhesion (Figure 5.4c) was
comparable in trauma stimulated cremaster muscle venules between WT and Mst1™

mice.
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Figure 5.4 Neutrophil rolling and adhesion in the trauma stimulated cremaster muscles of WT and
Mst1” mice

(a) Neutrophil rolling (rolling neutrophil min™ mm'l), (b) cumulative distribution of neutrophil rolling
velocities and (c) neutrophil adhesion (adherent neutrophil mm'z) in cremaster muscle venules was
compared between WT (black circles) and Mst1” mice (grey circles) 20 to 40 min after trauma induction (n
= 5, scatter blots with mean, n.s., unpaired t-test).

Table 5.1 Hemodynamic and microvascular parameters of postcapillary venules in trauma induced
inflammation

Mouse Mice Venules 0] Blood flow Shear rate Syst. count
genotype [n] [n] [um] [um s7] [s™] [cells "]
WT 5 24 34+2 2100+360 1590+290 61704690
Mst1™ 5 25 33+2 2640+540 1850+350 3400260

Next, LFA-1 dependent neutrophil adhesion was investigated by intravenous (i.v.)
injection of CXCL1, which in turn activates LFA-1 via integrin inside-out signaling,
leading to the arrest of neutrophils (Smith et al., 2004, Frommhold et al., 2008). To do
this, one vessel was recorded before and 1 min after i.v. injection of 600 ng CXCL1.
Neutrophil rolling (Figure 5.5a) and neutrophil adhesion (Figure 5.5b) before and after
CXCL1 injection was compared between WT and Mstl” mice. The reduction in
neutrophil rolling and the increase in neutrophil adhesion due to LFA-1 activation after

CXCL1 injection was similar in WT and Mst1” mice.

52



Angela R.M. Kurz Results

a b
Neutrophil rolling Neutrophil adhesion
before and after CXCL1 before and after CXCLA1
600- 2000-
| WT | WT
A /- ! -
; ] Mst1 E 1500{ ™ M1
£ 400+ P
£ S 1000 T
o e
£ 200- 2
E % 500-
T <
0' T i| 0" T T
& o & o
S K &K
& 2
& ®

Figure 5.5 Neutrophil rolling and adhesion before and after CXCL1 injection
(a) Neutrophil rolling (rolling neutrophil min™ mm'l) and (b) neutrophil adhesion before and after i.v.
injection of 600ng CXCL1 in WT (black bars) and Mst1” mice (grey bars) (n =5, mean £ SEM, * p < 0.05,

2way ANOVA, Sidak’s multiple comparisons test).

Table 5.2 Hemodynamic and microvascular parameters of postcapillary venules before and after

CXCL1 injection
Mice  Venules 0] Blood flow Shear rate Syst. count

[n] [n] [um] [um s7] [s7] [cells pI™]
WT
untreated 5 5 44+6 2040+510 1090+150 6170+690
CXCL1 5 5 4416 2180+570 1230+£290
Mst1™”
untreated 4 4 4042 2130+610 1360+460 3420+340
CXCL1 4 4 4012 2280+610 1210+250
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TNF-a stimulated cremaster muscle model

Next, the TNF-a stimulated cremaster muscle model was used as a model of strong
inflammation. TNF-a treatment leads to the expression of P- and E- selectin on the
surface of the venular endothelium (Jung and Ley, 1997). This coincides with the
induction of slow neutrophil rolling in these microvessels. The expression of ICAM-1 and
VCAM-1 is increased, which corresponds to a high number of adherent neutrophils and
neutrophil extravasation. No difference could be observed in rolling flux fraction (Figure
5.6a), rolling velocity (Figure 5.6b) or neutrophil adhesion efficiency between WT and
Mst1” mice (Figure 5.6¢).
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Figure 5.6 Neutrophil rolling and adhesion in the TNF-a induced cremaster muscle model in WT
and Mst1” mice

(a) Neutrophil rolling (rolling neutrophils min™ mm’l) (b) cumulative distribution of neutrophil rolling
velocities and (c) neutrophil adhesion (adherent neutrophils mm™) in cremaster muscle venules was
compared between WT and Mst1” mice, 2 h after i.s. injection of TNF-a (n = 5, scatter blots with mean,
n.s., unpaired t-test).

Table 5.3 Hemodynamic and microvascular parameters of postcapillary venules in TNF-a induced
inflammation

Mouse Mice  Venules ] Blood flow Shear rate Syst. count
genotype  [n] [n] [um] [um s7] [s] [cells ]
WT 5 15 32+1 1800+£240 1420+200 1240+360
Mst1™” 5 9 30+2 2540£360 2300420 1490+430
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5.2.2 NEUTROPHIL ADHESION UNDER FLOW CONDITIONS

To verify the in vivo results described above, neutrophil adhesion was investigated
under flow conditions ex vivo and under static conditions in vitro.

In ex vivo flow chamber assays, glass capillaries were coated with a combination
of E-selectin, ICAM-1 and CXCL1. In flow chambers coated with E-selectin alone or E-
selectin/ ICAM-1, a small number of leukocytes became adherent, while coating with E-
selectin/ ICAM-1/ CXCL1 induced integrin activation and increased the number of
adherent cells FOV™. For all groups, neutrophil adhesion was similar between WT and
Mst1” mice (Figure 5.7).
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Figure 5.7 Neutrophil adhesion of WT and Mst1” mice in an ex vivo flow chamber

Whole mouse blood from WT or Mst1” mice was perfused through micro flow chambers coated with E-
selectin (E), E/ ICAM-1 or E/ ICAM-1/ CXCL1 and the number of adherent neutrophils per field of view
(FOV) assessed (n = 3, mean + SEM, n.s., 2way ANOVA, Sidak’s multiple comparisons test).
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Mst1-/-
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Figure 5.8 LFA-1 clustering in neutrophils under flow conditions

Whole mouse blood from WT or Mst1” mice labeled with anti LFA-1 antibody (fluorescence intensity
scale) was perfused through micro flow chambers coated with E-selectin, ICAM-1 and CXCL1. (n= 3 mice,
one representative picture is shown)

To further elucidate, whether MST1 deficiency affected LFA-1 clustering of
neutrophils during adhesion in flow chambers, LFA-1 localization was compared in WT
and Mst1” neutrophils. Whole blood was collected and incubated with a non-blocking
anti-LFA-1 antibody (clone 2D7) conjugated with Alexa Fluor® 546. Whole blood was
perfused through E-selectin/ ICAM-1/ CXCL1 coated glass capillaries. Neutrophils
adhering to the coated surfaces were recorded using confocal microscopy. Both, WT as
well as Mst1™ neutrophils displayed similar LFA-1 localization under flow, resulting in

accumulation of LFA-1 at the uropod of neutrophils (Figure 5.8).

5.2.3 SURFACE EXPRESSION AND FUNCTION

The surface expression of the alpha subunit of LFA-1 (CD11a, alL), the alpha subunit of
Mac-1 (CD11b, aM), CXCR2, CD44, PSGL1 and L-selectin (CD62L) was investigated,
to exclude any effects resulting from differences in the expression levels of those
adhesion relevant molecules. Analyzing neutrophils, derived from blood and bone
marrow, from WT and Mst1” mice no difference was found in expression levels of LFA-
1, Mac-1, CXC2, CD44, PSGL-1 and CD62L (Figure 5.9).
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Figure 5.9 Surface expression of adhesion relevant molecules on WT and Mst1™” neutrophils

(a) Representative histograms showing expression of isotype control (grey), WT neutrophils (black) and
Mst1” neutrophils (blue), respectively. (b) Mean fluorescence intensity (MFI) ratio (relative to isotype
control) of CD11a, CD11b, CXCR2, CD44, PSGL1, CD62L on WT (black) and Mst1™” neutrophils (grey)
(n=3, mean + SEM, p<0.01, unpaired t-test).

E- and P-selectin binding to neutrophils

To investigate the binding capacity of selectins to selectin ligands on neutrophils derived
from WT and Mstl”™ mice, the binding of soluble selectin chimera was compared
between WT and Mstl” neutrophils. E- or P-selectin hFc-chimeric proteins were
incubated with whole blood from WT and Mst1” mice, with or without EDTA (negative
control). The binding of E- or P-selectins were analyzed using flow cytometry. Both,
neutrophils from WT and Mst1” mice, bound E-selectin and P-selectin to the same
extent (Figure 5.10).

57



Angela R.M. Kurz Results

-
o
]

MFI ratio (rel to EDTA control)
il
MFI ratio (rel to EDTA control)
N
o

[==]
1
~]
Y
o

| WT
Mst1”

IS
1
-
o
1

X}
Il
e
o
L

o
L
o
o
L

E-selectin P-selectin

Figure 5.10 E-selectin and P-selectin binding to WT and Mst1™” neutrophils
FACS analysis of (a) E-selectin IgG chimera binding or (b) P-selectin IgG chimera binding, performed with
WT (black) or Mst1™” (grey) neutrophils (n=3, n.s., unpaired t-test).

Soluble ICAM-1 binding to neutrophils

Next, the capacity of neutrophils to bind ICAM-1, which is dependent on the integrin
activation status of LFA-1, was investigated. To do this, bone marrow derived
neutrophils were isolated from WT and Mst1” mice, unstimulated or stimulated with
CXCL1. The capacity of WT or Mst1” neutrophils to bind soluble ICAM-1 was analyzed
using flow cytometry. No difference could be observed in CXCL1-dependent LFA-1
activation between WT and Mst1” neutrophils (Figure 5.11a and Figure 5.11b).
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Figure 5.11 CXCL1 dependent ICAM-1 binding to WT or Mst1” neutrophils
FACS analysis of ICAM-1 binding, with or without CXCL1 stimulation, to (a) WT (black) or (b) Mst1™” (grey)
neutrophils (n=5, * p < 0.05, ** p<0.01 paired t-test).
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5.2.4 NEUTROPHIL ADHESION IN PATIENTS WITH STK4 DEFICIENCY

We had the rare opportunity to investigate the adhesive properties of neutrophils from
two patients with STK4 deficiency and their heterozygote parents (Abdollahpour et al.,
2012). These experiments were realized in cooperation with Dr. Claudia Nussbaum and
Prof.Dr. Christoph Klein (LMU, Minchen). Human neutrophils were isolated from whole
blood. Glass capillaries coated with a combination of E-selectin/ ICAM-1/ IL-8, were then
perfused with the isolated neutrophils. The number of adherent leukocytes FOV™ of
STK4™" patients and their heterozygous (STK4™") parents increased to a similar extent
with increased perfusion time (Figure 5.12).

Altogether, these in vitro and in vivo results demonstrate that, in contrast to T cells,
MST1 is dispensable for LFA-1 activation and clustering in neutrophils. Hence,
neutrophil adhesion is unaffected in Mstl” mice as well as in patients with STK4

deficiency.
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Figure 5.12 MST1 is dispensable for neutrophil adhesion in humans

Number of adherent cells FOV™* from two patients with STK4 deficiency and their heterozygous parents
was assessed over time in flow chambers coated with E-selectin/ ICAM-1/ CXCL8. (n=2 per group,
chambers = 2 per group, mean + SEM)
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5.3 MSTL1 IS CRITICAL FOR NEUTROPHIL EXTRAVASATION IN VIVO

Hence, the last step of the neutrophil adhesion cascade consisting in transmigration
through the venular wall and extravasation into the interstitial space was investigated to
elucidate the role of MST1 in this process.

5.3.1 TNF-a INDUCED NEUTROPHIL EXTRAVASATION INTO THE PERITONEAL CAVITY

The number of extravasated neutrophils in the TNF-a induced peritonitis model was
evaluated. In WT mice, i.p. injection of 1ug TNF-a dramatically increased the number of
neutrophils in the peritoneum as compared to NaCl control injection. In contrast,
neutrophils from Mstl” mice failed to transmigrate into the peritoneal cavity 2 h after
TNF-a stimulation (Figure 5.13).
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Figure 5.13 TNF-a induced peritonitis in WT and Mst1” mice
Total number of extravasated neutrophils in the peritoneal lavage was quantified 2 h after i.p. injection of
NaCl or 1ug TNF-a (n=3, mean + SEM, * p < 0.05, 2way ANOVA, Sidak’s multiple comparisons test).
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5.3.2 NEUTROPHIL EXTRAVASATION STUDIED BY MULTI-PHOTON LASER SCANNING
MICROSCOPY

To accurately investigate the exact role of MST1 in neutrophil extravasation in vivo,
multi-photon laser scanning microscopy of the mouse cremaster muscle was used. To
do this, Lyz2°F" mice (Faust et al., 2000), in which neutrophils are endogenously labeled
with EGFP, were crossed with Mst1” mice, to generate Mst1” x Lyz2°™ mice. As in WT
and Mst1” mice (Figure 5.2), the number of peripheral lymphocytes was decreased in
Mst1™” x Lyz2°F mice compared with Lyz2°™ mice. Neutrophil counts (Figure 5.14a) as
well as the proportion of EGFP* neutrophils and monocytes (Figure 5.14b) were similar

between Lyz2°™ and Mst1” x Lyz2®"" mice.
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Figure 5.14 Differential blood count from Lyz2°™ and Mst1” x Lk/zzGFP mice
Differential blood counts of Lyz2° (black, n=5) and Mst1” x Lyz2°" mice (grey, n= 4) (mean + SEM, **
p < 0.001, 2way ANOVA, Sidak’s multiple comparisons test). K = 1000

To visualize neutrophil extravasation, TNF-a was injected into the scrotum of
Lyz2°FP and Mstl” x Lyz2°F" mice together with a non-blocking antibody against
PECAM-1 (clone 390) conjugated with Alexa Fluor 546 to label endothelial cell junctions
(Woodfin et al., 2011). Neutrophil crawling and transmigration was investigated between

180 and 240 min after TNF-a injection.
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Figure 5.15 Mst1” neutrophils fail to transmigrate into inflamed tissue

Neutrophils (green) and the microvasculature gPECAM—l, red) of TNF-a stimulated mouse cremaster
muscle. (a) Neutrophil transmigration in Ly22G P and the accumulation of neutrophils in Ly22GFP X Mst1™
mice (with arrow) at 180 min, 210 min and 240 min after i.s. injection of TNF-a. Images were obtained
using intravital multi photon microscopy (n= 3). (b) Intravascular crawling velocity of neutrophils in Ly22GFP
and LyzZGFP X Mst1” mice (n= 3 mice, scatter blot with median of > 30 analyzed cells per group, *** p <
0.001, unpaired t test). (c) Transmigration time of Lyz2°" and Lyz2°" x Mst1” neutrophils. Cut off was
set at 20 min (n= 3 mice, scatter blot with median of > 30 analyzed transmigration events per group, *** p
< 0.001, Mann Whitney test).
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During the time of observation, an increasing number of GFP® neutrophils

crossed the venule and migrated into the inflamed tissue in Lyz2°™ mice (Figure 5.15a,

9GFP

upper panel). In contrast, most neutrophils in Mst1” x Lyz mice remained closely

associated with the abluminal side of the vessel (Figure 5.15a, lower panel, white arrow)

and were unable to migrate further into the inflamed tissue. In addition, intravascular

crawling velocity of neutrophils was reduced in Mstl” x Lyz2®F"

9GFP

mice compared to

Lyz mice (Figure 5.15b). Furthermore, neutrophil transmigration of postcapillary

venules in Lyz2®FP

mice required 7.5 £ 0.8 min (median £ SEM), which was similar to
the time reported by others (Woodfin et al., 2011). In contrast, most neutrophils in Mst1”
x Lyz2°" mice failed to transmigrate from the vessels within a 20 min observation
period (20 + 0.8 min, median + SEM) (Figure 5.15c). Instead, Mstl” x Lyz2®F"
neutrophils accumulated at the abluminal side of postcapillary venules where they

remained for the whole time of observation (Figure 5.16, lower panel, white circle).

180 min _ 210 min 240 min

Lyz2-GFP

Figure 5.16 3D reconstruction of neutrophil transmigration in WT and Mst1” mice

LyzZGFP neutrophils transmigrating from postcapillary venules (upper panel) and the accumulation of
neutrophils in Mst1™”* Ly22G P mice (white circle). * indicates nonspecific labeling of extravascular cells
(Woodfin et al., 2011).

63



Angela R.M. Kurz Results

a b c
1.0x10°- n.s. 25- 100+
n.s. n.s.
S 8.0x10%4 20- 80- -
3 T )
5 = @
3 6.0x10%4 = 154 S 60+
c Ne] o
: : |
© 4.0x10° > 10- S 40-
(V] o~ o
2 R
£ 2.0x10%4 5- 20-
=
0 0- 0-

R R R

Figure 5.17 Number and viability of neutrophils within the cremaster muscle

(a) Total number of neutrophils, (b) viability (TO-PRO3” T-MRE") and (c) apoptosis rate (TO-PRO3" T-
MRE") of neutrophils within the whole cremaster muscle of WT and Mst1” mice 2 h after TNF-a injection
(n =5, paired t test).

Interestingly, the total number of neutrophils within the cremaster muscle was
similar between WT and Mst1” mice, 2 h after TNF-a injection (Figure 5.17a).
Furthermore the viability (Figure 5.17b) and apoptosis rate of isolated neutrophils

(Figure 5.17c) was similar between WT and Mst1” mice.

5.3.3 LASER INJURY INDUCED NEUTROPHIL SWARMING

To test, whether further stimulation could induce migration into the interstitial space, a
laser injury near postcapillary venules was induced 3 h after TNF-a stimulation.
Neutrophils of Lyz2°™ mice swarmed and accumulated at the site of laser injury within
30 min, as described by Lammermann et al. (Lammermann et al., 2013). Interestingly,
neutrophils deficient in MST1 remained at the abluminal site of venules and were unable
to migrate to the site of laser injury (Figure 5.18a), suggesting that they could not
overcome the vessel wall. The green fluorescence intensity at the site of laser injury
(white square) was measured over time, as a read out for the accumulation of EGFP”

2°FP mice a continues increase of green fluorescence intensity could

2GFP

neutrophils. In Lyz
be observed over time, which was completely absent in Mst1” x Lyz mice (Figure

5.18b).
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Figure 5.18 Laser induced injury in the mouse cremaster muscle

(a) Representative images of swarming neutrophils ggreen) and the microvasculature (PECAM-1, red) in
the mouse cremaster muscle of Ly22G P and LyzZGF x Mst1” mice after induction of a laser injury (white
square). (b) Intensity profile of the GFP signal in Ly22GFP and Ly22GFP X Mst1” mice at the site of laser
injury (n=3, mean = SEM, p< 0.05 after 12 min, ** p < 0.01, 2way ANOVA, Sidak’s multiple comparisons
test).
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To exclude migration defects within the interstitial matrix, a process which can
occur in an integrin independent fashion (Wolf et al., 2009, Lammermann et al., 2008),
migration in 3D collagen gels (integrin independent migration assay) was compared
between WT and Mst1™” neutrophils in cooperation with Babara Walzog. The absence of
MST1 did not affect migration in 3D collagen gels (see Appendix/ Manuscript/
Supplemental Figure 2).

Furthermore, the phagocytic capacity within the first 15 min of WT and Mst1™
neutrophils was similar (Figure 5.19), although others showed impaired phagocytosis of
conditional Mst1”™ Mst2” double knockout neutrophils after 50min of injection (Geng et
al., 2015).

Taken together, these results suggest that neutrophils from Mstl” mice fail to
completely extravasate from postcapillary venules, but are functionally capable of

migrating in the interstitial matrix and phagocytosing pathogens.
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Figure 5.19 Phagocytic capacity of WT and Mst1” neutrophils

Flow cytometry of WT and Mst1” neutrophils infected with pHrodoT'\’I E.coli BioParticles for 15 min at 4°C
(no phagocytosis) and 37°C (n= 3 mice, mean = SEM, n.s., 2way ANOVA, Sidak’s multiple comparisons
test).
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5.3.4 NEUTROPHIL PENETRATION THROUGH THE VENULAR BASEMENT MEMBRANE

To better define at which step during transmigration neutrophils from Mst1” mice were
inhibited, we cooperated with Dietmar Vestweber to investigate the capacity of
neutrophils to migrate through the endothelium and penetrate the perivascular basement
membrane (BM) in more detail. Using confocal microscopy of TNF-a stimulated
cremaster muscles whole mount, we discovered that neutrophils of Mstl” mice
accumulated between the endothelium and the BM, compared to WT mice (Bixel et al.,
2010) (see Appendix/ Manuscript/ Figure 4A-C).

To verify these results in vitro, transmigration assays using CXCL1 as a
chemoattractant were performed. First, transwell filters were coated with BSA (control),
laminin, a key component of the BM (Yousif et al., 2013), or laminin combination with
PECAM-1 and ICAM-1. Laminin alone did not allow transmigration of unstimulated WT
or Mst1” neutrophils. The number of transmigrated WT or Mst1™” neutrophils through
laminin-coated filters in response to CXCL1 increased and was comparable to
transmigration through BSA-coated filters in the absence of a chemoattractant.

However, additional coating with PECAM-1 and ICAM-1 of laminin coated filters
efficiently induced neutrophil transmigration along a CXCL1 gradient in WT neutrophils
(Figure 5.20a). These findings are in line with previously published data (Wang et al.,
2005). Conversely the number of transmigrated Mst1”" neutrophils did not increase when
laminin coated filters were additionally coated with PECAM-1 and ICAM-1 (Figure
5.20a).

In line with this finding, Mst1” neutrophils failed to transmigrate as efficiently as
WT neutrophils in response to CXCL1 through filters containing a monolayer of mouse
endothelial 1G11 cells, which forms its own extracellular matrix (Figure 5.20b).
Importantly, we did not find differences in transmigrated WT and Mst1” neutrophils in

transwell assays without coating (Figure 5.20c).
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Figure 5.20 Mst1™ neutrophils show reduced prentration of laminin or endothelial cell coated, but
not uncoated transwells

Transmigration of neutrophils in transwell assays (a) with or without CXCL1 stimulation through BSA
(control), laminin-1 (LN-1) and LN-1, PECAM-1 and ICAM-1 coated filters (n= 3 mice, mean + SEM, *** p <
0.001, ** p < 0.01, 2way ANOVA, Sidak’s multiple comparisons test), (b) with or without CXCL1
stimulation through an endothelial monolayer of 1G11 cells (n= 3 mice, mean + SEM, *** p < 0.001, 2way
ANOVA, Sidak’s multiple comparisons test), (c) to HBSS, 10ng mI™ and 100ng mI™* CXCL1 (n= 3 mice,
mean + SEM., 2way ANOVA, Sidak’s multiple comparisons test).

These results demonstrate that MST1 is essential for neutrophils to penetrate the

BM in vivo and in vitro.
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5.4 MST1 REGULATES VESICLE TRAFFICKING IN NEUTROPHILS

5.4.1 MST1 INDUCED TRANSLOCATION OF VLA-3, VLA-6 AND NE TO THE CELL SURFACE

It was shown previously, that the mobilization of VLA-3 (CD49c, a3B1 integrin), VLA-6
(CD49f, a6B1 integrin) and NE (neutrophil elastase) from intracellular stores to the
plasma membrane is a crucial step for successful neutrophil transmigration (Hyun et al.,
2012, Lerman et al., 2014, Wang et al., 2005). In addition, it was reported that MST1
regulates vesicle trafficking in T cells (Nishikimi et al., 2014). In order to evaluate the
putative role of MST1 in the mobilization of VLA-3, VLA-6 and NE, neutrophils from WT
or Mst1” mice were seeded on slides coated with BSA or PECAM-1/ ICAM-1/ CXCL1.
After 30 min, cells were fixed, permeabilized and immunostained with antibodies against
VLA-3, VLA-6 or NE. By means of confocal microscopy WT as well as Mst1” neutrophils
seeded on BSA displayed all three molecules - VLA-3, VLA-6 and NE (Figure 5.21a, c,
e) - within intracellular stores. PECAM-1/ ICAM-1/ CXCL1 coating induced the
translocation of VLA-3, VLA-6 and NE to the surface of interacting WT neutrophils,
leading to a ring-like expression at the cell boarder (Figure 5.21a, c, €). Ring formation
of VLA-3, VLA-6 and NE could be observed in 94.3 £ 4.3%, 80.9 + 9.8% and 93.8 *
3.6% of all analyzed WT neutrophils, respectively (Figure 5.21b, d, f). In contrast,
neutrophils derived from Mstl”™ mice failed to efficiently mobilize any of these three
proteins to the cell surface (Figure 5.21a-i). Only 46.7 + 7.6% of all analyzed Mst1”
neutrophils showed a ring formation for VLA-3, 17.4 + 2.4% for VLA-6 and 22.5 + 4.0%
for NE. These values were similar to the values found for WT (31.6 £ 9.4% for VLA-3,
20.1 + 8.9% for VLA-6, 23.4 + 3.7% for NE) and Mstl” (31.2 + 6.6% for VLA-3, 4.8 +
0.6% for VLA-6, 24.7 = 4.4% for NE) neutrophils seeded on BSA (Figure 5.21b, d, f).
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Figure 5.21 MST1 is required for the translocation of NE, VLA-3 and VLA-6 to the plasma
membrane

Immunostaining of representative WT and Mst1™” neutrophil on BSA or PECAM-1/ ICAM-1/ CXCL1 coated
slides for (a) VLA-3, (c) VLA-6 and (e) NE. Quantification of ring like expression of (b) VLA-3, (d) VLA-6
and (f) NE (n= 3 mice, mean + SEM of >50 analyzed neutrophils, *** p < 0.001, ** p < 0.01, 2way ANOVA,
Sidak’s multiple comparisons test or Tukey’s multiple comparisons test).

Ring formation was further evaluated by measuring the fluorescence intensity
profiles along a line through the center of the cell (Figure 5.22a). Fluorescence intensity
profile of VLA-3, VLA-6 and NE were similar between WT or Mst1” cells seeded on BSA
(Figure 5.22b, c, d). Translocation of VLA-3, VLA-6 and NE to the plasma membrane of
WT neutrophils increased the fluorescence signal at the cell boarders (Figure 5.22e, f,
g, black line). In contrast, the accumulation of the fluorescence signal at the cell surface
was absent for VLA-3, VLA-6 and NE in Mstl” neutrophils (Figure 5.22e, f, g, grey

line).
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Figure 5.22 Fluorescence intensity profile of VLA-3, VLAG6 and NE in neutrophils from WT and
Mst1” mice

(a) Fluorescence intensity profiles along a line through the cell center (red thick line) for (b) VLA-3, (c)
VLA-6 and (d) NE seeded on BSA and for (e) VLA-3, (f) VLA-6 and (g) NE seeded on PECAM-1/ ICAM-1/
CXCL1 of a representative WT (black line) and Mst1™” neutrophil (grey line).

To unravel the ligand responsible for the translocation of VLA-3, VLA-6 and NE,
WT neutrophils were either seeded on BSA, PECAM-1, ICAM-1/ CXCL1, or PECAM-1/
ICAM-1/ CXCL1. WT neutrophils seeded on PECAM-1 coated coverslips alone induced
the translocation of VLA-6 (63.0 + 2.4%), but not NE (10.0 + 5.0%). Whereas WT
neutrophils seeded on ICAM-1/ CXCL1 coated coverslips translocated NE (63.1 *
10.7%), but not VLA-6 (39.2 + 7.5%) (Figure 5.23a and b). The results for VLA-3 were

not conclusive.
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Figure 5.23 Ligands responsible for VLA-6 and NE translocation

Quantification of ring like expression of (a) VLA-6 and (b) NE in WT neutrophil on BSA, PECAM-1, ICAM-
1/ CXCL1 or PECAM-1/ ICAM-1/ CXCL1 coating (n= 3 mice, mean + SEM of >50 analyzed neutrophils, ***
p < 0.001, ** p <0.01, one way ANOVA, Tukey’s multiple comparisons test).

Importantly, western blot analysis showed no difference in the total protein levels
of VLA-3, VLA-6 and NE between WT and Mst1™ neutrophils (Figure 5.24).
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Figure 5.24 Total Protein levels of VLA-3, VLA-6 and NE
Total protein levels of VLA-3, VLA-6 and NE from neutrophils of WT and Mst1” mice. GAPDH served as
loading control (n=3 mice).
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In order to verify MST1 dependent mobilization in vivo, NE activity was
investigated with an NE-fluorescent activatable substrate (NE680FAST) in postcapillary

venules of unstimulated and TNF-a stimulated cremaster muscle whole mounts from WT
and Mst1” mice.

NE Fast 680

NE Fast 680

Figure 5.25 NE activity in TNF-a stimulated cremaster muscle in vivo
Confocal images of unstimulated and TNF-a stimulated cremaster muscle whole mounts from WT and
Mst1” mice showing NE activity (white) within venules labels with PECAM-1 (red).(n=3)
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In unstimulated venules of WT mice NE activity could not be detected, while 2h
after TNF-a stimulation NE activity could be observed (Figure 5.25a). TNF-a stimulated
venules from Mstl” mice showed decreased NE activity as compared to WT mice
(Figure 5.25a). Importantly, the number of adherent cells was similar in WT and Mst1”
mice (Figure 5.25b). Furthermore occasionally high NE activity close to the vessel could
be observed. Using 3D reconstruction, a ring like NE activity close to the abluminal site
of the vessel could be detected, although only very few events were noted (Figure
5.25¢).

Taken together, these in vitro and in vivo results demonstrate that MST1 is
indispensable for efficient translocation of VLA-3, VLA-6 and NE to the surface of

neutrophils.

5.4.2 MST1 AND RAB27A IN VESICLE TRAFFICKING

Rab27a is a central regulator of vesicle trafficking in neutrophils (Catz, 2014,
Sheshachalam et al., 2014). Therefore, Rab27a translocation to the plasma membrane
in response to PECAM-1/ ICAM-1/ CXCL1-stimulation was investigated. Rab27a
displayed an intracellular localization in WT and Mst1”" neutrophils when seeded on BSA
(Figure 5.26a and b). Rab27a showed a granular distribution in WT neutrophils, while
the distribution was more homogenous in Mstl” neutrophils. Furthermore, in WT
neutrophils, PECAM-1/ ICAM-1/ CXCL1-coating induced the translocation of Rab27a to
the plasma membrane (Figure 5.26a, upper, right panel). Again, the translocation of
Rab27a to the plasma membrane of WT neutrophils transferred the main fluorescence
to the cell border (Figure 5.26c¢, black line). Ring formation of Rab27a was observed in
78.0 + 6.5% of all analyzed WT neutrophils, compared to 11.7 + 3.7% of WT neutrophils
seeded on BSA (Figure 5.26d). In contrast, neutrophils derived from Mstl” mice
displayed a reduced translocation rate of Rab27a to the plasma membrane in response
to PECAM-1/ ICAM-1/ CXCL1 stimulation (Figure 5.26a, lower panel). Only 1.7 £ 1.7%
of all analyzed Mst1™ neutrophils showed a ring formation for Rab27a and 17.7 + 7.5%
of Mst1” neutrophils seeded on BSA (Figure 5.26d). Hence, Mst1” neutrophils display a
defect in Rab27a mobilization upon stimulation with ICAM-1/ PECAM-1/ CXCL1.
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Figure 5.26 Rab27a translocation to the plasma membrane in Mstl”'neutrophils

(a) Immunostaining of WT and Mst1™” neutrophils seeded on BSA or PECAM-1/ ICAM-1/ CXCL1 coated
wells for Rab27a. (b, c¢) Fluorescence intensity profiles along a line through the cell center for Rab27a of
representative WT (black line) and Mst1™” neutrophil (grey line) seeded on (b) BSA or (¢c) PECAM-1/
ICAM-1/ CXCL1 coated wells. (d) Quantification of ring like expression of Rab27a (n= 3 mice, mean *
SEM of >50 analyzed neutrophils, *** p < 0.001, unpaired t-test).

Interestingly, total protein levels of Rap27 were similar between WT and Mst1™”
neutrophils (Figure 5.27).

Next, the translocation of MST1 itself to the plasma membrane upon PECAM-1/
ICAM-1/ CXCL1 stimulation was investigated. MST1 displayed an intracellular
localization in WT neutrophils seeded on BSA (Figure 5.28a, upper panel and Figure
5.28b, grey line). In response to PECAM-1/ ICAM-1/ CXCL1 stimulation, MST1 localized
together with Rab27a and VLA-6 to the plasma membrane (Figure 5.28a, lower panel
and Figure 5.28Db, black line). Only 11.8 + 7.2% of analyzed WT neutrophils seeded on
BSA showed a ring formation for MST1, seeding neutrophils on PECAM-1/ ICAM-1/
CXCL1 resulted in a ring formation of MST1 in 93.2 £ 1.6% of analyzed WT neutrophils
(Figure 5.28c).
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Figure 5.27 Total protein levels of Rab27a
Total protein levels of Rab27a from neutrophils of WT and Mst1” mice. GAPDH served as loading control
(n=3 mice).
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Figure 5.28 Translocation of MSTL1 to the plasma membrane

(a) Immunostaining of WT and Mst1™” neutrophils seeded on BSA or PECAM-1/ ICAM-1/ CXCL1 coated
wells for Rab27a (green), MST1 (red) and VLA-6 (cyan). (b) Fluorescence intensity profiles along a line
through the cell center for MST1 of a representative WT neutrophil seeded on BSA (grey line) or PECAM-
1/ ICAM-1/ CXCL1 (black line) coated wells. (c) Quantification of ring like expression of MST1 in response
to BSA or PECAM-1/ ICAM-1/ CXCL1 stimulation (n=3 mice, mean + SEM of >50 analyzed neutrophils, ***
p < 0.001, 2way ANOVA, Sidak’s multiple comparisons test).

These results demonstrate that Rab27a and MSTL1 translocate to the cellular
membrane upon ICAM-1/ PECAM-1/ CXCL1 stimulation. Hence, we hypothesize, that
MST-1 is involved in Rap27a dependent vesicle transport.
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6 DISCUSSION

Originally, MST1 (mammalian homolog of the Drosophila Hippo protein) was identified in
Drosophila as the central constituent and negative regulator of the Hippo pathway,
controlling organ size and proliferation. Recently, MST1 has attracted more attention
due to its role in cancer development (Kodaka and Hata, 2015) and the discovery that
mutations in human STK4 (Mstl) lead to a primary immune deficiency. Patients with a
deficiency in STK4 present with recurring bacterial, fungal and viral infections, they
display lymphopenia and intermittent neutropenia, and their life expectancy is very short
unless successfully transplanted (Abdollahpour et al., 2012, Crequer et al.,, 2012,
Nehme et al., 2012, Dang et al., 2016, Halacli et al., 2015). Together with neutropenia,
their impaired response to acute bacterial and fungal infections suggests an additional
defect in myeloid cell function.

Until now, little is known about the function of MST1 in myeloid cells. One study
suggested a role for MST1 in human eosinophil apoptosis, but not neutrophil apoptosis
(De Souza et al., 2002). In contrast, neutrophils from patients with STK4 deficiency
exhibit an increased susceptibility to apoptosis (Abdollahpour et al., 2012). A recent
study linked MST1 and MST2 in phagocytes (macrophages and neutrophils) to the
recruitment of mitochondria to the phagosome. The fusion of mitochondria with the
phagosome leads to increased ROS production and consequently promotes effective
killing of bacteria (Geng et al., 2015). The aim of this thesis was to investigate how
MST1 deficiency affects neutrophil recruitment in vivo.

The experimental work presented here, discovered that MST1 deficiency does not
affect neutrophil rolling and adhesion, but extravasation of neutrophils. In contrast to T
cells (Katagiri et al., 2006, Katagiri et al., 2009), MST1 is dispensable for activation of
LFA-1 in neutrophils, identified as the first signaling molecule indispensable for
neutrophil transmigration, in particular the penetration of neutrophils through the
perivascular basement membrane. Mechanistically, Mst1” neutrophils fail to translocate
VLA-3, VLA-6 and neutrophil elastase form intracellular vesicles to the neutrophil
surface, a putative requirement for neutrophils to successfully penetrate the basement

membrane.
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6.1 CHARACTERIZING MST1 IN NEUTROPHILS

First, the expression of MST1 and MST2 in murine neutrophils was evaluated, due to
conflicting results in the past. De Souza and colleges investigated the expression of
MST1 and MST2 in neutrophils and eosinophils and could only detect expression of
MST1 and MST2 in eosinophils, but not in neutrophils (De Souza et al., 2002). In
contrast, here it is demonstrated that murine neutrophils from WT mice express MST1,
but not MST2. In addition, the absence of MST1 in neutrophils from Mst1” mice could
be confirmed. As MST1 is rapidly cleaved in neutrophil lysates into the 37kDa N-terminal
fragment, which cannot be detected by all of the available antibodies, the absence of
MST1 in De Souza’s work may be explained by the use of antibodies unable to
recognize the fragment. Here, the expression of MST1 was verified with antibodies
against MST1 from two different companies. One antibody is specific for the C-terminal
fragments for MST1 (Upstate; 276-487aa) and the other antibody recognizes the N-
terminal region of MST1 (Cell Signaling). In accordance with data published by De
Souza et at., we also could not detect the expression of MST2 in neutrophils, neither in
WT nor Mstl” neutrophils. Next, peripheral blood counts in WT and Mst1” mice were
compared. As reported by others (Oh et al., 2009, Mou et al., 2012), white blood cell
counts were significantly decreased due to a decreased number of peripheral
lymphocytes. This was also discovered in patients with STK4 deficiency (Abdollahpour
et al., 2012, Crequer et al., 2012, Nehme et al., 2012, Dang et al., 2016, Halacli et al.,
2015). However, in contrast to human patients (Abdollahpour et al., 2012), the number
of peripheral neutrophils was similar between WT and Mstl” mice. In addition, the
absence of MST1 in murine neutrophils did not increase susceptibility to apoptosis in
contrast to neutrophils from patients with STK4 deficiency (Abdollahpour et al., 2012).
Differences in neutrophil counts between the human and the murine system could also
be observed for other genes causing congenital neutropenia (CN) or severe congenital
neutropenia (SCN) (Klein, 2011). The two most common genetic etiologies of SCN,
HAX1 and ELA2 deficiency lead to SCN only in humans, but Hax1” and Ela2” mice do
not display neutropenia (Belaaouaj et al., 1998, Chao et al.,, 2008, Dale et al., 2000,
Horwitz et al., 1999, Horwitz et al., 2007, Klein et al., 2007), indicating a different

regulation of neutrophil apoptosis between humans and mice.
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6.2 MST1 IS DISPENSABLE FOR LFA-1 ACTIVATION IN NEUTROPHILS

The canonical Hippo (MST1/2) pathway is known for controlling proliferation and
apoptosis, tissue growth, organ size and tumorigenesis. However, there is emerging
evidence that various non-canonical Hippo pathways regulate other biological
processes, often in a cell type specific manner. Recent studies have revealed that MST1
is involved in T cell development, function, survival, trafficking, homing and autoimmunity
(Du et al., 2015).

MST1 was shown to be required for LFA-1 dependent T cell trafficking (Dong et
al., 2009, Ueda et al.,, 2012, Katagiri et al., 2009), by regulating the transport and
distribution of LFA-1 containing vesicles to the plasma membrane and by subsequently
influencing LFA-1 activation, clustering and adhesion of T cells (Katagiri et al., 2006).
Furthermore, Nishikimi et al. showed that MST1 associates via Rapl-RAPL to the
cytoplasmic tail of the a. subunit (Katagiri et al., 2006, Katagiri et al., 2003). This in turn
is followed by phosphorylation of DENND1C, a Rab guanyl-nucleotide exchange factor,
which results in Rab13-dependent LFA-1-containing vesicle transport (Nishikimi et al.,
2014).

In contrast to T cells (Katagiri et al., 2006, Katagiri et al., 2009), it could be
demonstrated that Mst1” neutrophils have no defect in LFA-1-dependent slow rolling
and adhesion implying that MST1 is dispensable for LFA-1 activation in neutrophils. The
absence of MST1 did not influence the number of rolling neutrophils or rolling velocities
in postcapillary venules of trauma stimulated or TNF-a stimulated cremaster muscles in
vivo. Under inflammatory conditions, E-selectin and P-selectin induce talin dependent
conformational changes in LFA-1 which leads to intermediate activity and slow rolling of
neutrophils in post postcapillary venules (McEver, 2015). Both, neutrophils from WT and
Mst1” mice, bound E-selectin and P-selectin to the same extent and no difference in the
surface expression of rolling and adhesion relevant molecules could be observed
between WT and Mst1™ neutrophils.

Additional activation, for example by chemokine stimulation, results in the binding
of both, kindlin3 and talinl, to the cytoplasmic tail of the B subunit of LFA-1, leading to
the high affinity conformation of LFAL (Lefort et al., 2012). High affinity conformation of
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LFA-1 increases the affinity to endothelial expressed ICAM1 and ICAM2 leading to firm
arrest of neutrophils (Lefort and Ley, 2012). Consistent with the hypothesis that MST1
does not regulate LFA-1 activity in neutrophils, no difference in adhesive properties of
neutrophils in postcapillary venules of trauma and TNF-a stimulated cremaster muscle of
WT and Mstl” mice was observed. Also LFA-1 dependent neutrophil adhesion induced
by i.v. injection of CXCL1 in vivo, activating LFA-1 via integrin inside-out signaling,
showed no difference between WT and Mst1” mice.

To exclude compensatory effects from the endothelium, ex vivo flow chambers
coated with a combination of E-selectin, ICAM-1 and CXCL1 were used to confirm in
vivo findings. Neutrophils from WT and Mstl” mice adhered to a similar extent to E-
selectin, E-selectin/ ICAM-1 and E-selectin/ ICAM-1/ CXCL1 coated flow chambers.

In addition, LFA-1 clustering under flow conditions, as well as LFA-1 activation,
measured using a soluble ICAM-1 binding assay, and the surface expression of LFA-1

and Mac-1 was not altered in Mst1”" neutrophils compared to WT neutrophils.

Finally, we were able to investigate the adhesive properties of neutrophils from
patients with STK4 deficiency and their heterozygous parents with the help from Dr.
Claudia Nussbaum and Prof.Dr. Christoph Klein (Dr. von Hauner Children’s hospital,
LMU, Munich). Using flow chambers coated with E-selectin/ ICAM-1/ CXCL8, we could
demonstrate that MST1 was also dispensable for neutrophil adhesion in the human

system.

These results suggest that different mechanisms of LFA-1 regulation/ activation
exist between lymphocytes and neutrophils. This hypothesis is supported by data from
Fabbri et al., reporting that Rabl11l, but not Rab13 (as in T cells), is required for the
trafficking of LFA-1 containing vesicles in neutrophils (Fabbri et al., 2005).
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6.3 MSTL1 IS CRITICAL FOR NEUTROPHIL EXTRAVASATION

Although Mst1” neutrophils showed no defective rolling or adhesion, they failed to
extravasate into the peritoneal cavity 2h after TNF-a stimulation.

To accurately investigate the exact role of MST1 in neutrophil extravasation in
vivo, an imaging platform using multi-photon laser scanning microscopy in the mouse

cremaster muscle was established. To this end, Mst1” mice were crossed with Lyz2¢"

GFP
2

mice, in which neutrophils are endogenously labeled with EGFP. Mstl” x Lyz mice

2°7P mice.

displayed a decreased number of peripheral lymphocytes compared to Lyz
Importantly, the numbers of neutrophils as well as the proportion of EGFP* neutrophils
and monocytes were similar between Lyz2°™ and Mst1” x Lyz2°™ mice. Neutrophil
transmigration was then observed in postcapillary venules of TNF-a stimulated
cremaster muscles with endothelial cells stained with Alexa Fluor 546 conjugated anti-
PECAM-1 antibody (Christofidou-Solomidou et al., 1997, Woodfin et al., 2011). Mst1™
neutrophils failed to properly extravasate from postcapillary venules to the site of
inflammation. Instead, neutrophils remained in close contact with the abluminal side of
the vessel. Interestingly, the total number of neutrophils within the cremaster muscle was
similar between WT and Mstl” mice. Even after additional stimulation by inducing a
laser injury next to the vessel 4 h after TNF-a stimulation, Mst1”" neutrophils persisted at
the vessel wall and failed to migrate to the site of injury. Effects due to decreased
viability could be excluded as neutrophils isolated from the TNF-a stimulated cremaster
muscle showed no difference in viability.

Interstitial matrix migration can be integrin independent (Wolf et al., 2009,
Lammermann et al., 2008). In order to exclude a general migration defect of Mst1™
neutrophils, migration of WT and Mst1”" neutrophils was investigated in 3D collagen gels
by the group of Prof. Barbara Walzog, Walter-Brendel-Center of Experimental Medicine,
LMU, Munich. They tested migration of bone marrow-derived neutrophils within 3D
collagen gels in response to fMLP or CXCL1. The absence of MST1 did not alter the 3D
migration capacity of neutrophils (see Appendix/ Manuscript/ Supplemental Figure 2),

indicating that MST1 does not affect migration in 3D collagen gels.
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Additionally, the imaging approach using multi-photon laser scanning microscopy

of the mouse cremaster muscle allowed us to investigate neutrophil crawling on the

luminal side of postcapillary venules in vivo. Mstl” x Lyz2®™

9GFP

neutrophils showed a
decreased crawling velocity compared to Lyz neutrophils, suggesting that MST1

regulates neutrophil crawling in vivo.

6.3.1 NEUTROPHIL TRANSMIGRATION IN A H. PYLORI MOUSE INFECTION MODEL

In order to evaluate the impact of MST1 deficiency in neutrophils during a clinically
relevant infection, the group of Prof. Rainer Haas, Max von Pettenkofer-Institute, LMU,
Munich evaluated the role of MST1 in a murine Helicobacter pylori (H. pylori) infection
model. More than 50% of the human population suffers from chronic H. pylori infection,
which makes this gram-negative bacterium one of the most successful human bacterial
pathogens. While most infected people are asymptomatic, about 15-20% develop
chronic gastritis, duodenal ulcers, or even adenocarcinoma or mucosa-associated
lymphoid tissue (MALT) lymphoma. Previous work has shown that neutrophils play an
important role in the pathogenesis of H. pylori (Kusters et al., 2006). The bacterium
induces a strong inflammatory response in the gastric mucosa, which is dependent on
H. pylori neutrophil-activating protein (HP-NAP). Furthermore, pro-inflammatory
cytokines like CXCL8 (IL-8) are secreted during the inflammatory process, recruiting
additional neutrophils and monocytes to the site of inflammation (Montecucco and
Rappuoli, 2001).

WT and Mst1” mice were orogastrically infected with H. pylori and sacrificed 3
months later, when a chronic gastric infection was established. Tissue sections of the
gastric epithelium from the antrum and corpus of the stomach were immunostained with
DAPI and anti-mouse Ly6G antibodies, to identify neutrophils. The antrum is known to
be the major site of H. pylori infection (Sachs et al., 2003). Indeed, the majority of
infiltrated neutrophils were found in the antrum and not in the corpus in WT mice (see
Appendix/ Manuscript/ Figure 3A, upper panel). In contrast, only a very small number
of neutrophils could be detected in the gastric epithelium of the antrum in Mst1” mice
(see Appendix/ Manuscript/ Figure 3A, lower panel). The number of extravasated
neutrophils in the antrum was significantly reduced in Mst1” mice compared to WT mice
(see Appendix/ Manuscript/ Figure 3B). In line with the reduced number of
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extravasated neutrophils in Mst1” mice, the number of the colony forming units (cfu) of
H. pylori in the antrum showed a significant increase in Mst1”™ mice compared to WT
mice (see Appendix/ Manuscript/ Figure 3C), indicating a more successful

colonization.

To distinguish if the increased colonization in the antrum of Mst1” mice results
from defects in transmigration and/ or defects in the phagocytosis, the phagocytic
capacity of Mst1” neutrophils was evaluated. The phagocytic capacity of neutrophils was
not impaired within the first 15 min in absence of MST1. This is line with another study
(Geng et al., 2015). However, they reported impaired phagocytosis of conditional Mst1™”
Mst2” double knockout neutrophils after 50 min (Geng et al., 2015). Within this study
later time points were not investigated, therefore it cannot be excluded that Mst1™” single

knockout neutrophils display defects after 50 min.
These results suggest that the increase in colonization in Mst1” mice is due to
the inability of neutrophils to migrate to the site of inflammation, although an additional

role of MST1 in phagocytosing the pathogens cannot be completely exclude.

6.3.2 NEUTROPHIL PENETRATION THROUGH THE VENULAR BASEMENT MEMBRANE

To better define at which step during transmigration neutrophils from Mst1” mice were
inhibited (Figure 6.1), Prof.Dr. Dietmar Vestweber, Max-Planck-Institute for Molecular
Biomedicine, Mlnster and his groups investigated in collaboration with our group the
capacity of neutrophils to migrate through the endothelium and penetrate the
perivascular basement membrane (BM) in more detail. To do this, whole mount immune
stainings of TNF-a stimulated cremaster muscles were performed using antibodies
against laminin a5 (LNa5) and the endothelial cell-specific adhesion molecule 1
(ESAM1) to visualize the BM and endothelial cell contacts, respectively. An antibody
against MRP14 was used to identify neutrophils (see Appendix/ Manuscript/ Figure
4A). By means of confocal microscopy, neutrophils were classified into three groups
according to their position during the extravasation from postcapillary venules.
Neutrophils, embedded within the endothelial layer belonged to position I. Position I
represents neutrophils located between the endothelium and BM
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and fully transmigrated neutrophils were classified as position Il (Bixel et al., 2010) (see
Appendix/ Manuscript/ Figure 4B). 49.0 + 3.9% of WT neutrophils were in intimate
contact with the endothelium (position 1), 16.4 = 2.3% were found between the
endothelium and the BM (position II) and 34.6 + 3.8% were fully transmigrated (position
) 2h after TNF-a stimulation. Neutrophils of Mstl” mice were present at similar
percentages embedded within the endothelium (position I, 43.0 £ 2.8%). However,
almost the same amount of cells was located between the endothelium and the BM
(position I, 41.8 + 2.0%). Only 15.1 + 2.2% of the Mstl” neutrophils were fully
transmigrated (position Ill) (see Appendix/ Manuscript/ Figure 4C).

These date indicate that MST1 is crucial for neutrophils to overcome the
basement membrane. This could not only be demonstrated in postcapillary venules of
TNF-a stimulated cremaster muscles, but also in the submucosal vasculature and tissue
of the H. pylori infected murine stomach of WT and Mstl” mice (see Appendix/
Manuscript/ Figure 3D-F).
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Figure 6.1 Updated neutrophil adhesion cascade
Depicted are the sequential steps of neutrophil recruitment from the vasculature to the tissue.
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6.3.3 MST1 AND TRANSLOCATION OF VLA-3, VLA-6 AND NE TO THE CELL SURFACE

After crossing the endothelial cell layer, neutrophils have to penetrate the underlying BM
(Proebstl et al., 2012, Wang et al., 2006). The BM of postcapillary venules is mainly
composed of laminin 411 (a4B1y1 laminin subunit), laminin 511 (a5B1y1laminin subunit)
and type IV collagen (Sorokin, 2010). Although many studies have been performed on
leukocyte adhesion and TEM, the mechanisms by which neutrophils penetrate the BM
are still poorly understood.

Previous studies showed that genetic, antibody or inhibitor-mediated blockade of
PECAM-1 (Wang et al., 2005), VLA-3 (Hyun et al., 2012), VLA-6 (Dangerfield et al.,
2002, Dangerfield et al., 2005, Wang et al., 2005) or NE (Wang et al., 2005) in the
mouse cremaster muscle leads to an arrest of infiltrating neutrophils between the
endothelial layer and the underlying BM. Extravasating neutrophils need to interact with
ICAM-1 and PECAM-1 to induce the mobilization of vesicles containing VLA-6 and NE.
This mobilization translocates VLA-6 and NE to the cellular surface, a prerequisite to
pass the BM.

To proof this hypothesis, an in vitro transmigration assay was established where
filters were coated with laminin, mimicking the basement membrane. Interestingly, WT
as well as Mstl” neutrophils were unable to pass filters coated only with laminin.
However, additional coating with PECAM-1 and ICAM-1 of laminin coated filters
efficiently induced neutrophil transmigration along a CXCL1 gradient in WT neutrophils.
These findings are in line with previously published data (Wang et al., 2005).
Furthermore, in contrast to WT neutrophils, neutrophils from Mst1” mice failed to pass
through PECAM-1, ICAM-1 and laminin-coated transwell filters. Similar to this finding,
Mst1™” neutrophils failed to transmigrate as efficiently as WT neutrophils through filters
containing a monolayer of mouse endothelial 1G11 cells in response to CXCL1.
Importantly, we did not find differences in the number of transmigrated WT and Mst1™
neutrophils in transwell assays without coating.

Next, the mobilization of VLA-3, VLA-6 and NE from intracellular stores to the
plasma membrane in the absence of MST1 was investigated. It was discovered that
MST1 is essential for the exocytosis of VLA-3, VLA-6 and NE as neutrophils from Mst1™”
mice fail to translocate these proteins to the cell surface upon stimulation with PECAM-1,

ICAM-1 and CXCL1. Further, it was demonstrated that ICAM-1 and CXCL1 coating are
85



Angela R.M. Kurz Discussion

responsible for the translocation of NE, whereas PECAM-1 lead to the mobilization of
VLA-6. The results for VLA-3 were not conclusive.

Taken together, neutrophils deficient in MST1 fail to efficiently penetrate the
basement membrane. This is accompanied by their inability to mobilize VLA-3, VLA-6
and/or NE from intracellular vesicles in response to interactions with endothelial CXCL-1,
ICAM-1 and PECAM-1 (Figure 6.2).

6.3.4 MST1 TRANSLOCATION WITH RAB27A TO THE PLASMA MEMBRANE

As MST1 influences LFA-1 clustering in T cells by regulating LFA-1 containing
vesicle trafficking via Rab13 (Nishikimi et al., 2014), we hypothesized, that MST1 is
similarly involved in the mobilization of the vesicles containing VLA-3, VLA-6 and NE to
the plasma membrane in neutrophils. The GTPase Rab27a is a central regulator of
vesicle exocytosis, thus regulating a variety of neutrophil functions (Catz, 2014). Several
studies indicate that Rab27a and its effectors JFC1 (synaptotagmin-like protein 1) and
Muncl3-4 regulate the secretion of several granules and vesicles, for example
azurophilic granules containing e.g. NE (Brzezinska et al., 2008, Munafo et al., 2007).
Rab27a and MST1 itself were discovered to translocate to the plasma membrane in
response to PECAM-1/ ICAM-1/ CXCL1. However, translocation of Rab27a is defective
in Mst1”™ neutrophils indicating that MST1 is involved in Rab27a dependent vesicle
trafficking. Further studies may elucidate, whether Rab27a regulates only NE sectretion

or is additionaly involved in VLA-3 and VLA-6 translocation.
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Figure 6.2 Crossing the basement membrane

During transendothelial migration, neutrophils interact with endothelial cells. Interactions with CXCL1,
ICAM-1 and PECAM-1 lead to the mobilization of VLA-3, VLA-6 and NE in a MST1- and Rab27a-
dependent manner.
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6.4 OUTLOOK

The results of the work presented expand our understanding of the underlying
mechanisms by which endothelial cell interactions ‘educate’ neutrophils to penetrate the
basement membrane. Huber et al. demonstrated that neutrophils only penetrate the BM
in the presence of an overlying endothelium (Huber and Weiss, 1989). Furthermore, it
was shown that interactions with endothelial PECAM-1, ICAM-1 and CXCL1 are required
to overcome the BM (Wang et al., 2005). So far, no signaling molecules could be
associated with this step. In this study, the serine/threonine kinase MST1 was identified
as the first signaling molecule indispensable for neutrophil BM penetration into inflamed
tissue. Furthermore, interactions of endothelial ICAM-1 and CXCL1 with 32 integrins on
neutrophils could be associated with the exocytosis of NE, whereas interactions with
endothelial PECAM-1 are important for the exocytosis of VLA-6. Whether ICAM-1/
CXCL1 and/or PECAM-1 lead to the exocytosis of VLA-3 is not clear yet. In addition, the
exact cooperation of the laminin-binding integrins VLA-3 and VLA-6 and the protease

NE on neutrophils to penetrate the BM is also still unclear.

Since the basement membrane is essential for maintaining vascular integrity,
significant degradation of the basement membrane is unlikely. Enormous numbers of
neutrophils penetrate the BM, but leave the BM morphologically intact (Nourshargh and
Alon, 2014, Rowe and Weiss, 2008, Hallmann et al., 2015). One of the hypothesis is that
during transmigration, endothelial cell traction forces and/or surface-associated
enzymatic activity might promote local reversible disassembly of the BM network and
consequently increase local pore size to permit transmigration via a proteinase-
independent process (Rowe and Weiss, 2008). This hypothesis is supported by Wang et
al who showed that neutrophils seek for LER sites and that these sites are enlarged
after IL-1p induced neutrophil transmigration (Wang et al., 2006). Only in rare cases,
using an NE-fluorescent activatable substrate (NE680FAST), a high NE activity could be
detected close to the abluminal site of postcapillary venules in TNF-a stimulated
cremaster muscles. In addition, it could be demonstrated that a couple of transmigrated
neutrophils were positive for laminin alpha 5 in TNF-a stimulated cremaster muscles.

This is in line with results from other groups showing laminin alpha 5 positive
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transmigrated neutrophils in IL-1p stimulated cremaster muscles (Wang et al., 2006).
Furthermore, neutrophils extravasate from so called ‘hot spots’ (Colom et al., 2015,
Voisin et al., 2009, Weninger et al., 2014). Keeping that in mind, one could hypothesize
that the first line of neutrophils penetrating the basement membrane enlarges LERs and
drag some laminin fibers along with them.

Using an NE-fluorescent activatable substrate (NE680FAST) revealed a mild
activity of NE on the surface of neutrophils interacting with the luminal site of venular
endothelial cells in TNF-a stimulated cremaster muscles. This activity of NE is
decreased in Mstl” mice, although the number of rolling and adherent neutrophils is
similar. Release of granules is regulated by a binary signal, one being adhesion
dependent and the other involves the ligation and activation of immune receptors
(Sengelov et al., 1995). As TNF-a activates neutrophils themselves in addition to the
interaction between B2 integrins and endothelial ICAM-1, it is not surprising that at least
a mild release of NE is triggered in these rolling and adherent neutrophils. Moreover, it
was demonstrated that interactions with endothelial ICAM-1 and CXCL1 are sufficient to
mobilize NE to the surface of neutrophils, a process dependent on MST1. A recent study
by Colom et al. showed that neutrophil derived NE, mobilized to the cell surface in
response to LTB4, bound to neutrophilic Mac-1 and was responsible for cleavage of
JAM-C. This LTB4-NE-Mac-1 axis promotes neutrophil reverse TEM (Colom et al.,
2015). It is tempting to speculate that NE promotes efficient TEM of neutrophils from

postcapillary venules to the site of inflammation.

After neutrophils migrate through the endothelial layer, they are hypothesized to
interact with matrix components of the BM via laminin binding B1 integrins, like VLA-3
and VLA-6, and B3 integrins. Extravasating neutrophils need to interact with ICAM-1 and
PECAM-1 to induce the mobilization of vesicles containing laminin binding B1 integrins.
This vesicle mobilization translocates laminin binding B1 integrins to the cellular surface,
a prerequisite to pass the BM (Dangerfield et al., 2002, Wang et al., 2005). The result of
this thesis demonstrate that MST1 is essential for the exocytosis of VLA-3 and VLA-6 as
neutrophils from Mst1” mice failed to translocate these proteins to the cell surface upon
stimulation with PECAM-1/ ICAM-1/ CXCL1.
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VLA-3 and VLA-6 seem to be regulated by cytokine dependent mechanisms.
VLA-3 was shown to be necessary for neutrophil extravasation in TNF-a and fMLP-
induced transmigration in vivo (Hyun et al., 2012). Using blocking antibodies suggest a
role for VLA-6 in IL-18, but not TNF-a dependent neutrophils extravasation (Dangerfield
et al., 2005). Interestingly, when using neutrophils deficient in the TNF receptor, blocking
of PECAM-1 trapps neutrophil between the endothelial layer and the BM (Woodfin et al.,
2009). This suggest different mechanisms to penetrate the basement membrane,
dependent on the stimulus, which is either activating the endothelium only (e.g. IL-13) or
both the endothelium and the neutrophil (e.g. TNF-a).

Nevertheless, these results show that VLA-3, VLA-6 and NE are stored in distinct
vesicles and are differently regulated. MST1 regulates the mobilization of all three, VLA-
3, VLA-6 and NE, in response to PECAM-1, ICAM-1 and CXCL1 stimulation.
Additionally, the distribution and translocation of Rab27a was disrupted in Mstl™”
neutrophils. From these experiments we cannot conclude whether Rab27a is
responsible for the mobilization of only one or all vesicles, containing VLA-3, VLA-6 and
NE. It is very likely that Rab27a at least controls the translocation of NE containing
vesicles, as demonstrated by the group of Sergio Catz (Catz, 2013). Further studies are
required to define the exact involvement of Rab27a during the translocation of VLA-3,
VLA-6 and NE during vesicle trafficking. Moreover, it would be intriguing to discover the
specific function of Rab27a-controlled vesicle trafficking for neutrophil function in vivo.
Rab27a is the only Rab associated with a human disease, called Griscelli syndrome
type 2 (GS2), where patients suffer from often fatal viral and bacterial infections, due to
severe immmunodefiency including neutropenia.

Rab GTPases are controlled by Rab effector proteins. So far, two Rab27a effector
proteins, Slpl/JFC1 and Muncl3-4, could be associated with impaired release of
granules in neutrophils. It would be exciting to explore if Slp1/JFC1 and/or Muncl13-4
regulate the translocation of VLA-3, VLA-6 and NE. As MST1 influences LFA-1
containing vesicle trafficking in T cells by regulating the Rabl1l3 effector DENND1C
(Nishikimi et al., 2014), it is tempting to speculate that MST1 is involved in the vesicle

transport of neutrophils by controlling the activity of the Rab27a effector proteins,
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SIpl/JFC1 and Muncl3-4. Further experiments are necessary to explore these

possibilities.

Defining the exact function of MST1 will contribute to a better understanding of
the underlying defects in patients suffering from STK4 deficiency. Recently, Lerman et
al. reported that VLA-3 is upregulated in neutrophils in human septic patients and in
septic mice (Lerman et al., 2014). Neutrophils with an increased expression of VLA-3
displayed a hyperinflammatory phenotype and blocking VLA-3 on neutrophils in septic
mice improved their survival (Lerman et al., 2014). It would be interesting to outline the
involvement of MST1 and reveal if MST1 could modulate the inflammatory phenotype

during sepsis.

Taken together, we demonstrate that the serine/threonine-kinase MSTL1 is
indispensable for neutrophil penetration of the basement membrane by regulating the
mobilization of VLA-3, VLA-6 and NE from intracellular vesicles to the plasma
membrane. These findings emphasize the importance of MST1 for early innate immune
responses and also helps to understand the phenotype of recurring infections found in

patients suffering from STK4 immune deficiency.
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8 ABBREVIATION LIST

AA Amino acid

ANOVA Analysis of variance

BB Brucella Broth

BM Basement membrane

BSA Bovine serum albumin

CCM3 cerebral cavernos malformations 3

CD99L2 CD99 antigen-like protein 2

CTL Cytotoxic T lymphocytes

CXCL CXC chemokine ligand

CXCR CXC chemokine receptor

DENND1C DENN domain containing 1C

ESAM-1 Endothelial cell-selective adhesion molecule 1
ESL1 E-selectin ligand 1

FACS Fluorescence activated cell sorting

fMLP N-Formylmethionyl-leucyl-phenylalanine

FOV Field of view

GlyCAM Glycosylation-dependent cell adhesion molecule
GS2 Griscelli syndrome type 2

GTP Guanosine triphosphate

Hpo Hippo

ICAM1 Intercellular adhesion molecule 1

ICAM2 Intercellular adhesion molecule 2

ID Inner diameter

IL-18 Interleukine-1p3

JAM Junctional adhesion molecule

KRS2 Kinase responsive to stress 2

LAD Leukocyte adhesion deficiency

LATS Large tumor suppressor

LBRC Lateral border recycling compartment

LBRC Lateral border recycling compartment

LER Low expression region

LFA-1 Lymphocyte function-associated antigen 1 (CD18/CD11a; aL32)
LTB4 Leukotriene B4

Macl Macrophage-1 antigen (CD11b/CD18, aMp2)
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MALT
MFI
MMP
MPO
MST
MU

NE

NET

NK cells
ORCA
PBS
PCR
PECAM
PKA
PSGL-1
PVDF
PVR
Rab
RAPL
RHOG
RIPA
RNA
ROS
RT
SARAH
Sipl
SNARE
SNP
STK
TBS
TEM
TNF-a
t-SNARE
VAMP
VCAM1
VE-cadherin
VE-PTP
VLA-3

Mucosa-associated lymphoid tissue
Mean fluorescence intensity

Matrix metalloproteases
myeloperosidase

Mammalian sterile 20-like kinase

Neutrophil elastase
Neutrophil extracellular traps

Natural killer cells

Phosphate-buffered saline
Polymerase chain reaction

Platelet endothelial cell adhesion molecule

P-selectin glycoprotein ligand 1
Polyvinylidenfluorid
Poliovirus receptor

Ras-related in brain

Ras homology Growth-related
Radioimmunoprecipitation assay buffer
Ribonucleic acid

Reactive oxygen species

Room temperature

Sav/Rassf/Hpo

Synaptotagmin-like protein 1

Soluble N-ethylmaleimide-sensitive factor attachment protein receptor
Single nucleotide polymorphisms
Serine/threonine protein kinase

Tris-buffered saline

Transendothelial migration

Tumornekrosefaktor-a

Target SNARE

vesicle-associated membrane protein 2

Vascular cell adhesion molecule 1

Vascular endothelial-cadherin

Vascular endothelial protein tyrosine phosphatase
Very late antigen 3 (a331, CD49¢c/CD29)
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VLA-6
v-SNARE
WT

YAP
YSK1

Very late antigen 6 (a6p31, CD49f/CD29)
Vesicle SNARE

Wild type

Yes-associated protein

Yeast Sps1/Ste20-related Kinase 1
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Abstract

Neutrophils need to penetrate the perivascular basement membrane for successful
extravasation into inflamed tissue, a process only incompletely understood. Here, we
show that mammalian sterile 20-like kinase 1 (MST1) is a critical regulator of neutrophil
extravasation during inflammation. We observed that Mst1-deficient (Mst1™) neutrophils
persisted between the endothelium and the basement membrane of inflamed murine
cremaster muscle venules, unable to migrate into the inflamed tissue. Mst1™” neutrophils
also failed to extravasate from gastric submucosal vessels in a murine Helicobacter
pylori infection model. Mechanistically, impaired extravasation of Mst1” neutrophils was
accompanied by defective translocation of VLA-3, VLA-6, and neutrophil elastase from
intracellular vesicles to the neutrophil surface, a requirement for neutrophils to penetrate
the basement membrane. Together, these findings highlight an unexpected role of
MSTL1 in neutrophil extravasation and explain the severe immune defect observed in

patients with MST1 deficiency.
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Introduction

Recruitment of neutrophils from the intravascular compartment to sites of inflammation is
a fundamental process during the innate immune response. The process follows a well-
defined cascade of events, including neutrophil capture and rolling, firm adhesion,
crawling, extravasation and migration into inflamed tissue (Nourshargh and Alon, 2014).
Although most of the recruitment steps have been thoroughly studied in the past
(Kolaczkowska and Kubes, 2013), the precise mechanism of neutrophil transmigration
across venular walls and penetration of the perivascular basement membrane (BM)
remain elusive (Hallmann et al., 2015, Rowe and Weiss, 2008, Sorokin, 2010, Muller,
2016). Once neutrophils have migrated through the endothelial layer, they are primed for
subsequent penetration of the endothelial BM (Bixel et al., 2010, Thompson et al., 2001,
Wegmann et al., 2006) at sites that express low levels of laminin 511 (Sixt et al., 2001,
Wu et al., 2009, Kenne et al., 2010) and potentially also low levels of collagen IV (Wang
et al., 2006). So far, it is known that the surface expression of VLA-3 (a3p1,
CD49c/CD29) (Hyun et al., 2012) and VLA-6 (a6p1, CD49f/CD29) (Dangerfield et al.,
2005), extracellular matrix binding integrins on neutrophils, are required for migration
into inflamed tissue. VLA-3 was shown to be necessary for neutrophil extravasation in
TNF-a and fMLP-induced transmigration in vivo (Hyun et al., 2012), while studies using
blocking antibodies suggest a role for VLA-6 in IL-1B, but not TNF-a dependent
neutrophil extravasation (Dangerfield et al., 2005). Migration through the BM was
described to be further accompanied by the surface expression of the serine protease
neutrophil elastase (NE) (Wang et al., 2005), although experiments using NE deficient
mice in vivo could not confirm a role in the extravasation process (Young et al., 2007).
Since VLA-3, VLA-6 and NE are stored in intracellular vesicles (Uriarte et al., 2008,
Wang et al., 2005), they need to be translocated to the cell surface during
transmigration.

Recently, three independent groups identified a novel human primary immunodeficiency
disorder, caused by autosomal recessive loss of function mutation in the
serine/threonine protein kinase 4 (STK4), which encodes MST1, the mammalian
homolog of the Drosophila melanogaster kinase Hippo. Children with STK4 deficiency
display recurring bacterial, viral and fungal infections together with autoimmune disease.

They also suffer from lymphopenia, which explains part of the clinical manifestations.
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However, their impaired response to acute bacterial infections, also suggests a defect in
myeloid cell function. (Abdollahpour et al., 2012, Crequer et al., 2012, Nehme et al.,
2012)

Studies using Mammalian Ste-20 like kinase 1 (Mstl) deficient mice showed that the
ubiquitously expressed serine/ threonine kinase MST1 is involved in lymphocyte
trafficking by controlling exocytosis and localization of the [, integrin Lymphocyte
Function-associated Antigen-1 (LFA-1, CD11a/CD18, «.f3;) to the plasma membrane.
MST1 associates via RAPL with the cytoplasmic tail of the a_ subunit and leads to the
translocation of LFA-1 containing vesicles in a DENND1C- Rab13 dependent manner
(Nishikimi et al., 2014). The absence of MST1 in lymphocytes leads to adhesion as well
as migration defects, resulting in impaired lymphocyte trafficking and a decreased
number of peripheral lymphocytes (Katagiri et al., 2006, Katagiri et al., 2009). To
investigate the role of MST1 for myeloid cell function, we evaluated neutrophil
recruitment in Mst1” mice under in vivo and in vitro conditions. We show that MST1 is
dispensable for LFA-1 dependent neutrophil adhesion in mice and humans, but critical
for neutrophil extravasation into the interstitial space through controlling translocation of
VLA-3, VLA-6 and neutrophil elastase (NE) to the neutrophil surface. Hence, we identify
MST1 deficiency as a neutrophil transmigration deficiency with a basement membrane

penetration defect.
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Results

MSTL1 is dispensable for neutrophil adhesion but critical for extravasation

In the past, conflicting results on the expression of MST1 in mouse neutrophils were
published (De Souza et al., 2002). Therefore, we first confirmed the expression of MST1
in neutrophils from wild type (WT) and the absence of MST1 in Mstl” neutrophils
(Figure 1A). In addition, we also tested for MST2 and did not detect any MST2
expression neither in WT nor in Mstl” neutrophils (Figure 1A and Supplemental
Figure 1A). Next, we determined differential cell counts of peripheral blood and in
accordance to previously published data (Choi et al., 2009) found decreased numbers of
lymphocytes in Mst1” mice compared to WT mice (Figure 1B). In contrast, neutrophil
counts were not significantly altered in Mst1” mice compared to WT mice.

Previous studies had shown that MST1 is crucial for B2 integrin LFA-1 (aLpB2)-dependent
T-cell adhesion (Katagiri et al., 2006). To test whether LFA-1 dependent adhesion is
also affected in neutrophils lacking MST1, we compared neutrophil adhesion efficiency
in TNF-a stimulated cremaster muscle venules of WT and Mstl” mice using intravital
microscopy. Unexpectedly, we observed no difference in neutrophil adhesion efficiency
between WT and Mst1” mice (Figure 1C). In addition, neutrophil rolling flux fraction and
neutrophil rolling velocity, which is regulated by LFA-1, were not altered in Mst1” mice
compared to WT mice (Supplemental Figure 1B and C). We then performed ex vivo
flow chamber assays using glass capillaries coated with various combinations of
adhesion molecules and found no difference in the number of adherent leukocytes
(Figure 1D). Furthermore, Mst1™” neutrophils displayed proper LFA-1 reorganization and
accumulation at the uropod during postarrest modifications as observed in flow
chambers using confocal microscopy (Figure 1E and Supplemental Video 1A,B).
Neutrophil surface expression of LFA-1, Mac-1, CXCR2, CD44, PSGL1 and CD62L
were similar in WT and Mstl” mice (Supplemental Figure 1D). In addition, CXCL1
dependent LFA-1 activation in a soluble ICAM-1 binding assay were similar between
neutrophils isolated from WT and Mst1” mice (Supplemental Figure 1E,F).

Next, we investigated neutrophil adhesion from two human patients with STK4 (also
known as MST1) deficiency and their heterozygous parents (Abdollahpour et al., 2012).

For this approach, we determined the number of adherent neutrophils/FOV in flow
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chambers coated with E-selectin/ICAM-1/CXCL8. The number of adherent
neutrophils/FOV of STK4” patients was similar to adhesion observed for chambers
perfused with neutrophils from their heterozygous (STK4™") parents (Figure 1F).

We then went on and asked whether MST1 deficiency could have any impact on
neutrophil extravasation in a TNF-a induced peritonitis model. In WT mice, i.p. injection
of TNF-a dramatically increased the number of neutrophils in the peritoneum compared
to NaCl control injection. In contrast, neutrophils from Mst1” mice failed to transmigrate
into the peritoneal cavity within 2h hours of TNF-a stimulation (Figure 1G).

Taken together, these in vitro and in vivo results demonstrate that, in contrast to T-cells,
MST1 is dispensable for LFA-1 activation and clustering in neutrophils. Hence,
neutrophil adhesion is unaffected in Mstl” mice as well as in patients with STK4
deficiency. However, we could detect a massive decrease in the number of extravasated
neutrophils in the peritoneal lavage of Mstl” mice compared to WT mice in the TNF-
induced peritonitis model suggesting a neutrophil recruitment defect downstream of

intravascular adhesion.

Loss of MST1 in neutrophils results in decreased transmigration in vivo

Using multi-photon laser scanning microscopy we next investigated neutrophil
transmigration 180 to 240 min after intrascrotal injection of TNF-a, together with a non-
blocking antibody against PECAM1 (Woodfin et al., 2011), into Lyz2°™ (Faust et al.,
2000) and Mstl” x Lyz2®" mice, where neutrophils are endogenously labeled with
EGFP. We observed an increasing number of neutrophils in Lyz2° mice crossing
postcapillary venules and migrating into the inflamed tissue (Figure 2A, upper panel and
Supplemental Video 2A). In contrast, neutrophils from Mst1” x Lyz2®™ mice remained
close to the abluminal part of the vessel wall (Figure 2A, lower panel and Supplemental
Video 2B). We then determined the duration of neutrophil transmigration into tissue and
observed that transmigration of Lyz2°™ mice required 7.5 + 0.8 min (median + SEM),
which is similar to the time reported by others (Woodfin et al., 2011). In contrast, most
neutrophils of Mst1” x Lyz2°™ mice failed to transmigrate into tissue within the 20 min
of observation (20 + 0.8 min, median £ SEM) (Figure 2B) and accumulated at the

abluminal site of postcapillary venules (Figure 2C).
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To test, whether further inflammatory stimulation could induce migration into the
interstitial matrix, a laser injury near postcapillary venules was set 3 h after TNF-a

26"P mice swarmed and accumulated at the site of laser

stimulation. Neutrophils of Lyz
injury within 30 min, as described by Lammermann et al. (Lammermann et al., 2013).
Interestingly, neutrophils deficient in MST1 remained at the abluminal site of venules
and were unable to interstitially migrate to the site of laser injury (Figure 2D,E and
Supplemental Video 3A,B). However, absent interstitial migration was not due to an
intrinsic migration defect of Mstl”™ neutrophils as migration of bone marrow-derived
neutrophils to fMLP or CXCL1 in a 3D collagen gel assay was not affected by the
absence of MST1 (Supplemental Figure 2A,B), indicating that interstitial migration is

independent of MST1.

MST1 deficient neutrophils fail to transmigrate to the site of infection in a
Helicobacter pylori mouse infection model

Next, we evaluated the role of MST1 in a murine Helicobacter pylori (H. pylori) infection
model. Previous work had shown that neutrophils play an important role in the
pathogenesis of H. pylori infection (D'Elios et al., 2007). The bacterium induces a strong
inflammatory response in the gastric mucosa, which is dependent on the H. pylori
neutrophil-activating protein (HP-NAP). Furthermore, pro-inflammatory cytokines such
as CXCL8 are secreted during the inflammatory process, recruiting additional
neutrophils and monocytes to the site of inflammation (Montecucco and Rappuoli, 2001).
We infected WT and Mstl” mice with H. pylori orogastrically and sacrificed the mice 3
months later. As reported earlier (Suerbaum and Michetti, 2002), the majority of
infiltrated neutrophils were found in the antrum region of the stomach (Figure 3A upper
panel). In contrast, we only detected a very small number of neutrophils in the gastric
epithelium of the antrum of Mst1” mice (Figure 3A lower panel) demonstrating reduced
neutrophil extravasation (Figure 3B). In line with this, the number of colony forming units
(cfu) of H. pylori in the antrum showed a significant increase in Mst1” mice compared to
WT mice (Figure 3C), indicating a more successful colonization.

Finally, we immunostained tissue sections from the lower part of the mucosa, where
neutrophils extravasate from postcapillary venules (Figure 3D). We did not observe any

difference in the number of total neutrophils/FOV between WT and Mst1” mice (Figure
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3E). However, in WT mice neutrophils migrated from venules into the inflamed tissue,
while, as expected, neutrophils from Mst1” mice remained near the vessel wall (Figure
3F). Thus, MST1 is required for proper neutrophil extravasation from the submucosal

vasculature into tissue during H. pylori infection.

MSTL1 is essential for neutrophils to penetrate the basement membrane

Next, we focused on the capacity of Mst1™ neutrophils to penetrate the perivascular BM.
To this end, we performed whole mount stainings of TNF-a stimulated cremaster
muscles using antibodies against laminin a5 (LNa5), endothelial cell-specific adhesion
molecule 1 (ESAML1) to visualize the BM and endothelial cell contacts, and anti-MRP14
to identify neutrophils (Figure 4A). By means of confocal microscopy, neutrophils were
classified into three groups according to their position during the extravasation from
postcapillary venules. Neutrophils, embedded within the endothelial layer belonged to
position |. Position Il represented neutrophils located between the endothelium and BM
and fully transmigrated neutrophils were classified as being in position Il (Figure 4B)
(Bixel et al., 2010). Neutrophils of WT and Mstl” mice were present at similar
percentages embedded within the endothelium (position 1). However, significantly more
Mstl” neutrophils were located between the endothelium and the BM (position II)
compared to WT neutrophils while significantly more WT than Mst1” neutrophils were
fully transmigrated (position 1l) (Figure 4C).

To gain further insights into the molecular mechanisms of MST1 dependent
transmigration, we performed transwell assays where filters were coated with BSA
(control), laminin, a key component of the BM, alone (Yousif et al., 2013), or with
PECAM-1 and ICAM-1, while CXCL1 was used as chemoattractant. Laminin alone did
not induce transmigration of neither WT nor Mst1™ neutrophils. A combination of laminin,
PECAM-1 and ICAM-1 efficiently induced transmigration along a CXCL1 gradient,
however only for WT but not for Mst1” neutrophils (Figure 4D). In line with this, Mst1™”
neutrophils failed to transmigrate as efficiently as WT neutrophils through filters
containing a monolayer of mouse endothelial 1G11 cells in response to CXCL1 (Figure
4E). Importantly, we did not find differences in transmigrated WT and Mst1” neutrophils
in transwell assays without coating (Figure 4F), implying that MST1 is essential for

neutrophils to penetrate the BM in vivo and in vitro.

116



Angela R.M. Kurz Appendix

MSTL1 is required for the translocation of VLA-3, VLA-6 and NE to the cell surface

It had been shown previously, that mobilization of VLA-3, VLA-6 and NE from
intracellular stores to the plasma membrane is a crucial step for successful neutrophil
transmigration (Hyun et al., 2012, Lerman et al., 2014, Wang et al., 2005). In order to
evaluate the putative role of MST1 in the mobilization of VLA-3, VLA-6 and NE,
neutrophils from WT or Mst1” mice were seeded on slides coated with BSA or PECAM-
1/ICAM-1/CXCL1 and immunostained with antibodies against VLA-3, VLA-6 or NE.
Confocal microscopy showed that WT as well as Mstl” neutrophils seeded on BSA
displayed all three molecules - VLA-3, VLA-6 and NE (Supplemental Figure 3,D,G) -
within intracellular stores. Fluorescence intensity profiles (see Materials and Methods
and Supplemental Figure 3A) of VLA-3, VLA-6 and NE were similar between WT and
Mst1l™” cells seeded on BSA (Supplemental Figure 3B-D). PECAM-1/ICAM-1/CXCL1
coating induced the translocation of VLA-3, VLA-6 and NE to the surface of interacting
WT neutrophils, leading to a ring-like structure at the cell border (Figure 5A-I). In
contrast, neutrophils derived from Mst1”™ mice failed to efficiently mobilize any of the
three proteins to the cell surface, resulting in less pronounced ring formation in Mst1”
neutrophils (Figure 5A-l). Of note, western blot analysis showed no difference in the
total protein levels of VLA-3, VLA-6 and NE between WT and Mstl” neutrophils
(Supplemental Figure 3E).

In order to verify MST1-dependent mobilization in vivo, we investigated NE activity with
an NE-fluorescent activatable substrate (NE680FAST) in postcapillary venules of
unstimulated and TNF-a stimulated cremaster muscle whole mounts from WT and Mst1
" mice. In unstimulated venules of WT mice we were unable to detect any NE activity ,
while 2h after TNF-a stimulation NE activity could be observed (Figure 5J). TNF-a
stimulated venules from Mst1” mice showed decreased NE activity as compared to WT
mice (Figure 5J). Importantly, the number of adherent cells was similar in WT and Mst1™”
mice (Supplemental Figure 3F).Taken together, these in vitro and in vivo results
demonstrate that MST1 is indispensable for efficient translocation of VLA-3, VLA-6 and

NE to the surface of neutrophils.
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MST1 translocates with Rab27ato the plasma membrane
Rab27a is a central regulator of vesicle trafficking in neutrophils (Catz, 2014,
Sheshachalam et al., 2014). Therefore, we investigated Rab27a translocation to the
plasma membrane in response to PECAM-1/ICAM-1/CXCL1-stimulation. Rab27a
displayed an intracellular localization in WT and Mst1”" neutrophils when seeded on BSA
(Figure 6A and Supplemental Figure 4A). In WT neutrophils, PECAM-1/ICAM-
1/CXCL1-coating induced the translocation of Rab27a to the plasma membrane (Figure
6A,B) and led to ring formation of Rab27a in most of analyzed WT neutrophils (Figure
6C). In contrast, neutrophils derived from Mst1” mice failed to translocate Rab27a to the
plasma membrane in response to PECAM-1/ICAM-1/CXCL1 stimulation (Figure 6A-C).
However, total protein levels of Rap27 were similar between WT and Mst1” neutrophils
(Supplemental Figure 4B).
Next, we investigated whether MST1 itself translocates to the plasma membrane upon
ICAM-1/PECAM-1/CXCL1 stimulation. MST1 displayed intracellular localization in WT
neutrophils seeded on BSA (Figure 6D-F). In response to ICAM-1/PECAM-1/CXCL1
stimulation, MST1 localized together with Rab27a at the plasma membrane (Figure 6D-
F).

Taken together, these results demonstrate that Rab27a and MST1 translocate to
the cellular membrane upon ICAM-1/PECAM-1/CXCL1 stimulation, implying a role of
MST1 in Rap27a-dependent vesicle transport.
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Discussion

In this study, we identify the serine/threonine kinase MST1 as the first signaling
molecule indispensable for neutrophil basement membrane penetration into inflamed
tissue.

Originally, MST1 (mammalian homolog of the Drosophila Hippo protein) was identified in
Drosophila melanogaster as the central constituent of the Hippo pathway, controlling
organ size and proliferation. Recently, MST1 has attracted more attention due to its role
in cancer development (Yu et al., 2015) and the discovery that a mutation in human
STK4 (Mstl) leads to a primary immune deficiency. Patients with a deficiency in STK4
present with recurring bacterial, fungal and viral infections, and display lymphopenia and
intermittent neutropenia (Abdollahpour et al., 2012, Crequer et al., 2012, Nehme et al.,
2012). Using Mst1” mice, MST1 was shown to be required for LFA-1 dependent T-cell
trafficking (Katagiri et al., 2009, Ueda et al., 2012) by regulating the transport and
distribution of LFA-1 containing vesicles to the plasma membrane and subsequent LFA-
1 clustering and adhesion of T-cells (Katagiri et al., 2006).

We demonstrate, that in contrast to T-cells (Katagiri et al., 2009), MST1 is dispensable
for LFA-1-dependent neutrophil adhesion in mice and humans. Neutrophils from Mst1”
mice showed no defect in LFA-1 activation. In addition, clustering of LFA-1 as well as
static adhesion on ICAM-1 coated surfaces was not altered in Mstl” neutrophils
compared to WT neutrophils. Murine Mst1™ neutrophils as well as neutrophils derived
from two patients with STK4 deficiency adhered to E-selectin/ICAM-1/CXCL1 coated
flow chambers to the same extent as WT controls or their heterozygote parents,
respectively. These results suggest that different mechanisms of LFA-1
regulation/activation exist between lymphocytes and neutrophils. This may be supported
by data from Fabbri et al., reporting that Rab11, is required for the trafficking of LFA-1-
containg vesicles in neutrophils (Fabbri et al., 2005). In T-cells, Rap13 is responsible for
this step (Nishikimi et al., 2014).

Although Mst1” neutrophils showed no defective adhesion in our studies, they
failed to extravasate into the peritoneal cavity. In TNF-a stimulated cremaster muscles,
Mst1”" neutrophils remained in close contact with the abluminal side of the vessel. Even
after additional stimulation by inducing a laser injury next to the vessel, Mstl™

neutrophils persisted at the vessel wall and failed to migrate to the site of injury. After
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crossing the endothelial cell layer, neutrophils have to penetrate the underlying BM
(Hallmann et al., 2015, Sorokin, 2010, Wang et al., 2006). The BM of post-capillary
venules is mainly composed of laminin 411 (a4B1y1 laminin subunit), laminin 511
(a5B1y1laminin subunit) and type IV collagen (Sorokin, 2010). Although many studies
have been performed on leukocyte adhesion and TEM, the mechanism by which
neutrophils penetrate the BM is still poorly understood (Rowe and Weiss, 2008,
Hallmann et al., 2015).

Previous studies showed that genetic, antibody or inhibitor-mediated blockade of
PECAM-1 (Wang et al., 2005), VLA-3 (Hyun et al., 2012), VLA-6 (Dangerfield et al.,
2002, Dangerfield et al., 2005, Wang et al., 2005) or NE (Wang et al., 2005) leads to an
arrest of infiltrating neutrophils between the endothelial layer and the underlying BM.
Extravasating neutrophils need to interact with ICAM-1 and PECAM-1 to induce the
mobilization of vesicles containing VLA-6 and NE. This mobilization translocates VLA-6
and NE to the cellular surface, a prerequisite to pass the BM (Dangerfield et al., 2002,
Wang et al., 2005). We found that MST1 is essential for the exocytosis of VLA-3, VLA-6
and NE as neutrophils from Mst1” mice failed to translocate these proteins to the cell
surface upon stimulation with PECAM-1/ ICAM-1/ CXCL1. In contrast to WT neutrophils,
neutrophils from Mst1” mice failed to pass through a PECAM-1, ICAM-1 and laminin-
coated transwell filter in an in vitro transmigration assay.

As MST1 influences LFA-1 clustering in T-cells by regulating LFA-1 containing vesicle
trafficking via Rab13 (Nishikimi et al., 2014), we hypothesized, that MST1 is similarly
involved in the mobilization of the vesicles containing VLA-3, VLA-6 and NE to the
plasma membrane in neutrophils. The GTPase Rab27a is a master regulator of
exocytosis in neutrophils (Catz, 2014). Several studies indicate that Rab27a and its
effectors JFC1 (synaptotagmin-like protein 1) and Muncl3-4 regulate the secretion of
azurophilic granules, containing NE and MPO (Brzezinska et al., 2008, Munafo et al.,
2007). We discovered that Rab27a and MST1 itself translocate to the plasma membrane
in response to PECAM-1/ ICAM-1/CXCL1. However, translocation of Rab27a is
defective in Mstl” neutrophils indicating that MST1 is involved in Rab27a dependent
vesicle trafficking. Further studies may elucidate, whether Rab27a regulates only NE

secretion or is furthermore involved in VLA-3 and VLA-6 translocation.

120



Angela R.M. Kurz Appendix

Taken together, we demonstrate that the serine/threonine-kinase MST1 is indispensable
for neutrophil penetration of the basement membrane by regulating the mobilization of
VLA-3, VLA-6 and NE from intracellular vesicles to the plasma membrane. These
findings elucidate the importance of MST1 for early innate immune responses and also
explain the phenotype of recurring infections found in patients suffering from STK4
immune deficiency.
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Methods

Study approval

Mst1” mice were generated by Dae Sik Lim as described (Oh et al., 2009). Lyz2®"
(Faust et al.,, 2000) were generously provided by Thomas Graf, Centre for Genomic
Regulation, Barcelona, Spain. Lyz2°™ x Mstl” were generated by crossbreeding.
C57BL/6 wild type (WT) mice were obtained from Janvier Labs. Animal studies were
approved by the Regierung von Oberbayern, Germany, AZ 55.2-1-54-2531-149/10 and
AZ 55.2-1-54-2532-34/14.

Human studies with purified neutrophils from parents (STK4™") or STK4™ patients were

approved by the ethical committee, LMU, Germany, AZ 66-14.

Western Blot

Isolated neutrophils were incubated in lysis buffer (1x PBS, 1% Triton X-100
(Applichem), 0.5% Na deoxycholate, 0.1% SDS supplemented with protease (Roche)
and phosphatase inhibitors (Sigma)), homogenized in Laemmli sample buffer and boiled
for 5min. Proteins were resolved by SDS—polyacrylamide gel electrophoresis (SDS—
PAGE) and then electrophoretically transferred onto PVDF membranes, which were
subsequently incubated with antibodies. The following antibodies were used: rabbit anti-
MST1 antibody (Upstate), rabbit anti-MST2 antibody (Cell Signaling), rabbit anti-NE
antibody (Abcam), mouse anti- VLA-3 antibody (42/CD49c, BD), rabbit anti- VLA-6
antibody (Thermo Scientific), sheep anti- Rab27a (R&D), mouse anti-GAPDH antibody
(Calbiochem), goat anti-mouse HRP, goat anti-rabbit HRP or donkey anti-sheep HRP
(Jackson ImmunoResearch). Bound antibodies were detected using enhanced
chemiluminescence (Millipore Corporation).

Intravital microscopy of TNF-a stimulated mouse cremaster muscle venules

Intravital microscopy of mouse cremaster muscle venules was performed in WT and
Mstl” mice, as previously described (Pruenster et al., 2015). Briefly, 2 h after
intrascrotal injection of TNF-a (R&D systems, 500 ng/mouse) a carotid artery catheter
was placed for blood sampling (ProCyte Dx, IDEXX Laboratories). Thereafter, the
cremaster muscle was exteriorized and rolling flux fraction (rolling cell/min divided by

total neutrophil flux), rolling velocity and leukocyte adhesion efficiency (number of
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adherent cells/mm divided by the systemic neutrophil count) determined by intravital
microscopy (Olympus BX51WI microscope, water immersion objective 40x, 0.80 NA,
Olympus; CCD camera, CF8/1, Kappa). Postcapillary venules ranged from 20-40 pm in

diameter.

Murine ex vivo flow chamber system and LFA-1 clustering

To investigate adhesion under flow conditions, we used a previously described flow
chamber system (Yang et al., 2012). Glass capillaries (Rect.Boro Capillaries 0.04 x 0.40
mm ID VitroCom, Mountain Lakes, USA) were coated with E-selectin (R&D systems, 20
pg/ml), ICAM-1 (R&D Systems, 15 pg/ml) and/ or CXCL1 (Peprotech,15 pg/ml). Flow
chambers were autoperfused with whole blood from WT or Mstl” mice via a carotid
artery catheter. One representative field of view was recorded by intravital microscopy
(water immersion objective x20, 0.95 NA, Olympus).

In order to investigate LFA-1 clustering during neutrophil adhesion under flow conditions,
flow chambers were perfused (2 pl/min) with whole blood from WT or Mstl” mice,
incubated with rat anti-LFA-1 Alexa Fluor 546 antibody (2D7, BioLegend). Adherent cells

were imaged using confocal microscopy (Leica System SP5, 63%, 1.4 NA oil objective).

Human flow chamber system

In order to investigate adhesion of human neutrophils under flow conditions we used a
previously described flow chamber system (Nussbaum et al., 2013). Glass capillaries
(Rect.Boro Capillaries 0.2 x 2 mm ID VitroCom, Mountain Lakes, USA) were coated with
combinations of E-selectin (R&D systems, 5 pg/ml), ICAM-1 (R&D Systems, 4 pg/ml)
and CXCL8 (Peprotech, 5 ug/ml). Flow chambers were perfused (2 dyne/cm?) with Ficoll
purified neutrophils (2x10°/ml) from parents (STK4™") or STK4™" patients.

Surface expression of LFA-1, Mac-1, CXCR2, CD44, PSGL1 and CD62L

Surface expression of aL (LFA-1, CDl1lla- APC, M17/4, eBioscience), aM (Mac-1,
CD11b - Brilliant Violet 570, M1/70, BioLegend), CXCR2 (CD182- APC, 242216, R&D),
CD44 (CD44- Brilliant Violet 570, IM7, BioLegend) , PSGL1 (CD162- PE, 2PH1,
Pharmingen) und L-selectin (CD62L- FITC, MEL-14, BioLegend) of bone marrow
derived Ly6G* (Ly6G-Pacific Blue, 1A8, BioLegend) neutrophils from WT and Mst1™”
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mice was compared using a Beckman Coulter Gallios™ flow cytometer and analyzed

using Kaluza® Flow Analysis Software (Beckman Coulter).

Soluble ICAM-1 binding assay

Soluble ICAM-1 binding assay was performed as described previously (Pruenster et al.,
2015). Briefly, bone marrow derived neutrophils were isolated from WT and Mst1” mice
using a Percoll gradient (Sigma). Cells were suspended in complete HBSS buffer
(Hanks Balanced Salt Solution containing 0.1% Glucose, 1 mM CaCl, and MgCl,, 0.25%
BSA (GE healthcare) and 10 mM Hepes (Sigma), pH7.4). Cells were stimulated with 100
ng/ml rmCXCL1 (Peprotech) or an equal volume of HBSS buffer, in the presence of
rmICAM-1 (ICAM-1 hFc chimera, R&D Systems, 20ug/ml), goat anti-human Fc gamma-
biotin (polyclonal, eBioscience) and Streptavadin — PerCP-Cy5.5 (eBioscience) for 3 min
at 37°C. Cells were fixed (FACS Lysing Solution, BD), stained with rat anti-mouse Ly6G-

Pacific Blue antibody (1A8, BioLegend) and measured using flow cytometer.

TNF-a induced neutrophil extravasation into the peritoneal cavity

WT and Mst1” mice were intraperitoneally injected with NaCl (control) or TNF-a (rmTNF-
a, R&D Systems, 1 pg/mouse). Mice were sacrificed 2 h later, and peritoneal lavage was
performed, cells were collected, stained with a rat anti- Ly6G (1A8, BioLegend) and the
number of extravasated neutrophils was evaluated using rat anti-Ly6G antibody (1A8,

BioLegend), Flow-Count™ Fluorospheres and flow cytometry.

Multi photon microscopy of the mouse cremaster muscle

Extravasation of neutrophils into inflamed mouse cremaster muscle of Lyz2°™ and
Lyz2°F" x Mst1l” mice was investigated by multi photon microscopy (Woodfin et al.,
2011). Briefly, TNF-a (R&D Systems, 500 ng) and a rat anti-PECAM-1 antibody Alexa
Fluor 546 (390, BioLegend; 3 pg) were injected into the scrotum of mice. 1 h later, the
cremaster muscle was prepared for intravital multi photon microscopy. Z-stacks were
captured using a TrimScope (LaVision Bio Tec (Rehberg et al., 2011), upgraded with
Hamamatsu H7422A-40 high sensitivity GaAsP photomultipliers; Olympus XLUMPIlanFlI,
20x, 0.95 W objective, 810 nm excitation, ultra-sensitive port (USP) 525/50, 580/60).

Images (966 x 966 pixels, 300 x 300 um, step size 4 um) were acquired at intervals of
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30 seconds. After acquisition, images were processed and analyzed using Imaris 7
(Bitplane). Transmigration time was defined from the point the cells started to
transmigrate (excluding intraluminal crawling) until they completely detached from the

abluminal vascular wall.

Laser induced injury using multi photon microscopy in the mouse cremaster
muscle

A laser injury using high laser power by scanning an area of 50 x 50 um 121 times in the
center of 500 x 500 um was set, 3 h after intrascrotal injection of rmTNF-o and anti
PECAM1- Alexa Fluor 546 antibody. Images were acquired for 30 min as described
above. The GFP intensity, which is proportional to the number of neutrophils at the site

of injury, was analyzed using Fiji software.

Chemotaxis assay for neutrophils in 3D collagen gels

3D Chemotaxis was performed according to the manufacturer’'s instructions (Ibidi).
Briefly, bone marrow derived neutrophils from WT and Mst1” mice were isolated using a
Percoll gradient and 3x10° cells were seeded together with Collagen | into a channel of
Ibidi p- Slides Chemotaxis®C. After 5 min of incubation at 37 °C, the reservoirs were filled
with either complete HBSS-buffer alone or with rmCXCL1 (Peprotech, 100 ng/ml) or
fMLP (Sigma, 10 uM). Images were acquired every 14 s for 30 min at 37 °C using an
Axiovert 200M microscope. Images were analyzed using Fiji software.

Helicobacter pylori infection model

WT or Mstl” mice were infected with the H. pylori strain PMSS1wt orogastrically three
times with 10° bacteria or sterile Brucella Broth (BB) alone as a control. Animals were
sacrificed after 6 weeks or 3 months. Stomachs were opened washed with PBS and
divided into two equal halves. One half was homogenized and appropriate dilutions were
spread on selective serum plates (GC agar Difco with horse serum (80 ml/l),
IsoVitaleX™ (10 ml/l; BD, Germany), nalidixic acid (5 g/l), bacitracin (50 g/l), DENT
(Oxoid). The number of cfu was calculated per gram of gastric tissue. The other half of
the stomach was fixed in Tissue-Tek® O.C.T™ Compound (Sakura), stained with a

primary rat anti-Ly6G antibody (BD Pharmingen) and detected using a goat anti-rat

125



Angela R.M. Kurz Appendix

Alexa Fluor 555 antibody (Invitrogen) together with DAPI (Sigma). Images were obtained
using an Olympus fluorescence microscope (10x, 0.40 NA dry objective). In a second
set of experiments, the sections were stained with a rat anti-PECAM-1 Alexa Fluor 488
antibody (clone 390, BiolLegend) together with a rat anti-Ly6G antibody (BD
Pharmingen) detected with a goat anti-rat Alexa Fluor 555 antibody (Invitrogen). DAPI
was used for nuclear staining. Sections were imaged by confocal microscopy (Leica
System SP5, 40x, 1.25 NA oil objectiv). The number of neutrophils was evaluated using
Volocity software.

Analysis of neutrophil extravasation

TNF-a (R&D Systems, 500 ng/mouse) was applied to the scrotum of WT and Mstl™”
mice. After 2 h the cremaster muscle was dissected and fixed with 4% PFA for 1 h,
permeabilized and blocked for 2 h in 0.5% Triton X-100/ 2% ovalbumin /PBS, incubated
with rat anti-laminin a5 antibody 4G6 (Sorokin et al., 1997), rabbit anti- ESAM1 antibody
(Wegmann et al., 2006) and goat anti-MRP14 antibody (S100A9, R&D Systems)
overnight in 2% ovalbumin/ PBS at RT. After labeling with secondary antibodies (donkey
anti-rat Alexa Fluor 488, donkey anti-goat Alexa Fluor 568, donkey anti-rabbit Alexa
Fluor 647, Invitrogen) in 1% ovalbumin / PBS for 5 h at RT, the tissue was embedded on
glass slides in Dako Fluorescence Mounting Medium. Images were acquired using a
confocal microscope (Zeiss LSM 780, LSM 510) and analyzed with Imaris software.

Transwell assay

HBSS buffer, 10 ng/ml or 100 ng/ml CXCL1 were used as chemoattractant in the
transwell system (5 um pore size). Isolated bone marrow neutrophils (EasySep™ mouse
neutrophil enrichment kit; STEMCELL TECHNOLOGIES) were applied and allowed to
migrate for 45 min at 37°C. Numbers of transmigrated neutrophils were evaluated using
rat anti-Ly6G antibody (1A8, BioLegend), Flow-Count™ Fluorospheres and flow
cytometry. In a second set of experiments, transwells (3 um pore size) were additionally
coated with laminin 1 (life technologies, 15 pg/ml) or 2% BSA (GE healthcare) as a
control at 4 °C overnight. Laminin was additionally coated with PECAM-1 (R&D
Systems, 2 pg/ml) and ICAM-1 (R&D Systems, 8 pg/ml) for 2 h at 37 °C. Using HBSS

buffer alone (control) or HBSS buffer with 1 ng/ml CXCL1 as chemoattractant, isolated
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bone-marrow neutrophils (2x10° cells/well) were allowed to migrate for 3 h at 37 °C
(Wang et al., 2005). Numbers of transmigrated neutrophils were evaluated using rat anti-
Ly6G antibody, Flow-Count™ Fluorospheres and flow cytometry. In a third set of
experiments, murine endothelial 1G11 cells (generously provided by Annunciata Vecchi,
Humanitas Research Hospital, Milan, Italy) were seeded on transwell inserts (5 um pore
size). Either HBSS buffer alone or HBSS buffer containing 100 ng/ml CXCL1 was added
to the lower compartments. After 30 minutes of equilibration, isolated bone marrow
neutrophils (2x10° cells/well) were allowed to migrate for 1 h at 37 °C. Numbers of
transmigrated cells were evaluated using rat anti-Ly6G antibody and Flow-Count™

Fluorospheres with flow cytometry.

Mobilization of VLA-3, VLA-6, NE, MST1 and Rab27a in mouse neutrophils

Mobilization of neutrophil elastase (NE), a3 (VLA-3, CD49c) and a6 (VLA-3, CD49f) on
PECAM-1, ICAM-1 and CXCL1 coated wells was performed as previously described
(Wang et al., 2005). Briefly, slides were coated with either 2% BSA (control, GE
healthcare) or PECAM-1 (2 pg/ml, R&D Systems), ICAM-1 (8ug/ml, R&D Systems) and
CXCL1 (10 pg/ml, Peprotech) overnight at 4 °C. Isolated bone marrow neutrophils from
WT and Mst1” mice were incubated on coated slides for 30 min at 37 °C. Cells were
fixed with 4% PFA, blocked and permeabilized with PBS/ 0.1% Triton X-100/ 2% BSA
and stained with a mouse anti-VLA-3 antibody (42/CD49c, BD), rat anti-VLA-6 antibody
(GoH3, BiolLegend), rabbit anti-NE antibody (polyclonal, Abcam), sheep anti-Rab27a
antibody (R&D) and a rabbit anti-MST1 antibody (polyclonal, CellSignaling). Primary
antibodies were detected using goat anti-mouse Alexa Fluor® 488, goat anti-rabbit
Alexa Fluor® 546, donkey anti-sheep Alexa Fluor® 488 and goat anti-rat Alexa Fluor®
647 (Molecular Probes/ Invitrogen), respectively. Cells were embedded in PermaFluor
(Thermo Sientific) and imaged by confocal microscopy (Leica System SP5, 63x, 1.4 NA
oil objective). To investigate the translocation of VLA-3, VLA-6, NE, MST1 and Rab27a,
fluorescence intensity profiles were obtained along a line through the cell as exemplified

in Supplementary Fig.3a.
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In vivo NE activity assay

NE680OFAST (4 nmols per mouse, PerkinElmer) was injected i.v. TNF-a (rmTNF-a, R&D
Systems, 500 ng/mouse) was applied to the scrotum of WT and Mst1” mice 1 h later. 2
h after TNF-a injection, the cremaster muscle was dissected and fixed with 4% PFA,
permeabilized and blocked with 0.5% Triton X-100/ 2% ovalbumin /PBS and stained with
rat anti-PECAM-1 antibody Alexa Fluor 488 (MEC13.3, BioLegend) or rabbit anti-MRP14
antibody (gift of Thomas Vogl, University Miinster, Germany) and detected with a goat
anti-rabbit Alexa Fluor® 546 antibody (Invitrogen). Tissue was embedded on glass
slides in PermaFluor (Thermo Sientific) and imaged by confocal microscopy (Leica
System SP5, 40x, 1.4 NA oil objective).

Statistical analyses

All data were analyzed and plotted using Graph Pad Prism 6 Software (GraphPad
Software Inc., San Diego, USA). For pairwise comparison of experimental groups a
paired t-test, unpaired t-test or Mann-Whitney test was performed. For multiple
comparisons, a two way analysis of variance (ANOVA) was used with either Sidak’s
multiple comparisons test or Tukey’s multiple comparisons test (comparison of all
experimental groups against each other). A p-value < 0.05 was considered as

statistically significant.
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Figure 1 MST1 is dispensable for neutrophil adhesion in humans and mice, but critical for

neutroph|I extravasation into inflamed peritoneum. (A) MST1 and MST2 protein levels of WT and
Mst1™ neutrophlls GAPDH served as loading control (n=3). (B) Differential blood counts of WT (n= 20)
and Mstl” mice (n= 14) (scatter blots with mean, ** p < 0.001, 2way ANOVA, Sidak’s multiple
comparlsons test). (C) Neutrophil adhesion efficiency (arbitrary units) in cremaster muscle venules of WT
and Mst1” mice, 2 h after i is. injection of TNF-a (n = 5, mean + SEM, n.s., unpaired t-test). (D) Number of
adherent leukocytes FOVin microflow chambers coated with E-selectin, E-selectin/ ICAM-1 or E-selectin/
ICAM-1/CXCL1 (n=3, mean SEM, n.s., 2way ANOVA, Sidak’s multiple comparisons test). (E) LFA-1
clustering of WT or Mst1™ cells labeled W|th anti LFA-1 antibody conjugated with Alexa 546 (fluorescence
intensity scale). Whole blood was perfused through microflow chambers coated with E-selectin, ICAM-1
and CXCL1 (Video S1A and S1B) (n= 3 mice, one representative picture is shown). Scale bar: 10um. (F)
Number of adherent neutrophils FOV™ from two patients with STK4 deficiency and their heterozygous
parents was calculated over time in flow chambers coated with E-selectin/ ICAM-1/ CXCL8 (n=2,
chambers = 2, mean + SEM). (G) Total number of extravasated neutrophils in the peritoneal lavage 2 h
after i.p. injection of NaCl or TNF-a (n=3, mean + SEM, * p < 0.05, 2way ANOVA, Sidak’s multiple
comparisons test).
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Figure 2 Mst1™” neutrophils fail to transmigrate into inflamed tissue. Neutrophils (green) and

microvasculature (red antl PECAM-1) of TNF-a stimulated mouse cremaster muscle. (A) Neutrophil
transmigration in Ly22 (upper panels) and LyzZGFP X Mst1” mice (lower panels, white arrows) at 180
min, 210 min and 240 min after i.s. injection of TNF-a. Images were obtained usin |ntraV|taI muItl photon
microscopy (n= 3). Scale bar: 30um. (B) Transmigration time of Lyz2°" and Lyz2°" x Mst1” neutrophils.
Cut off was set at 20 min (h= 3 mice, scatter blot with median of > 30 analyzed transmigration events per
group, *** p < 0.001, Mann Whitney test). (C) 3D reconstruction of neutrophil (green) transmigration with
subendothelial accumulation of Lyz2° x Mst1” neutrophils (white circles) and complete extravasation of
Lyz2°™ neutrophils. Scale bar: 20um. (D) Representative images of swarmi ng neutrophils (Pgreen) and the
microvasculature (PECAM-1, red) in the mouse cremaster muscle of Lyz2°" and Lyz2°™ x Mst1” mice
after |nduct|0n of a Iaser injury (white square). Scale bar: 50um. (E) Intensity profile of the GFP signal in
Ly22 P and Ly22 P x Mst1” mice at the site of laser i injury (n=3, mean = SEM, p< 0.05 after 12 min, * p <
0.05, ** p <0.01, *™* p < 0.001, 2way ANOVA, Sidak’s multiple comparisons test).
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Figure 3 Mst1” neutrophils fail to extravasate and migrate to the site of infection in a H.

pylori mouse infection model. (A) Representative images are shown of the antrum and corpus from WT
and Mstl” mice 3 months after H. pylori infection. Lumen (LU), Mucosa (MU), Submucosa (SM).
Neutrophils were identified with Ly6G antibody (green? Nuclei are visualized with DAPI (blue). Scale bar:
10 um. (B) Number of transmigrated neutrophils FOV ™" in the antrum of WT and Mst1” mice are displayed
(n= 9 mice, scatter blot with mean * p < 0.05, Mann-Whitney test). (C) The colony forming units (cfu) per
gram stomach of WT and Mst1” mice were evaluated 6 weeks after infection (n= 5 mice, scatter blot with
mean, ** p < 0.01, Mann-Whitney test). (D) Immunostaining of the antrum of WT and Mst1™ mice for
PECAM-1 (red) and Ly6G antibody (green). Nuclei are visualized with DAPI (blue). Scale bar: 40 pm.
Close-ups display high magnification of blood vessel rich areas. Red arrows indicate blood vessels, green
arrows indicate neutrophlls Scale bar: 10 um (upper), 20um (lower). (E) Number of neutrophils FOV™

from WT and Mst1l” mice (n= 10 mice, scatter blot with mean, n.s., Mann- Whltney test). (F) Ratio of
extravasated neutrophils/total number of neutrophils is depicted from WT and Mstl™ mice (n= 10 mice,
scatter blots with mean. * p < 0.05, Mann-Whitney test).
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Figure 4 Mst1™” neutrophils fail to penetrate the basement membrane in vivo and in vitro. (A)

Immunostaining of TNF-a stimulated cremaster muscle whole mounts from WT and Mst1™” mice for laminin
a5 (white, BM), ESAML1 (red, endothelial junctions) and MRP14 (green, neutrophils) (n=3). Scale bar: 20
um. (B) lllustration of a vessel cross section demonstrating the classification of transmigrating neutrophils
respective to their position. Position | — neutrophils in intimate contact to the endothelium; Position Il —
neutrophils between the endothelium and the BM; Position Il — fully transmigrated neutrophils. (C)
Distribution pattern of transmigrating neutrophils respective to their positions (Pos. I-1ll) in WT and Mst1™
mice (n=3 mice, scatter blot with mean of >25 analyzed vessels per group, *** p < 0.001, 2way ANOVA,
Sidak’s multiple comparisons test). (D-F) Neutrophil transmigration in a transwell assay (D) with or without
CXCL1 stimulation through BSA (control), laminin-1 (LN-1) and LN-1, PECAM-1 (P) and ICAM-1 (l) coated
filters (n= 3 mice, mean + SEM, *** p < 0.001, ** p < 0.01, 2way ANOVA, Sidak’s multiple comparisons
test), (E) with or without CXCL1 stimulation through an endothelial monolayer of 1G11 cells (n= 3 mice,
mean + SEM, *** p < 0.001, 2way ANOVA, Sidak’s multiple comparisons test), (F) to HBSS, 10ng mI™ and
100ng ml* CXCL1 (n= 3 mice, mean + SEM., 2way ANOVA, Sidak’s multiple comparisons test).
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Figure 5 MST1 is required for the mobilization of VLA-3, VLA-6 and NE to the plasma
membrane. Immunostaining of representative WT and Mst1” neutrophil on BSA or PECAM-1/ ICAM-1/
CXCL1 coated wells for (A) VLA-3, (D) VLA-6 and (G) NE. Scale bar: 5 pm. Fluorescence intensity
profiles along a line through the cell for (B) VLA-3, (E) VLA-6 and (H) NE of a representative WT (black
line) and Mst1” neutrophil (grey line) seeded on PECAM-1/ ICAM-1/ CXCL1 coated wells. Quantification
of ring formation of (C) VLA-3, (F) VLA-6 and (I) NE (n= 3 mice, mean + SEM of >50 analyzed neutrophils,
* p < 0.001, * p < 0.01, 2way ANOVA, Sidak’s multiple comparisons test or Tukey's multiple
comparisons test) (J) NE activity (white) W|th|n venules in unstimulated and TNF-a stimulated cremaster
muscle whole mounts from WT and Mst1” mice imaged by confocal microscopy. Venules were visualized
using a rat anti-mouse PECAM-1 antibody (red) (n=3 per group). Scale bar: 50 um.
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Figure 6 Rab27a dependent vesicle transport to the plasma membrane is defective in Mst1™

mice Immunostaining of WT and Mst1™” neutrophils seeded on BSA or PECAM-1/ ICAM-1/ CXCL1
coated wells for (A) Rab27a and (D) Rab27a (green) and MSTL1 (red). Scale bar: 5 um. Fluorescence
intensity profiles assessed along a line through the cell for (B) Rab27a of representative WT (black line)
and Mst1™” neutrophil (grey line) seeded on PECAM-1/ ICAM-1/ CXCL1 coated wells and (E) for MST1 of
representative WT neutrophil seeded on BSA (grey line) or PECAM-1/ ICAM-1/ CXCL1 (black line) coated
wells. Quantification of ring like expression of (C) Rab27a (n= 3 mice, mean + SEM of >50 analyzed
neutrophils, *** p < 0.001, unpaired t-test) and (F) MST1 in response to BSA or PECAM-1/ ICAM-1/
CXCL1 stimulation (n=3 mice, mean + SEM of >50 analyzed neutrophils, *** p < 0.001, 2way ANOVA,
Sidak’s multiple comparisons test).
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Adhesion properties of WT and Mst1™” neutroph|ls (A) MST2 protein
levels of EGF-stimulated A431 cells, used as positive control, and of WT and Mst1” neutrophils. GAPDH
served as loading control (n=3). (B) Rolling flux fract|on and (C) cumulative distribution of neutrophil rolling
velocity in cremaster muscle venules of WT and Mst1” mice 2 h after i.s. injection of TNF-a (n <5, mean +
SEM, n.s., unpaired t-test). (D) FACS analysis of WT and Mst1™” neutrophils for surface expression of LFA-
1, Mac-1, CXCR2, CD44, PSGL-1, CD62L and corresponding |sotype controls. The mean fluorescent
intensity (MFI) was evaluated relative to the isotype control on Ly6G” cells (neutrophils) (n= 3 mice, mean
+ SEM, n.s., unpaired t-test). (E,F) FACS analysis of ICAM-1 binding to (E) WT or (F) Mst1” neutrophils
with or without CXCL1 stimulation (n=5 * p < 0.05, ** p<0.01 paired t-test).
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Supplemental Figure 2 Chemotactic migration of WT and Mstl-/- neutrophils. (A,B)

Chemotactic migration of WT and Mstl"'neutrophils seeded in 3D collagen gels towards a gradient of (A)
fMLP or (B) CXCL1 for 30 min. Neutrophils were tracked using Fiji software (Schindelin et al., 2012).
Accumulated distance, velocity and directionality of cells were evaluated (n= 3, scatter blots with mean,
n.s., unpaired t-test).
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Supplemental Figure 3 VLA-3, VLA-6 and NE — protein levels, distribution and NE activity.

Fluorescence intensity profiles along a line cut through the center of the cell as exemplified in (A) for (B)
VLA-3, (C) VLA-6 and (D) NE of a representative WT (black line) and Mst1™” neutrophil (grey line) seeded
on BSA coated wells. Scale bar: 5 um. (E) Total protein levels of VLA-3, VLA-6 and NE from neutrophils of
WT and Mst1” mice. GAPDH served as loading control (n=3 mice). (F) Immunostaining of MRP14 (green)
in TNF-a stimulated cremaster muscle whole mounts from WT and Mst1” mice (n=3 per group). Scale bar:
50 pm.
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Supplemental Figure 4 Protein levels and distribution under unstimulated conditions of
Rab27a. (A) Fluorescence intensity profile along a line cut through the center of the cell for Rab27a of a
representative WT (black line) and Mst1™ neutrophil (grey line) seeded on BSA coated wells. (B) Total
protein levels of Rab27a from neutrophils of WT and Mst1” mice. GAPDH served as loading control (n=3
mice).

Supplemental Movie 1 LFA-1 clustering in WT and Mst1™” neutrophils. WHOLE BLOOD FROM (A) WT
AND (B) Mst1” mice was incubated with a non-blocking LFA-1 antibody AND PERFUSED THROUGH FLOW
CHAMBERS COATED WITH E-SELECTIN, ICAM-1 AND CXCL1. Using confocal microscopy, interacting cells
were recorded under flow conditions. Images were recorded for 195 s (one stack every 13 s). The movies
were generated and converted using Fiji software.

Supplemental Movie 2 Intravital multi photon laser scanning microscopy of transmigrating
neutrophils. Extravasation of neutrophils (green) was recorded from postcapillary venules (red) in a TNF-
a stimulated mouse cremaster muscle of (A) Lyz2°™" and (B) Mstl” x Lyz2®"mice. Z-stacks of
postcapillary venules were obtained every 30 seconds over a time period of 240 min. Sequences of z-
stacks were processed and converted using Imaris 7 and Fiji software.

Supplemental Movie 3 Intravital multi photon laser scanning microscopy of laser injury. Four hours
after intrascrotal injection of TNF- a in (A) Lyz2®™ and (B) Mstl” x Lyz2°"mice, a laser injury was
induced near postcapillary cremaster muscle venules (red). Swarming of neutrophils (green) was then
recorded to the sites of laser injury. Z-stacks of postcapillary venules (red) were obtained every 30
seconds over a time period of 30 min. Sequences of z-stacks were processed and converted using Imaris
7 and Fiji software.
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