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Abstract

L-selectin (CD62L) is a type | transmembrane protein expressed by lymphocytes which

directs their migration from the bloodstream into lymph nodes and infected tissues.

Stimulation of the T cell receptor (TCR) activates the enzyme A Disintegrin and
Metalloproteinase 17 (ADAM 17), which cleaves L-selectin at the ectodomain generating
a metalloproteinase product (MP product) comprising of a transmembrane region and a
17-amino acid intracellular domain (ICD). Y-secretase is a multi-subunit protease that
cleaves up to 90 identified type | transmembrane proteins in the intramembrane region
following ectodomain proteolysis by metalloproteinases. Presenilin (PS), the catalytic
component of y-secretase is activated during an intramolecular cleavage called
endoproteolysis separating the carboxy (C) and amino (N) termini. The catalytically
active C-terminal fragment of PS then induces intramembrane proteolysis of substrates.
The aim of my thesis was to firstly determine whether the MP product of L-selectin was
a substrate for PS. Subsequently, | analysed whether stimulation of the TCR activates PS,
inducing intramembrane proteolysis of the MP product releasing the ICD into the

intracellular region.

My data showed for the first time that in a resting T-cell, L-selectin forms a multi-
component complex with both ADAM 17 and PS. TCR-activation induces ADAM 17
dependent proteolysis of L-selectin generating an MP product. Stimulation of the TCR
also causes endoproteolysis of PS, where activated PS then cleaves the bound MP
product. After PS cleavage, the released ICD was unstable and therefore difficult to

detect, however | was able to block its formation using either PS inhibitor treatment or



generating I351W mutated L-selectin, which was resistant to intramembrane

proteolysis.
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1 Introduction

1.1 The immune system

The immune system is divided into two parts named the innate and adaptive responses.
The innate response is a form of immunity that is activated immediately and is non-
specific in nature to the invading microorganism involving components of the immune
system such as monocytes, macrophages and neutrophils. Unlike the innate immune
system, the adaptive immune system is specific to an antigen which has been presented

to T-lymphocytes that induces long-lasting protection to the host (Hoebe, et al. 2004).
1.1.1 The innate immune response

During innate immunity, macrophages express cell surface toll-like receptors at the site
of infection which interact with invading pathogens causing the plasma membrane to
restructure around the microbe forming a pseudopodium (Ribes, et al. 2010). The
pseudopodium then engulfs the microbe during endocytosis which forms an intracellular
vesicle called a phagosome that later fuses with a lysosome generating a phagolysosome
(Weiss and Schaible, 2015). The phagolysosome contains lytic enzymes such as lysozyme
that degrades the microbe (Ip et al. 2010). Activated macrophages then release
cytokines such as granulocyte colony stimulating factor (G-CSF) and tumour necrosis
factor-a (TNF-a), which recruits neutrophils and extends their life-span at the site of
infection from 6-12 to 24-72 h by inhibiting apoptosis (Selders, et al. 2017). Neutrophils
contain three types of granules known as azurophilic (primary), specific (secondary) and
tertiary, which encompasses proteins with antimicrobial properties (Lacy, et al. 2006).

Specifically, azurophilic granules contain myeloperoxidase, bactericidal/permeability-
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increasing protein (BPI), defensins and the serine proteases cathepsin G and neutrophil
elastase (Loria, et al. 2008; Calafat, et al. 2000; Faurschou, et al. 2002; Hanson, et al.
1990; Korkmaz, et al. 2010). Specific granules comprise of alkaline phosphatase,
lysozyme, NAPDH oxidase, collagenase, lactoferrin and cathelicidin (Parmley, et al. 1986;
Saito, et al. 1987; Steadman, et al. 1996; Esaguy, et al. 1989; Tan, et al. 2006), while
tertiary granules hold cathepsin, gelatinase and collagenase (Wysocka, et al. 2001;
Faurschou, et al. 2003). Upon encounter with a pathogen, neutrophils release these
antimicrobial proteins from azurophilic, specific and tertiary granules in an
immunological process called degranulation, which helps combat infection (Lacy, et al.
2006). Additionally, during an encounter with pathogens, NAPDH oxidase in neutrophils
becomes activated and reduces oxygen to form reactive oxygen species (ROS) (Karlsson,
et al. 2002). ROS are then degraded by enzymes such as superoxide dismutases to form
hydrogen peroxide (H,0,) which is subsequently converted to hypochlorous acid (HCIO)
by myeloperoxidase (Segal, 2005; Kettle and Winterbourn, 1990). Neutrophils then
engulf pathogens which are then later lysed in intracellular phagosomes by H,0, and
HCIO (Robinson, 2008). After intracellular lysis of pathogens, neutrophils then activate
peptidylarginine deiminase 4 (PAD4), which decondenses chromatin and ejects the DNA
coils to the extracellular space to form neutrophil extracellular traps (NETSs) in an
immunological process called NETosis (Martinod, et al. 2013; Mohanty, et al. 2015).
These NETs are impregnated by microbial agents such as myeloperoxidase, neutrophil
elastase, defensins and cathepsin G. Circulating pathogens are then trapped by NETs
which are subsequently degraded by the associated microbial proteins (Mohanty, et al.
2015). Neutrophils then release chemokine ligand 2 (CCL2), interleukin 2 (IL-2),

chemokine (C-X-C motif) ligand 1 (CXCL1), macrophage inflammatory protein 1-a and
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interferon-y (IFN-y), which causes the recruitment of monocytes to the site of
inflammation and their differentiation to macrophages (Blidberg, et al. 2012; Scapini et
al. 2000). The recruited macrophages then engulf both non-apoptotic and apoptotic

neutrophils to regulate the immune response (Selders, et al. 2017).
1.1.2 The adaptive immune response

For a naive T cell to induce an adaptive immune response, the T cell receptor (TCR)
needs to recognize a specific antigen presented within the major histocompatibility
complex (MHC) at the cell surface of dendritic cells (DC). However, the amount of T cells
specific for a cognate antigen is low (1:5,000 to 1:50,000) and only a small subpopulation
of DCs present the cognate peptide on MHC molecules (Westermann, et al. 2001).
Consequently, T cells enter lymph nodes (LNs) after transmigration across post-capillary
vascular endothelium called high endothelial venules (HEVs) and search for resident DCs
that present cognate peptide in the T cell zone (paracortex) (Hay, et al. 1977; Gretz, et
al. 1997; Bajenoff, et al. 2003). Naive T cells then interact with the dendritic cells,
become activated and then prime into an effector T cell. Effector T cells change
expression of cell surface adhesion molecules and chemokine receptors which alters
their migratory pattern from lymphoid organs to sites of inflammation and non-
lymphoid tissue where they have the capacity to induce an immune response (Lipp, et
al. 2002; Sallusto, et al. 2000; Sallusto, et al. 1999; Mora and von Andrian, 2006;

Lefrancois and Marzo, 2006) (Fig 1.1).
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Figure 1.1: Naive T cell activation in the peripheral LNs during adaptive immunity. (A)
Naive T cells transmigrate across HEVs to enter LNs. (B) At the T-cell zone within the LN, the
naive T cell encounters a DC presenting cognate peptide. The TCR of the naive T cell
interacts with cognate peptide presented with MHC on the surface of dendritic cells. (C) The
TCR becomes activated and naive T cells differentiate into effector T cells (such as cytotoxic
T cells or T helper (TH) cells) some of which are recruited to the B-cell follicle to help B cells
(follicular B helper T cells). (D) Effector T cells egress from the LN through efferent lymph
vessels and migrate towards infected tissue to induce an immune response (Agace, 2006).
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1.2 L-selectin

1.2.1 The structure of L-selectin

L-selectin is a type | transmembrane protein found on the cell surface of leucocytes,
comprised of an ectodomain (ECD), a transmembrane helix and a 17-amino acid intracellular
domain (ICD). The ECD contains a C-type lectin domain (CTLD), an epidermal growth factor
like domain (EGF), two short complement like repeat domains (SCR) followed by a

membrane proximal metalloproteinase cleavage site (Kansas, 1992) (Fig 1.2).
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Figure 1.2: The structure of L-selectin. L-selectin is a type | transmembrane protein located
at the cell surface of leucocytes. L-selectin contains an ECD comprised of a C-type lectin
domain (CTLD), an epidermal growth factor like domain (EGF-like domain), two short
complement like repeat domains (SCR) followed by a transmembrane region which spans
the membrane leading to a 17-amino acid ICD (L-selectin ICD) localized intracellularly
(Modified from Ivetic, 2013).
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1.2.2 Microvillar localization of L-selectin is regulated by ERM

proteins.

L-selectin localizes to both microvillar tips and the actin cytoskeleton via its ICD. The L-
selectin ICD interaction with a-actinin is disrupted upon truncation of 11-amino acids at the
carboxyl (C) terminus and consequently, L-selectin cannot bind to the cortical actin
cytoskeleton (Palvalko, et al. 1995). However, L-selectin localizes at microvillar tips
regardless of its interaction with a-actinin, showing that other cytoskeletal proteins link L-
selectin to microvilli (Dwir, et al. 2001; Palvalko, et al. 1995, Ivetic and Ridley, 2004). Ezrin-
radixin-moesin (ERM) proteins use their amino (N) terminus to bind intracellular domains
(ICDs) of membrane proteins (such as cluster of differentiation 43 and 44 (CD43 and CD44))
and their C terminus to bind F-actin which links these adhesion molecules to the cortical
actin cytoskeleton (Ivetic and Ridley, 2004). Ezrin and moesin were firstly shown to bind the
L-selectin ICD using affinity chromatography with lymphocyte extracts (Ivetic, et al. 2002).
The positively charged polar residues Arg3*” and Lys®®? in the L-selectin ICD bind with ezrin
and moesin and disruption of this interaction using alanine mutants (R357A and K362A)

significantly reduces microvillar localization (Ivetic, et al. 2002; Ivetic, et al. 2004).
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1.3 The function of L-selectin during leucocyte homing to
lymphoid organs and inflamed tissues

1.3.1 Lymphocyte recruitment to lymphoid organs

Gallatin et al firstly showed that L-selectin is a lymphocyte-homing receptor which regulates
lymphocyte migration into peripheral LNs (Gallatin, et al. 1983). The importance of L-
selectin was demonstrated by Arbonés, et al. where truncation of the N-terminal lectin
domain prevented lymphocyte adherence to HEVs and localization in PLNs. Additionally, in
L-selectin deficient mice, lymphocyte recruitment to LNs was significantly reduced, yet

migration to the spleen was elevated (Arbonés, et al. 1994).

Sulphated glycoproteins such as glycosylation-dependent cell adhesion molecule-1
(GlyCAM-1), CD34 and podocalyxin were initially established as adhesion ligands expressed
on HEVs surrounding lymphoid organs (Imai, et al. 1991; Lasky, 1992; Baumhueter, et al.
1993; Sassetti, et al. 1998) which interacted with MECA-79 monoclonal antibody (mAb)
inhibiting lymphocyte adherence to HEVs (Streeter, et al. 1988). These ligands express 6-
sulphated Sialyl Lewis X (sLex) tetrasaccharide structures and collectively are called
peripheral lymph node addressin (PNAd) (Streeter, et al. 1988; van Zante and Rosen, 2003).
L-selectin on the surface of naive T cells forms weak glycosidic bonds with these endothelial
ligands causing the leucocyte to tether to the inside of the blood vessel wall (Giblin, et al.
1997). The microvillus contains lipid rafts, rich in cholesterol micoodomains and
glycosphingolipids. These lipid rafts promote L-selectin clustering which encourages
multivalent tethering with endothelial ligands increasing the strength of interaction during

blood flow (Abbal, et al. 2006; Phong, et al. 2003). Initially, L-selectin intermittently interacts
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with its endothelial ligands, with interactions lasting between 1072 and 10° seconds, causing
leukocytes to roll in the direction of blood flow (Alon, et al. 1997). The rolling leucocyte then
encounters chemokines such as CXCL12 which cause activation of integrins (1 and B,) on
the surface of leucocytes (Hartmann, et al. 2008). These integrins bind stably to the
endothelial ligands, intercellular adhesion molecule (ICAM-1 and ICAM-2) decelerating the
velocity of cell rolling until cells arrest (Gopalan, et al. 1997), which occurs after 1-3 seconds
(Bjerknes, et al. 1986). The leucocyte then enters the peripheral LN by transmigrating across

the endothelial cell layer (Fig 1.3) (Vestweber and Blanks, 1999).
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Figure 1.3: The various stages of the multi-step adhesion cascade. (1) Tethering — L-
selectin, expressed on the surface of lymphocytes induces weak glycosidic bonds with
sulphated O-linked glycans presented on endothelial ligands such as PNAd. These
interactions allow lymphocytes to be recruited from the circulation to the surface of HEVs
inside lymph nodes. (2) Rolling —The strong hydrodynamic force of blood flow causes
dissociation between L-selectin and PNAd. L-selectin constantly dissociates and re-
associates with HEV endothelial ligands causing the lymphocyte to roll along the endothelial
wall. During rolling, chemokines such as CCL21 and CXCL12, presented on the apical aspect
of the endothelium via anchorage to glycosaminoglycans contact lymphocytes and activate
integrins such as LFA-1 (shown in diagram as grey (inactivated) to yellow (activated)). (3) Cell
arrest -Activated LFA-1 binds stably to the HEV endothelial ligand ICAM. This interaction
causes deceleration of lymphocyte rolling causing cell arrest. (4) Transendothelial migration-
The arrested lymphocyte starts to transmigrate across the HEV allowing entry into the
lymph node.
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1.3.2 L-selectin and PSGL-1 interactions regulate secondary

tethering of leucocytes

During the course of inflammation, leucocytes accumulate on the vascular wall and
reduce the amount of available endothelial ligands for newly arriving leucocytes
preventing further tethering with the inflamed endothelium monolayer. To allow
continued influx of leucocytes in inflamed tissue beyond these adhesive events following
the induction of inflammation, adherent leucocytes themselves act as adhesive substrates
to allow further recruitment of additional leucocytes (Bargatze, et al. 1994). P-selectin
glycoprotein ligand-1 (PSGL-1) expressed on the surface of leucocytes interacts with L-
selectin which allows flowing leucocytes in circulation to attach adherent leucocytes on
the endothelium in a process called secondary tethering (Fig 1.4) (Tu, et al. 1996; Spertini,

et al. 1996).
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E-SELECTIN \\
—— @,; B ] e .®

- ~ T £ s o SRS \‘\ "\\ —
(® fTe (e (@ Q X
& = = N . N I il g -

PRIMARY LEUKOCYTE-LEUKOCYTE SECONDARY
TETHER INTERACTION TETHER

Figure 1.4: L-selectin and PSGL-1 interactions mediate secondary tethering. (A) In a
primary tether, lymphocytes bind to E-selectin presented on the endothelial surface. (B) In
secondary tethering, a free-flowing lymphocyte in circulation binds to an adherent
lymphocyte on the endothelium and is regulated by interactions between L-selectin and
PSGL-1 (Mitchell, et al. 2000).
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1.3.3 Leucocyte recruitment to inflamed tissues

L-selectin also regulates leucocyte recruitment to non-lymphoid tissues which correlates
with acute inflammation. Studies using L-selectin blocking antibodies which disrupt
interactions with endothelial ligands prevent leucocyte rolling along exposed rat mesentery
(Ley, et al. 1991) and rabbit mesenteric venules (von Andrian, et al. 1991). L-selectin
deficient mice showed a reduction of neutrophil (52-62 %), lymphocyte (70-75 %) and
monocyte (72-79 %) migration into inflamed peritoneum after 24 to 48 h thioglycollate
challenge. Furthermore, inflammation in the footpad by red blood cell challenge and ear
after oxazolone treatment were reduced 75 % and 69 % respectively in comparison to wild
type (WT) mice. L-selectin deficient mice also showed a 90 % survival rate after
lipopolysaccharide (LPS)-induced toxic shock in comparison to a 90 % mortality rate in WT

mice (Tedder, et al. 1995).

L-selectin endothelial ligands presented on non-lymphoid organs have been researched for
many years. Adherence of human and mouse B cells on human TNF-a activated cardiac
microvascular endothelial cells (HCMECs) increased 80 % after transfection with human L-
selectin cDNA in comparison to non-transfected cells. Also, B cell adherence was disrupted
by NaClOs, which inhibits posttranslational sulfation showing that TNF-a activation
upregulates sulphated ligands on HCMECs (Zakrzewicz, et al. 1997). Sulfoglucuronyl
glycosphingolipids presented on the surface of the brain microvascular endothelium was
also shown to bind L-selectin allowing leucocyte recruitment to the central nervous system
(Needham, et al. 1993). Later studies then identified sulphates presented on the surface on
non-lymphoid organs that bind to L-selectin. Firstly, Kawashima et al established versican as

the chondroitin sulphate presented on the surface of human renal adenocarcinoma cells of
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the kidney (Kawashima, et al. 1999). Collagen XVIIl was then recognised as the heparan

sulphate proteoglycan expressed in rat kidneys that interacted with L-selectin causing

infiltration of monocytes (Kawashima, et al. 2003). Also, the dermatan sulphate biglycan

was shown to be presented on the surface of endometrial microvascular endothelial cells in

human uterine endometrium which bound to L-selectin on natural killer (NK) cells allowing

adherence and rolling (Kitaya, et al. 2009).

1.3.4 The role of L-selectin during inflammatory diseases

L-selectin dependent lymphocyte recruitment during inflammation either attenuates or

intensifies immune disease progression (table 1.1).

Immune disease

Immunological role for L-selectin

Encephalomyelitis

L-selectin ligands are abundantly expressed on myelin sheaths
causing leucocyte homing to myelinated axons (Huang, et al. 1991;
Huang, et al. 1994). L-selectin causes infiltration of macrophages
to the parenchyma initiating myelin damage in the central nervous
system leading to encephalomyelitis. L-selectin deficient mice did
not develop encephalomyelitis, however adoptive transfer of WT
macrophages initiated development of encephalomyelitis
correlated with destruction of myelin (Grewal, et al. 2001).

Graft vs host disease

The definite role of L-selectin during graft vs host disease (GVHD)
is conflicting depending on the cell type. In lymphocytes, L-selectin
deficient BALB/c mice showed reduced rates of rejection to both
primary and secondary allogeneic skin grafts in comparison to WT
correlated with less CD4+ and CD8+ T cells localized at the dermis
and graft bed (Tang, et al. 1997). However, increased L-selectin
expression in T regulatory cells (Tregs) reduced expansion of
alloreactive T effector cells which protected the host against GVHD
allowing engraftment of the transplanted bone marrow. Injected
Tregs with high cell surface L-selectin expression migrated to
lymph nodes and interfered with expansion, activation and
priming of alloreactive T cells. In contrast, Tregs with low cell
surface L-selectin expression migrated directly to the GVHD tissue
allowing alloreactive T cells to become activated and expand in the
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lymph node before migrating to the graft initiating autoimmune
destruction (Taylor, et al. 2004).

Atherosclerosis L-selectin causes migration of Treg and B regulatory (Breg) cells to
aortas inducing a pro-atherogenic role. L-selectin also recruits
splenic B cells such as B1aB cells to the aorta which release a
natural antibody named T15 that interacts to oxidative-specific
epitopes preventing macrophages endocytosing oxidized low-
density lipoproteins reducing foam cell accumulation in the aorta.
Other L-selectin recruited splenic Breg cells secrete IL-10, which
suppresses the progression of atherosclerosis. (Galkina, et al.
2006; Doran, et al. 2012; Caligiuri, et al. 2002; Major, et al. 2002;
Kyaw, et al. 2011; Binder, et al. 2005). The pathology of
atherosclerosis was accelerated in L-selectin deficient mice
(Rozenberg, et al. 2011) with 74 % increased plaque formation in
the aorta alongside lower numbers of recruited Bla and Breg cells
(Gjurich, et al. 2014).

Asthma L-selectin is not required for recruitment of neutrophils,
monocytes and eosinophils into the airway-lung during an allergic
inflammatory response. However, L-selectin mediates infiltration
of CD3+ T cells to the airway-lung and sensitizes mice to airway
hyperresponsiveness after allergic airway disease was stimulated
with ovalbumin (Fiscus, et al. 2001).

Table 1.1: Immune diseases correlated with L-selectin dependent leucocyte recruitment to
affected tissues.

1.3.5 L-selectin clustering induces signalling pathways that

increases integrin B, expression

L-selectin clustering causes activation of the mitogen-activating protein (MAP) kinase
pathway, superoxide generation, elevated intracellular calcium (Ca?*) and increased mRNA
expression of TNF-a and IL-8 (Brenner, et al. 1996; Brenner, et al. 1997a; Crockett-Torabi, et

al. 1995; Waddell, et al. 1994; Waddell, et al. 1995).
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Brenner et al demonstrated that L-selectin clustering in Jurkat T cells induces lymphocyte-
specific tyrosine kinase (p56 Lck) dependent phosphorylation at terminal Tyr3’2 in the L-
selectin ICD causing association to both growth factor receptor-bound protein 2 (Grb-2) and
Son of Sevenless (SOS) leading to activation of Ras and Ras-related C3 botulinum toxin
substrate 2 (Rac-2), which increased O%” synthesis (Brenner, et al. 1996). In later studies,
they also found that activated Ras and Rac-2 induced by L-selectin clustering caused a
tenfold increase in actin filament polymerization which remained stable for 45 min, possibly

correlated with firm leucocyte adhesion to endothelial cells (Brenner, et al. 1997).

In other studies, L-selectin cross-linking in neutrophils was linked to increased cell surface
expression of B, integrin CD11b/CD18. Simon et al showed that L-selectin clustering
sensitized neutrophils to platelet activating factor (PAF) mediated CD11b/CD18 expression
which doubled the numbers of neutrophils that transmigrated across endotoxin-stimulated
human umbilical vein endothelial cells (HUVECs) (Simon, et al. 1995). Elevated CD11b/CD18
expression after L-selectin engagement also increased neutrophil adherence to
enteroendocrine L cells previously transfected with ICAM-1 and human E-selectin (Gopalan,
et al. 1997). Tsang et al further demonstrated that both L-selectin clustering and IL-8
expression increased neutrophil adherence to albumin-coated latex beads (ACLB) and also
increased neutrophil transmigration across IL-1 stimulated HUVECs (Tsang, et al. 1997).
Based on previous studies that show increased transcription of IL-8 and ICAM-1 in IL-1
stimulated endothelial cells (Zimmerman, et al. 1990; Sica, et al. 1990), Tsang et al
suggested that IL-1 stimulates endothelial cells to release IL-8 which acts in synergy with L-
selectin to induce CD11b /CD18 dependent neutrophil adhesion on upregulated endothelial
ICAM-1 allowing transmigration (Tsang, et al. 1997). Simon et al then found that closely

associated L-selectin and CD18 were uniformly distributed along the circumference of
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resting neutrophils. L-selectin engagement caused rapid induction of F-actin assembly
causing co-localization of L-selectin and CD18 at the site of the neutrophil membrane in

contact with endothelium enhancing 3, expression for firm adhesion (Simon, et al. 1999).

Phosphorylation of p38 MAP kinase after L-selectin clustering also elevates the immune
response by causing neutrophils to secrete both secondary and tertiary granules in response
to IL-8 (Smolen, et al. 2000). Additionally, L-selectin cross-linking activates nuclear factor of
activated T-cells (NFAT) which is recruited to the nucleus and interacts with the colony
stimulating factor-1 (CSF-1) gene to activate transcription (Chen, et al. 2008; Chen, et al.
2010). CSF-1 regulates cell development and activity of monocytes enhancing the immune

response (Konicek, et al. 1998).

37



1.4 Regulation of cell surface L-selectin expression levels

1.4.1 Ectodomain proteolysis of L-selectin by ADAM 17

Following protein kinase C (PKC) activation with phorbol 12-myristate 13-acetate (PMA), L-
selectin is cleaved in the ectodomain between the membrane proximal site and second
short consensus repeat between residues Lys3?' and Ser3?? (Kahn, et al. 1994). The enzyme
responsible is A Disintegrin and Metalloproteinase 17 (ADAM 17) (Peschon, et al. 1998).
After release of the 68 kDa ECD, an 8 kDa metalloproteinase (MP) product remains in the
plasma membrane which comprises the transmembrane region and 17-amino acid L-

selectin ICD (Kahn, et al. 1994) (Fig 1.5).
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Figure 1.5: Ectodomain shedding of L-selectin mediated by ADAM 17. PMA activates ADA
17 which cleaves L-selectin at the ectodomain generating an MP product comprising of a
transmembrane region and a 17-amino acid L-selectin ICD.

M
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1.4.2 Activation of the TCR modulates proteolysis and gene

transcription of L-selectin

Studies have shown that TCR-activation modulates cell surface expression of L-selectin on
lymphocytes. For instance, TCR-activation in response to immunization of mice (Bradley, et
al. 1991), antigens derived from Sendai virus pneumonitis (Hou, et al. 1993) or allogeneic
skin grafts (Mobley, et al. 1992) correlated with reduced cell surface L-selectin expression.
Within 3-4 h of TCR activation, L-selectin proteolyzes rapidly which decreases expression by
90 %. After 48 h, expression levels increase 3-4 fold due to increased mRNA stability and de
novo protein synthesis. High cell surface L-selectin expression levels persist for 3 days and
finally lower at days 6-7 due to a combination of proteolysis and a decline in mRNA levels

resulting in loss of gene transcription (Chao, et al. 1997).

Sinclair et al found that TCR activation initiates the phosphoinositide 3-kinase (PI3K) and
mechanistic target of rapamycin (mTOR) signalling pathway to downregulate L-selectin by

increased proteolysis and reduced transcription (Sinclair, et al. 2008) (Fig 1.6).
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Figure 1.6: TCR activation upregulate the PI3K and mTOR signalling pathway regulating L-
selectin expression. After TCR activation, the P1106 subunit of PI3K produces
phosphoinositide (3,4,5) trisphosphate (PI(3,4,5)P3) after phosphorylation by PI3K.
PI(3,4,5)Ps induces two signalling pathways which decrease expression of L-selectin. Firstly,
PI(3,4,5)Ps activates mTOR kinase which decreases Kriippel-like Factor 2 (KLF2) expression,
which is a transcriptional factor for L-selectin. Consequently, lower levels of L-selectin are
transcribed. Secondly, PI(3,4,5)Ps activates the mitogen activated protein kinases (MAPK),
extracellular signal-regulated kinases (Erk-1 and Erk-2) which phosphorylate ADAM 17
increasing membrane expression which promotes L-selectin proteolysis. PI(3,4,5)Ps levels
can be regulated by the phosphatase and tensin homolog (PTEN) which removes a
phosphate group forming PI(4,5)P, and consequently reduces activation of mTOR and MAP
kinases and blocks L-selectin downregulation (Sinclair, et al. 2008). PMA activates PKC which
also induces ERK mediated phosphorylation of Thr-735 in the cytoplasmic tail of ADAM 17
increasing membrane expression and proteolysis of substrates (Diaz-Rodriguez, et al. 2002;
Soond, et al. 2005).
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1.5 Cell surface L-selectin expression levels regulate
leucocyte recruitment to lymph nodes and inflamed tissues

1.5.1 Mutated L-selectin constructs and metalloproteinase
inhibitors

In mouse models of inflammatory tissue injury, blockage of L-selectin function using cross-
linking L-selectin using mAbs (Ma, et al. 1993), non-specific soluble oligosaccharides or
sulfatides (Nelson, et al. 1993) or chimeric Igs (Mulligan, et al. 1993) decreased leucocyte
emigration to inflamed tissues and prevented damage. Potentially, decreased L-selectin
expression by ADAM 17 proteolysis attenuates the immune response in both acute and

chronic inflammation.

To analyse the immunological relevance of L-selectin proteolysis in vivo, mice have been
injected with matrix metalloproteinase (MMP) (KD-IX-73-4) or ADAM (Ro 31-9790)
inhibitors. Also, different mutations of L-selectin have been generated where the membrane
proximal region (MPR) has been truncated or replaced with shorter homologous domains of
E- or P-selectin (Migaki, et al. 1995; Stoddart, et al. 1996; Zhao, et al. 2001) (Fig 1.7 A) and
expressed in gene targeted mice resisting both basal and activation-induced proteolysis of L-
selectin (Venturi, et al. 2003; Galkina, et al. 2003; Wirth, et al. 2009). Human L-selectin has
also been truncated at the MPR (AM-N) (Chen, et al. 1995) (Fig 1.7 B), which has been used

to inhibit proteolysis in transduced monocytes (Rzeniewicz, et al. 2015).
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Figure 1.7: Various L-selectin MPR mutants resistant to ADAM proteolysis. The amino acid
sequence of the MPR of mouse (A) and human (B) L-selectin are shown alongside the
primary cleavage site. (A) For mouse L-selectin, three non-shedding mutants have been
generated where the MPR has been replaced with shorter regions from E-selectin (L(E)) or
P-selectin (LAP) or truncated at 8-amino acids (KIKEGDYN) (AK-N). (B) A human form of the
AK-N mutation has been generated in human L-selectin where 8-amino acids (MIKEGDYN)
have been truncated from the MPR.
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1.5.2 L-selectin expression levels regulate the velocity of cell

rolling along the endothelium

Studies have shown that L-selectin expression levels affect the efficiency of leucocyte
rolling. In vitro studies showed KD-IX-73-4 increased cell surface L-selectin expression,
causing neutrophils to roll at a slower velocity under hydrodynamic flow (Walcheck, et al.
1996). Leucocytes from mice injected with KD-1X-73-4 also showed reduced rolling velocity
on exteriorised postcapillary venules that express non-identified L-selectin ligands (Hafezi-
Moghadam and Ley, 1999). Hafezi-Moghadam et al later found that inhibition of L-selectin
proteolysis prevents leucocytes from microjumping during rolling. Instead, leucocytes
adopted a new form of rolling, where contact with cytokine activated blood vessels was
more constant (Hafezi-Moghadam, et al. 2001). They argued that increased contact periods
between leucocytes and cytokine stimulated endothelium accelerates activation of the
integrin, CD18 which binds to ICAM-1, leading to cell arrest and decelerated rolling (Hafezi-
Moghadam, et al. 2001; Hafezi-Moghadam, et al. 1999). Galkina et al used a hydrodynamic
flow assay to show that increasing cell surface L-selectin to supraphysiological levels did not
reduce T cell rolling velocity, potentially due to the limited amounts of PNAd ligand
presented. However, T cells from L-selectin (+/-) increased rolling velocity and thus
lymphocytes failed to effectively monitor endothelial chemokine levels required for integrin

activation and cell arrest (Galkina, et al. 2007).
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1.5.3 L-selectin proteolysis regulates transmigration of leucocytes

across the endothelium

Studies have also shown that L-selectin expression decreases while leucocytes transmigrate
across the endothelium to enter lymphoid organs or inflamed tissue. For instance, Evans et
al demonstrated that human monocytes lose cell surface expression of L-selectin after
transmigration into skin blisters (Evans, et al. 2006). T cells also showed a 70 % reduction of
cell surface L-selectin after transmigration across HEVs entering lymph nodes and spleen

(Klinger, et al. 2009).

Further studies using gene targeted mice expressing MPD mutants or complete deficiency of
L-selectin have shown that shedding-resistant or complete deficiency of L-selectin impairs
transmigration across the vessel wall and entry to inflamed tissues or lymphoid organs,
which suggests that L-selectin proteolysis is important for leucocyte transmigration across
endothelium (Venturi, et al. 2003; Galkina, et al. 2000; Hickey, et al. 2000). Hickey et al
firstly showed that L-selectin deficient and WT leucocytes adhered equally to the
endothelium of PAF or keratinocyte chemoattractant (KC) activated cremaster muscle.
However, chemokine dependent extravasation and leucocyte migration away from the
vessel into the interstitium was impaired in L-selectin deficient mice (Hickey, et al. 2000). In
later studies, Venturi et al showed that greater numbers of neutrophils expressing L(E) L-
selectin migrated to the inflamed peritoneum than WT L-selectin. Although the rate of
migration of neutrophils expressing WT or L(E) L-selectin were similar, recruitment of
neutrophils expressing L(E) L-selectin persisted longer than WT L-selectin 24 h after
thioglycolate challenge (Venturi, et al. 2003). Galkina et al then demonstrated that the

number of T lymphocytes that entered PLNs from the bloodstream were similar regardless
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of WT or LAP L-selectin expression. However, lymphocytes expressing LAP L-selectin
transmigrated across HEVs more slowly than WT (Galkina, et al. 2003). Also, lymphocytes
failed to complete diapedesis and accumulated within the endothelial cell lining of HEVs

after mice were injected with Ro 31-9790 (Faveeuw, et al. 2001).

Rzeniewicz et al found that L-selectin proteolysis promotes cell polarity, which enhances
chemotaxis of monocytes across HUVECs during transmigration in vitro. Monocytes
expressing wild type L-selectin showed reduced numbers of pseudopods than cells treated
with MMP inhibitor TAPI-O or those expressing shedding resistant (AM-N) L-selectin after 15
min perfusion over HUVECs. It was argued that L-selectin/ERM protein complexes induce
Rho-GTPase signalling which causes actin polymerization and protrusion of membranes
forming pseudopods. Hence, proteolysis would reduce L-selectin/ERM complexes and
consequently pseudopod formation. This would polarize the cell and promote

transmigration (Rzeniewicz, et al. 2015).

1.5.4 Released sL-selectin controls leucocyte recruitment to HEVs

and inflamed tissue

The cleaved soluble L-selectin ECD (sL-selectin) acts as an adhesion buffer limiting excess
lymphocyte recruitment to inflamed tissues during ongoing inflammation. During
constitutive proteolysis, sL-selectin is present in the plasma at concentrations of 1.6 £ 0.8
ug/mL in healthy blood donors and retains its lectin, EGF-like and SCR domains allowing
interaction with the luminal surface of endothelial cells on both inflamed tissues and HEVs.
sL-selectin concentrations of at least 1.5 pg/mL inhibited leucocyte-endothelial interactions
by competing with membrane bound L-selectin for available ligands which arguably

attenuate immune diseases (Schleiffenbaum, et al. 1992). In later studies, plasma sL-selectin
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levels in patients with adult respiratory distress syndrome (ARDS) and connective tissue
disorders such as sclerosis and vasculitis were reduced in comparison to healthy individuals
and potentially cause increased leucocyte-endothelial interactions on inflamed tissue
amplifying the immune response (Donnelly, et al. 1994; Blann, et al. 1996). Proteolysis of L-
selectin by ADAM 17 therefore attenuates acute and chronic inflammation by preventing T
cell recruitment and activation in lymphoid organs and infiltration in inflamed tissue by
decreasing cell surface expression of L-selectin and increasing sL-selectin levels in the

plasma.
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1.6 A disintegrin and metalloproteinases

1.6.1 The structure of A disintegrin and metalloproteinases

A Disintegrin And Metalloproteinase (ADAM) enzymes are Zn**dependent, complex
multidomain proteins that are members of the adamalysin protein family. ADAMs contain
an ectodomain with an N terminal signal sequence (1-17 aa), a prodomain (18-214 aa), a
metalloproteinase (MP) domain (215-473 aa), a disintegrin domain (474-572 aa), a cysteine-
rich domain (603-671 aa) followed by a transmembrane region (672-694 aa) and lastly a

cytoplasmic tail (695-824 aa) (Edwards, et al. 2008; Hartmann, et al. 2013) (Fig 1.8).
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Figure 1.8: The structure of mature ADAMs. Mature ADAMs contain an MP domain with
bound Zn?* to allow ectodomain proteolysis of substrates. Following the MP domain is a
disintegrin domain split by the shoulder (ds) and arm (da) regions. The ds and da domains of
ADAMs bind to integrins for adhesive functions. The cysteine rich domain contains hand (ch)
and wrist (cw) regions that contain disulphide bridges vital for structural stability of the MP
domain. The ectodomain also contains an epidermal growth factor like (EGF) domain.
Following the ectodomain of ADAMs is a transmembrane region trailed by a cytoplasmic tail
that anchors the protein to the membrane (Modified from Hartmann, et al. 2013).
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1.6.2 The metalloproteinase domain of ADAMs

The metalloproteinase (MP) domain is classified as a globular structure which is divided into
two subdomains (Fig 1.9). Between the two subdomains lies the active site cleft composed
of the sequence HEXXHXXGXXH termed the Zn?* binding region (Gomis-Ruth, 2003). The
upper subdomain is composed of 5 B-pleated sheets lying parallel to one another and also
to the substrate. In this configuration, the upper subdomain binds the substrate in an
extended manner. The upper domain also contains several a-helices (labelled as A in Fig
1.9); the lower a helix (labelled as B in Fig 1.9) includes the catalytic zinc binding site
HEXXHXXGXXH followed by a conserved methionine residue that induces a 1,4-B-turn (Met-
turn) essential for orientating the lower subunit to complete the catalytic cleft. The lower
subdomain only contains one a-helix (labelled as Cin Fig 1.9) located at the C terminus. The
essential catalytic zinc atom is situated between the two subdomains at the bottom of the

groove (Edward, et al. 2008).
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Figure 1.9: Structure of the MP domain of ADAM 17. The MP domain of ADAM 17 contains
two subdomains called the upper and lower subdomains. The upper subdomain contains 5
B-pleated sheets and several a-helices (labelled as A). The lower a helix (labelled as B)
contains the conserved HEXXHXXGXXH region that binds zinc allowing catalytic activity of
ADAM 17. A 1, 4 B-turn (Met-turn) is found after the o helix that orientates the lower
subdomain (comprising of one a helix (labelled as C)) to be within the correct position.
Between the two subdomains lies the active site (Modified from Edwards, et al. 2008).
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1.6.3 Catalytically active and inactive ADAMs

ADAMs possess both catalytic and adhesive functions which serve as important mediators of
cell signalling events (Edwards, et al. 2008). These distinct functions of ADAMs are
correlated with their role in disease processes such as cancer, asthma and Alzheimer’s
disease (Deuss, et al; 2008; Holgate, et al. 2006; Garton, et al. 2006). The human genome
contains 21 different ADAMs, where ADAMs 1-7, 22, 23, 29, 31 and 32 are catalytically
inactive and are deficient in either an MP domain or the essential Zn?* binding sequence
(HEXXHXXGXXH) at the catalytic domain. These catalytically inactive ADAMs are involved in
intercellular communication due to their adhesive interactions with integrins (Edwards, et
al. 2008). The remaining 13 ADAMs regulate ectodomain proteolysis of various type | and Il
transmembrane proteins such as growth factors, cytokines, receptors and adhesion
molecules. In 1997, ADAM 17 was the first ADAM identified with catalytic function and it
was shown to cleave TNF-a, causing release of the soluble active cytokine (Black, et al. 1997,
Moss, et al. 1997b) (Fig 1.10). ADAM 17 expression is tissue specific and is found mainly in
the heart, kidney, skeletal muscle and brain (Black, et al. 1997). ADAM 17 has a unique
sequence with negligible similarities to other ADAMs. Its closest relative is ADAM 10

however; the homology is less than 30 % (Gooz, et al. 2010).
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Figure 1.10: Catalytically active ADAM 17 regulates ectodomain proteolysis of type | and I
transmembrane proteins. Both catalytically inactive and active ADAMs have a disintegrin
domain (DIS), epidermal growth factor like (EGF) domain, transmembrane domain (TMD)
and cytoplasmic domain (CD). Both forms of ADAM 17 also contain the metalloproteinase
domain (PROT). Unlike non-catalytic ADAMs, catalytic ADAMs contain the zinc binding
region HEXGHXXGXXHD required for proteolysis of substrates. Catalytically inactive ADAMs
function to bind integrins. Catalytically active ADAMs cleave type | and Il transmembrane
proteins at the ectodomain generating an MP product. The cleaved soluble ectodomain of
type | and Il transmembrane proteins are released and can act by binding cognate receptors
on interacting cells initiating downstream signalling (Weber and Saftig, 2012).

51



1.6.4 ADAM 17 proteolysis regulates biochemical pathways

ADAM 17 proteolysis of substrates either stimulates or inhibits specific biochemical
pathways. Firstly, ectodomain release of inactive growth factor substrates allow binding to
cognate receptor initiating downstream signalling. For instance, ADAM 17 cleaves heparin-
binding EGF-like growth factor (HB-EGF) and releases soluble HB-EGF which can bind its
cognate epidermal growth factor receptor (EGFR) causing proliferation of the cell (Gooz, et
al. 2006). ADAM 17 proteolysis also downregulates membrane expression of receptors,
which abolishes interactions with cognate ligands such as the macrophage colony
stimulating factor receptor, which attenuates macrophage activation (Rovida, et al. 2001).
The importance of ADAM 17 proteolysis of receptors is correlated with diseases such as
TNF-a receptor associated periodic febrile syndrome (TRAPS). Here, the TNF-a receptor has
a mutation at the cleavage site which abrogates ADAM 17 proteolysis and consequently
accumulates at the membrane elevating interactions with soluble TNF-a leading to
inflammatory responses (McDermott, et al. 1999). Elevated ADAM 17 proteolysis is also
correlated with diseases such as breast cancer. Overexpression of human epidermal growth
factor -2 (Her-2) in breast cancer cells causes high levels of soluble Her-2 due to proteolysis.
As a consequence, therapeutic antibodies targeting Her-2 signalling in breast cancer
interacting with high levels of the soluble receptor result in inefficient blockade of cell

surface EGFR and cancer recurrence (Brodowicz, et al. 1997).
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1.7 Regulation of ADAM 17 catalytic activity

1.7.1 Maturation of ADAM 17

Newly synthesised immature ADAM 17 is catalytically inactive and is termed a zymogen.
Immature ADAM 17 contains a pro-domain at the N terminus which inhibits its catalytic
function (Gonzales, et al. 2004). Amino acids Phe’?, Asp™*, Asp™° Val®® 11e™®” and a 19-amino
acid leucine rich sequence in the pro-domain interacts with the catalytic site of ADAM 17
rendering the enzyme inactive (Buckley, et al. 2005). The pro-domain also acts as a
chaperone preventing degradation of immature ADAM 17 during trafficking (Anders, et al.
2001; Milla, et al. 2006). Initially, at the endoplasmic reticulum (ER), immature ADAM 17 is
N-glycosylated, where endoglycosidase-H (endo-H) sensitive glycans are added to ADAM 17.
At the medial Golgi, more N-linked sugars are conjugated to immature ADAM 17 before
entering the trans-Golgi network. Glycans are then modified to become resistant to endo-H
(Schléndorff, et al. 2000), allowing cleavage at amino acids RVKR between the pro-domain
and catalytic domain of ADAM 17 by Golgi resident enzyme furin. This proteolytic event
removes the pro-domain generating mature ADAM 17 with catalytic potential (Adrain, et al.
2012; Schlondorff, et al. 2000). Phosphofurin acidic cluster sorting protein 2 (PACS-2) then
binds the cytoplasmic tail of mature ADAM 17 and facilitates trafficking to the membrane
(Dombernowsky, et al. 2015) (Fig 1.11). ADAM 17 also traffics from the ER to the cell surface
after Thr”®> in the cytoplasmic tail is phosphorylated by MAP kinase extracellular signal-

regulated kinase (Erk) (Soond, et al. 2005).
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Figure 1.11: Maturation of ADAM 17. Immature ADAM 17 contains a prodomain at the N
terminus and is catalytically inactivate. Immature ADAM 17 is first located at the ER where it
is N-glycosylated and later trafficked to the trans-Golgi network. Immature ADAM 17 is
processed at the trans-Golgi where the prodomain is cleaved by furin. Mature and
catalytically active ADAM 17 is generated and enters the secretory pathway to traffic to the
membrane to cleave substrates. PACS-2 binds to the cytoplasmic tail of mature ADAM 17
and promotes trafficking to the membrane preventing intracellular degradation
(Dombernowsky, et al. 2015).
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Mature ADAM 17 localizes in cholesterol rich lipid rafts at the Golgi apparatus separating
this enzyme from substrates. Moreover, lipid raft depletion using cyclodextrin caused
excessive ADAM 17 mediated proteolysis of substrates. Lipid raft localization of ADAM 17
during the maturation process therefore acts to protect the host against unnecessary
shedding of cell surface proteins which would activate/inhibit biochemical pathways causing

potentially harmful effects (Tellier, et al. 2006).

1.7.2 IRhoms facilitates maturation and substrate specify of

ADAM 17

IRhoms are non-catalytic members of the rhomboid intramembrane protease family and are
deficient of the catalytic residues Ser?®" and His?** (Lemberg and Freeman, 2007; Wang, et
al. 2006) (Fig 1.12 A). Adrian et al showed that ADAM 17 is not expressed in iRhom-2
deficient macrophages and remains in an endo-H non-resistant state in the ER, which
cannot be cleaved by furin. IRhom-2 binds to both mature and immature ADAM 17;
however, the interaction is reduced after furin cleavage. It has therefore been suggested
that IRhom-2 binds ADAM 17 in the ER and migrates to the Golgi apparatus. Furin cleavage
of ADAM 17 would then remove IRhom-2 allowing mature ADAM 17 to reside in the trans-
Golgi network (Adrian, et al. 2012) (Fig 1.12 B). However, in their later studies, they showed
that loss of iRhom-1 or iRhom-2 in mouse embryonic fibroblasts (MEFs) partially reduces
maturation of ADAM 17 and subsequent trafficking to the cell surface, whereas loss of both
iRhoms show complete inhibition. They argued that IRhom-2 expression is high in
macrophages explaining why IRhom-2 deficient macrophages from their earlier studies

showed complete deficiency of ADAM 17 maturation. However, IRhom-1 expression is

55



abundant in other cell types such as MEFs where it would regulate ADAM 17 maturation

(Christova, et al. 2013).
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Figure 1.12: IRhom structure and function during ADAM 17 maturation. (A) The structure
of iRhoms. IRhoms (red) have a similar sequence and structure as the catalytically active
rhomboids (blue). However, iRhoms lack the catalytic residues Ser?®' and His*** and are
catalytically inactive. (B) IRhoms function during ADAM 17 maturation. IRhoms and
immature ADAM 17 are both abundantly expressed at the ER where they initially interact.
IRhoms then traffics immature ADAM 17 to the Golgi apparatus. At the Golgi apparatus, the
prodomain of immature ADAM 17 is cleaved by furin which removes iRhoms (Adrian, et al.
2012).
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ADAM 17/iRhom-1 and ADAM 17/iRhom-2 complexes act as two different molecular
scissors which proteolyze different substrates with distinct stimuli (Matthews, et al. 2016).
For instance, PMA-stimulation did not induce ADAM 17 proteolysis of some substrates such
as Eph receptor B4 (EphB4), kit ligand 2 (KitL2) and tyrosine kinase with immunoglobulin-like
and EGF-like domains-2 (Tie-2) in iRhom-2 deficient MEF cells yet proteolysis for other
substrates such as transforming growth factor-a (TGF-a) was elevated. Furthermore, siRNA
against iRhom-1 in iRhom-2 deficient MEF cells abolished ADAM 17-proteolysis of TGF-a
after PMA stimulation. However, ADAM 17 substrate specificity based on the bound isoform
of iRhom also depends on cell type. For example, IRhom-2 deficiency in brain leucocytes
attenuated L-selectin proteolysis after PMA-stimulation (Li, et al. 2015); yet shedding was
unaffected in iRhom-2 deficient MEF cells (Maretzky, et al. 2013). In MEFs, the N terminal
cytoplasmic domain of iRhoms regulate PMA induced ADAM 17 proteolysis as shown in
iRhom-2 deficient MEF cells where complementation of iRhom-2, but not iRhom-2 lacking
its N-terminal cytoplasmic domain rescued proteolysis of KitL2 (Le Gall, et al. 2010,

Maretzky, et al. 2013).

1.7.3 Extracellular stimuli activates ADAM 17 and induces

proteolysis

Ectodomain proteolysis of substrates is stimulated by extracellular stimuli such as thrombin,
growth factors, pathogen-activated molecular patters (PAMPs) and cytokines (Arribas and
Massague, 1995; Fan and Derynck, 1999; Horiuchi, et al. 2007b; Le Gall, et al. 2009; Prenzel,
et al. 1999; Sahin, et al. 2004; Swendeman, et al. 2008; Chanthaphavong, et al. 2012).
These extracellular stimuli initiate intracellular signalling pathways which activate ADAM 17

inducing proteolysis of substrates. For instance, thrombin binds to the G-protein coupled
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receptor called protease activated receptor-1 (PAR-1) and initiates nitric oxide (NO)
production which activates ADAM 17 and induces proteolysis of endothelial protein C
receptor (EPCR) (Gur-Cohen, et al. 2015). Also, stimulation of the Toll-like receptor 4 (TLR-4)
by PAMPs such as LPS causes expression of nitric oxide synthase (iNOS) in hepatocytes,
which induces production of NO. NO activates cyclic guanosine monophosphate (cGMP) and
protein kinase G (PKG). Activated PKG phosphorylates serine and threonine residues in the
cytoplasmic tail of ADAM 17 alongside iRhom-2 facilitating increased membrane expression
and activation of ADAM 17 causing elevated proteolysis of tumour necrosis factor-a
receptor-1 (TNFR-1) in hepatocytes (Chanthaphavong, et al. 2012). LPS also upregulates ROS
by flavoprotein oxidoreductases which rapidly activate ADAM 17 using p38 MAP kinase.
Activation is redox sensitive as exogenous H,0, phosphorylates MAP kinase, while
scavenging ROS attenuates LPS-activation of ADAM 17 (Scott, et al. 2011). Additionally, the
inflammatory peptide N-Formylmethionine-leucyl-phenylalanine (fMLP) initiates both p38
and Erk MAP kinase pathways, which triggers L-selectin proteolysis in neutrophils (Fan and

Derynck, 1999).

Cytokines such as IL-6 and IFN-y stimulates Erk, causing activation of ADAM 17 and
proteolysis of neuregulin (Kalinowski, et al. 2010). The proinflammatory cytokine IL-13
increases ADAM 17 mRNA levels by threefold and consequently elevates amyloid precursor
protein (APP) proteolysis in human neuroblastoma cells (Tachida, et al. 2008). Later studies
showed that IL-1P elevates expression of ADAM 17 by p38 MAPK, PI3K and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) and substrate amphiregulin using
NF-kB, c-Jun N-terminal kinases (JNK), ERK 1/2 and p38 MAPK signalling pathways which

increases proteolysis of amphiregulin (Liu, et al. 2014).
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Additionally, mitogenic growth factors such as fibroblast growth factor (FGF) and platelet-
derived growth factor (PDGF) bind to cognate tyrosine kinase receptors FGFR and PDGFR
and induce Erk MAP kinase signalling which triggers proteolysis of TNF-a. Additionally,
inhibition of PKC using mutational or pharmacological approaches does not abrogate TNF-a
proteolysis by FGF or PDGF showing growth factors do not upregulate PKC for proteolysis

(Fan and Derynck, 1999).

1.7.4 Protein disulphide isomerase inactivates ADAM 17 and

regulates substrate interaction

Bennett et al showed that ADAM 17-proteolysis of substrates was potentiated in the
presence of thiol isomerase inhibitor bacitracin (Bennett, et al. 2000). In later studies,
Willems et al demonstrated that protein disulphide isomerase (PDI) was the thiol isomerase
which regulates ADAM 17 activity. Blocking antibodies against PDI or siRNA silencing
elevated ADAM 17-dependent proteolysis of HB-EGF after PMA treatment. Furthermore,
addition of exogenous PDI reduced proteolysis of HB-EGF in PMA-stimulated, but not resting
Hela cells (Willems, et al. 2010). Wang et al found that catalytic activity of ADAM 17 lacking
both a pro-domain and cytoplasmic tail was lowered after reduction by dithiothreitol and
potentiated after oxidation with H,0, showing that thioldisulfide conversion occurs in the
extracellular domain. Furthermore, they also mutated two conserved CXXC motifs (C>22XXC
and C®9°XXC) in the disintegrin/cysteine rich region to ADAM 17 to alanines which
abrogated L-selectin proteolysis which potentially showed that redox modifications of these
cysteinyl sulfhydryl groups regulate catalytic activity (Wang, et al. 2009). Antibodies were
used to bind the MP domain (A9) and the disintegrin/cysteine rich region (A7 and D3) of

recombinant ADAM 17, treatment with PDI prevented A7 and D3 from interacting the
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disintegrin/cysteine rich region, yet A9 still bound the MP domain which was correlated with
reduced proteolysis of TNF-a and a myelin basic protein. These results illustrated that PDI
isomerizes disulphide bonds in the disintegrin/cysteine rich region of ADAM 17 which causes
a conformational change in the catalytic site interfering with proteolysis (Willems, et al.

2010).

However, Dusterhoft et al showed that PDI interacts directly to the MPR of ADAM 17. The
MPR of ADAM 17 possesses two disulphide bonds one between Cys®°° and Cys®3° (Cys 600-
630) and the other between Cys®** and Cys®*' (Cys 635-641). PDI isomerizes these disulphide
bonds causing both the Cys 600-635 and Cys 630-641 disulphide bonds overlap. This change
in structure causes the MPR to convert from an open and elongated conformation to a
closed, rigid and compact structure which suggestively prevents substrate recognition
(Dusterhoft, et al. 2013) (Fig 1.13). In later studies, Dusterhoft et al researched how PDI
isomerization of the MPR prevents substrate recognition of ADAM 17. They found that
ADAM 17 contains a small a-helical juxtamembrane segment termed a small stalk region
between the MPR and transmembrane region. This stalk region contains 14-amino acids
termed the conserved ADAM seventeen dynamic interaction sequence that binds substrates
(CANDIS) which was shown to bind amino acids 317-ESRSPPAENEVSTPMQ-332 in the
ectodomain of the ADAM 17 substrate, interleukin 6 receptor (IL-6R). PDI isomerization of
the MPR to a closed structure consequently blocked CANDIS from binding IL-6R which

attenuated proteolysis (Disterhoft, et al. 2014).
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Figure 1.13: Structural consequences of PDI-mediated disulphide isomerization of the
ADAM 17 MPR. In the open conformation two disulphide bonds between Cys 600-635 and
Cys 630-641 in the MPR of ADAM 17 are positioned away from one another. PDI causes
overlap between Cys 600-635 and Cys 630-641 which causes a structural change of the MPR
converting from an open to closed structure (Dusterhoft, et al. 2013).

1.7.5 Phosphatidylserine lipids in the plasma membrane regulate

ADAM 17 activity

Cationic amino acid residue region (RK_K) in the MPR of ADAM 17 binds to
phosphatidylserine (Ptd-L-Ser) lipids at the plasma membrane (Dilsterhoft, et al. 2015;
Sommer, et al. 2016). In a resting cell, Ptd-L-Ser is located at the inner leaflet of the plasma
membrane and does not interact with the MPR of ADAM 17. Consequently, the MPR of
ADAM 17 is freely structured causing the catalytic site to be at a distance from type | and I
transmembrane proteins. After cell stimulation, Ptd-L-Ser translocates from the inner to
outer plasma membrane leaflet and interacts with the MPR of ADAM 17 which orientates
the catalytic site towards the substrate facilitating proteolysis (Sommer, et al. 2016) (Fig

1.14).
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Figure 1.14: Interaction of the MPR and stalk regions of ADAM 17 to Ptd-L-Ser promotes
ectodomain proteolysis. (A) Under basal conditions, Ptd-L-Ser is located at the inner leaflet
of the plasma membrane. The catalytic site of ADAM 17 is located at a distance from its
substrate reducing ectodomain proteolysis. (B) After cell activation, Ptd-L-Ser is translocated
from the inner to outer plasma membrane leaflet. The MPR of ADAM 17 use cationic
residues (indicated as +) to bind exposed Ptd-L-Ser. This causes structural reorientation of
ADAM 17 allowing the catalytic site to be within a closer region to the substrate allowing
ectodomain proteolysis (Sommer, et al. 2016).

1.7.6 ADAM 17 binding partners modulate proteolysis

ADAM 17 interacts with various extracellular and intracellular binding partners which either
augment or diminish its catalytic activity. Tissue metalloproteinase inhibitor 3 (TIMP-3)
naturally inhibits the catalytic function of ADAM 17 after directly interacting with the
extracellular catalytic site (Amour, et al. 1998). Also, the synapse associated protein-9 (SAP-
9) uses its PDZ3 region to bind the extreme intracellular C-terminus of the ADAM 17
cytoplasmic domain, but SAP-9 regulation of ADAM 17 activity remains controversial.
Peiretti et al firstly showed that overexpression of SAP-9 inhibited ADAM 17 proteolysis of

TNF-a and TNFR1 and TNFR2 (Peiretti, et al. 2003b). However, Surena et al challenged these
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findings by showing that SAP-9 interacts with the cytoplasmic tails of the ADAM 17
substrate pro-TGF-a as well as ADAM 17, which potentially enhances substrate presentation
for proteolysis (Surena, et al. 2009; Gooz, et al. 2010). Likewise, nardilysin binds to the
intracellular domains of ADAM 17 and HB-EGF enhancing ectodomain shedding (Nishi, et al.
2006). Also, intracellular Four and Half LIM domain 2 protein (FHL2) bridges ADAM 17 to the

actin cytoskeleton to be at near membrane bound substrates (Canault, et al. 2006b).

1.7.7 Tetraspanin CD9 binds to ADAM 17 and regulates activity

Tetraspanins (TSPANSs) (Fig 1.15) such as CD9 organizes cell surface microdomains after
interaction with additional tetraspanins and transmembrane proteins (Yanez-Mo, et al.
2009; Hemler, et al. 2003; Barreiro, et al. 2008). In these microdomains, TSPANs regulate
functions of transmembrane proteins for instance, CD9 forms complexes with several B,
integrins and regulate cell adhesion, signalling, proliferation and migration (Ovalle, et al.

2007; Berditchevski, 2001).
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Figure 1.15: Diagram of typical TSPAN structure. TSPANs have four transmembrane helices
(light and dark grey; labelled as 1-4). A large extracellular loop (between 70 to 130 amino
acids) link transmembrane domains (TMD) 3 and 4 and contains three helices labelled as A,
B and E in blue and also a variable region (red) in between helices B and E which allow
interactions with binding partners. TSPANSs also contain a small extracellular loop (between
13 to 30 amino acids) between TM domains 1 and 2 alongside short N- and C- terminal
cytoplasmic tails (6 to 19 amino acids) and a small inner loop (of 4 amino acids). TSPANs
exist as homodimers, or associate with other TSPANs which is regulated by palmitoylation of
multiple membrane proximal cysteines (orange zigzags) (Hemler, 2014).
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Gutiérrez-Lépez et al found that ADAM 17 directly interacts with the large extracellular loop
(LEL) of CD9 at the plasma membrane. Furthermore, overexpression of CD9 reduced ADAM
17 proteolysis of both TNF-a and ICAM-1, whereas CD9 silencing decreased ICAM-1
expression on stimulated HUVECs due to elevated ADAM 17 proteolysis. Additionally, PMA
dissociated ADAM 17 from CD9 enhancing its catalytic function (Gutiérrez-Lépez, et al.
2011). CD9 also interacts with ADAM 17 substrates pro-HGF, pro-TGF-a, pro-epiregulin and
pro-amphiregulin (Shi, et al. 2000; Higashiyama, et al. 1995; Inui, et al. 1997; Hemler, 2003).
Tsukamoto et al further showed in Jurkat T cells that cell surface expression of ADAM 17
substrate, sortilin-related receptor (LR11) is regulated by its interaction with CD9. After CD9
silencing, LR11 was localized in the intracellular compartment and did not proteolyze after
PMA treatment (Tsukamoto, et al. 2014). CD9 therefore potentially forms cell surface
substrate-enzyme complexes in resting cells where rapid ADAM 17 proteolysis occurs after

CD9 dissociation by PMA (Gutiérrez-Lépez, et al. 2011; Tsukamoto, et al. 2014).

1.7.8 The cytoplasmic tail and transmembrane region of ADAM 17

It remains disputed whether the cytoplasmic domain of ADAM 17 regulates catalytic activity
and proteolytic cleavage of substrates. Several studies have demonstrated ADAM 17
activation after phosphorylation of the cytoplasmic domain (Diaz-Rodriguez, et al. 2002; Fan
and Derynck, 1999; Fan, et al. 2003; Soond, et al. 2005; Xu and Derynck, 2010). Diaz-
Rodriguez et al showed that Thr”3® in the cytoplasmic domain of ADAM 17 is phosphorylated
by the Erk MAPK signaling pathway after PMA treatment and later proposed that Thr”3®

phosphorylation activates ADAM 17 and induces proteolysis (Diaz-Rodriguez, et al. 2002).

In later studies, Xu et al showed that ADAM 17 forms dimers which are predominantly

expressed in the plasma membrane of resting cells while TIMP-3 binds directly to both ECDs
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of the ADAM 17 dimer silencing its catalytic activity. After cell activation, ERK and p38 MAPK
signalling pathways shifts cell surface ADAM 17 dimers to monomers causing dissociation of
TIMP-3 which then generates a catalytically active ADAM 17 that proteolyzes TNF-a. The
biochemical mechanisms by ERK and p38 MAPK signalling that increase levels of cell surface
ADAM 17 monomers are currently unknown. Xu et al suggested that ERK/p38 MAPK
phosphorylation of the ADAM 17 cytoplasmic domain at Thr”3® disrupts intermolecular
interactions between ADAM 17 dimers. Also, ERK/p38 MAPK phosphorylation of Thr’3® in
the cytoplasmic domain of ADAM 17 would cause increased trafficking of intracellular

ADAM 17 monomers to the plasma membrane (Xu, et al. 2012) (Fig 1.16).
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Figure 1.16: MAP kinase signalling pathway regulates cell surface expression of activated
ADAM 17. (A) In the absence of MAP kinase signalling, inactive ADAM 17 is present at the
membrane as a dimer while associated with TIMP-3. (B) After cell activation, the MAP kinase
ERK phosphorylates the cytoplasmic domain of ADAM 17 causing dissociation of dimers and
disrupting TIMP-3 interaction which increases cell surface presentation of active ADAM 17
monomers. Intracellular monomers of ADAM 17 are also phosphorylated by MAP kinase ERK
facilitating trafficking to the cell surface (Xu, et al. 2012).

However, other studies have shown that the cytoplasmic domain of ADAM 17 is not
required for its activation after cell stimulation (Horiuchi, et al. 2007; Le Gall, et al. 2010;
Reddy, et al. 2000; Hall, et al. 2012). Le Gall et al found that phosphorylation of threonine,
serine and tyrosine residues in the cytoplasmic domain of ADAM 17 was not required for
catalytic activity as ADAM 17 truncated of its cytoplasmic domain was still activated by

thrombin, LPA, TNF-a and the growth factor EGF. They suggested that Thr”3® acts as an
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inhibitory residue and allows ADAM 17 activation after phosphorylation (Le Gall, et al.

2010).

Hall and Blobel challenged this hypothesis by generating two forms of ADAM 17 where the
Thr73 residue was mutated to a non-phosphorylatable (T735A) or phospho-mimicking
(T735D) state alongside a truncated version where the cytoplasmic domain was removed
and showed that all three constructs of ADAM 17 were activated IL-1pB or MAP kinase. They
also revealed that the MAP kinase inhibitor SB203590 attenuated activation of ADAM 17
lacking its cytoplasmic domain, displaying that activation of ADAM 17 is not reliant on the

cytoplasmic domain or Thr”®* phosphorylation (Hall and Blobel, 2012). Fan et a/ did not

735 735

observe phosphorylation of Thr”3® after cellular activation, also Thr’*> mutation to non-
phosphorylatable alanine (T735A) did not abolish growth factor phosphorylation of ADAM
17 (Fan, et al. 2003). Instead, they showed phosphorylation at Ser®° in the cytoplasmic
domain of ADAM 17 by the Erk MAPK signalling pathway after cell activation by growth
factors EGF and FGF. Neither mutation of Ser®' to non-phosphorylatable alanine (S819A)
nor truncation of the cytoplasmic domain attenuated ADAM 17 proteolysis of TGF-a (Fan, et
al. 2003). Ser®" is adjacent to a motif which interacts to the PDZ domain-containing protein

(PTPH1) which suggestively down-regulates ADAM 17 expression (Zheng, et al. 2002). Fan et

al suggested that Ser®° phosphorylation regulates ADAM 17 processing (Fan, et al. 2003).

Other studies have reported that the transmembrane region of ADAM 17 regulates activity
(Horiuchi, et al. 2007; Le Gall, et al. 2010; Reddy, et al. 2000; Hall, et al. 2012; Xu, et al.
2012). Reddy et al demonstrated that overexpression of the soluble ECD of ADAM 17 did
not induce proteolysis of TNF-a, however catalytic activity was restored after anchorage to

the plasma membrane with the transmembrane, which was further shown for ADAM 17
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lacking its cytoplasmic domain (Reddy, et al. 2000). Also, replacement of the
transmembrane domain (TMD) of ADAM 17 with L-selectin or the ADAM 10 substrate

betacellulin (BTC) attenuated activation after PMA treatment (Le Gall, et al. 2010).
1.8 L-selectin ICD binding partners regulate ADAM 17

proteolysis

Truncation of the 17-amino acid L-selectin ICD lowers PMA induced shedding of L-selectin
from 88 % to 44 %, highlighting that this domain is important in regulating ectodomain
proteolysis (Zhao, et al. 2001). Kahn et al found that calmodulin (CaM) binds to the MPR of
the L-selectin ICD. This interaction is disrupted in response to CaM inhibitors such as
trifluroperazine and calmidazolium and this correlated with downregulated L-selectin
expression, which was rescued using broad-spectrum metalloprotease inhibitors. This
CaM/L-selectin ICD complex therefore protects L-selectin from ectodomain proteolysis

(Kahn, et al. 1998; Matala, et al. 2001).

Gifford et al monitored interactions between CaM and a synthetic L-selectin peptide
comprising of a transmembrane region and ICD in aqueous solution. The N- and C- lobes of
CaM bind to hydrophobic residues Ile®*? and Leu3>* in the transmembrane region of L-
selectin and Leu®®® in the L-selectin ICD. A two-step model was proposed, where CaM firstly
binds to positively charged residues in L-selectin ICD and then to Ile3°2/Leu3>*, consequently
pulling the transmembrane region of L-selectin downwards and/or perturbing the lipid
bilayer, burying the ADAM 17 cleavage site in the extracellular region (Gifford, et al. 2012)

(Fig 1.17).
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Figure 1.17: CaM binds to both the transmembrane and ICD of L-selectin inducing
structural changes. (A) In a resting cell, CaM interacts with positively charged residues in the
juxtamembrane region of the L-selectin ICD. The L-selectin ICD also binds ERM family
proteins which connect to actin. (B) Clustering of L-selectin by ligand causes release of Ca?*
from the endoplasmic reticulum (ER) allowing CaM to bind hydrophobic residues in the ICD
(Leu3>®) and transmembrane region (lle**? and Leu3>*). CaM pulls the transmembrane region
downwards, inducing a conformational change at the extracellular side of L-selectin burying
the cleavage site from ADAM 17. (C) After cell activation, cytoplasmic Ca?* increases causing
dissociation of CaM from L-selectin. This exposes the ADAM 17 cleavage site in the
ectodomain of L-selectin promoting proteolysis. ERM proteins continue to interact with L-
selectin allowing an indirect linkage to the actin cytoskeleton which potentially allows co-
localization with ADAM 17. The L-selectin ICD is also phosphorylated by PKC isozymes which
may modulate interactions with other protein binding partners (Modified, Gifford, et al.
2012).

However, Deng et al argued that a downward shift of L-selectin would cause polar residues
in the extracellular region to be inserted in the hydrophobic lipid bilayer, costing free energy
(Fig 1.18 A). It was disputed that the L-selectin/CaM interactions could be studied in
aqueous solution as the transmembrane region adopts a helical structure in a lipid bilayer,

352 and Leu3** from CaM. Therefore, Deng et al embedded a

which potentially buries lle
synthetic L-selectin peptide (CLS) in a liposome and monitored interactions with CaM. CaM

adopted an extended conformation while bound to basic residues in the juxtamembrane
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region of L-selectin ICD. They showed that CaM cannot interact with the transmembrane

region of L-selectin when CLS was presented in liposomes (Deng, et al. 2013) (Fig 1.18 B).

They also showed that CaM/L-selectin ICD interactions were abolished when liposomes
were enriched with Ptd-L-Ser. Positively charged L-selectin ICD formed electrostatic
interactions with negatively charged Ptd-L-Ser sequestering C-terminal L-selectin away from
CaM. CaM alone does not disrupt interactions between Ptd-L-Ser and L-selectin ICD and fails
to interact (Fig 1.18 C). However, CaM, L-selectin ICD and moesin formed a complex in Ptd-
L-Ser enriched liposomes suggesting that CaM and moesin together interrupt electrostatic
interactions between L-selectin ICD and Ptd-L-Ser allowing this heterotrimeric complex to
form (Deng, et al. 2011; Deng, et al. 2013) (Fig 1.18 D). This finding agreed with molecular
modelling by Killock et al displaying a 1:1:1 heterotrimeric complex of CaM, L-selectin and

ERM proteins (Killock, et al. 2009).
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Figure 1.18: Complex L-selectin CaM/ERM interactions. (A) Proposed model by Gifford et al
(Fig 1.17), CaM adopts a compact structure while bound to the transmembrane and L-
selectin ICD of L-selectin in aqueous solution. (B) Deng et al showed that CaM is found in an
extended conformation while bound to L-selectin ICD of a synthetic peptide corresponding
to L-selectin (CLS) in liposomes deficient in Ptd-L-Ser. (C) Interaction between L-selectin ICD
and CaM is interrupted when liposomes contain Ptd-L-Ser in the bilayer. Positively charged
L-selectin ICD instead forms electrostatic interactions with negatively charged Ptd-L-Ser. (D)
Moesin and CaM together disrupt these electrostatic interactions and bind the L-selectin
ICD (Modified, Deng, et al. 2013).

Affinity chromatography studies by lvetic et al showed that moesin from extracts of PMA-
treated lymphocytes associates with the L-selectin ICD; this interaction was disrupted
following PKC inhibitor treatment. In contrast, ezrin constitutively bound to L-selectin ICD
irrespective of PKC activation status (lvetic, et al. 2002). Furthermore, the disruption of an
interaction between the L-selectin ICD and ERM proteins attenuated PMA induced
proteolysis (lvetic, et al. 2004). It was argued that post-translational modification such as
PKC phosphorylation of the L-selectin ICD may regulate interaction between CaM, ERM
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proteins and subsequently ectodomain proteolysis. For instance, Kilian et al showed that
during PMA treatment, PKC isozymes © and t bind to L-selectin to phosphorylate Ser3®* and
Ser®®” in the L-selectin ICD (Kilian, et al. 2004). Mutating $S367 to phospho-mimicking D367
leads to constitutive proteolysis in the absence of PKC stimulation; whilst A367 could not be
cleaved by ADAM 17 (Killock, et al. 2010) showing that phosphorylation of serine residues
regulates proteolysis. Gifford et al also showed that the side chains of both Ser3¢* and Ser3®’
are orientated towards the N-terminal F for 4.1 protein, E for ezrin, R for radixin and M for
moesin (FERM) domain of bound ERM proteins. They argued that introduction of one or two
negatively charged phosphate groups due to PKC phosphorylation may induce or disrupt
intra/intermolecular interactions and consequently exchange ezrin for moesin. Such a
conformational change in the L-selectin ICD would also cause CaM to dissociate, rendering

L-selectin susceptible to ectodomain proteolysis (Gifford, et al. 2012).

1.9 ADAM 17 independent proteolysis of L-selectin

L-selectin proteolysis has been documented in ADAM 17-deficient fibroblasts generating a 6
kDa transmembrane fragment. ADAM-17 dependent proteolysis was not observed after cell
stimulation with PMA; however, sL-selectin was released under basal conditions and was
blocked using a hydroxymate metalloproteinase inhibitor (Walcheck, et al. 2003). Le Gall et
al demonstrated that ADAM 10 compensates for ADAM 17 activity after long-periods of
inhibition and sheds L-selectin. For instance, ADAM 10 only proteolyzed L-selectin in
transfected WT MEFs when ADAM 17 was inhibited with SP26 for 2 days, but not at earlier
time points of 30 min to 2 h. Upregulating intracellular Ca?* with ADAM 10-activator
ionomycin in ADAM 17 deficient mouse B cells caused slight proteolysis of L-selectin,

however complementation of ADAM 17 induced complete loss of L-selectin expression.
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Also, in ADAM 10 and ADAM 17 doubly deficient B cells, complementation of ADAM 17
causes higher levels of released sL-selectin than ADAM 10. These results illustrated that
ADAM 10 can compensate for ADAM 17 activity, but does not act as a principal enzyme,

where proteolysis is markedly reduced (Le Gall, et al. 2009).

Gdmez-Gaviro et al showed that after neutrophil activation, ADAM 8 mobilized from
intracellular granules to the plasma membrane and is proteolyzed by metalloproteinases
releasing a soluble, catalytic active form (SADAM 8) to circulation. Levels of released sL-
selectin increased in lymphoblastic cells co-transfected with ADAM 8 in comparison to
catalytically inactive ADAM 8 or empty vector, which was inhibited by MMP inhibitor KD-IX-
73-4. Also, s-L-selectin was released from ADAM 17-deficient cells after incubation with

catalytically active, SADAM 8 (Gédmez-Gaviro et al 2007).

1.9.1 sL-selectin release during homeostatic proteolysis and

apoptosis is ADAM 17 independent

Li et al studied constitutive and homeostatic L-selectin proteolysis in mice that contained a
catalytically inactive ADAM 17 lacking a Zn?* binding domain (ADAM 17°™) and found that
levels of sL-selectin were similar to WT mice. However, L-selectin expression on ADAM 17
deficient neutrophils was not reduced after PMA treatment or transmigration into the
inflamed peritoneal cavity. These results showed that ADAM 17 regulates the density of L-
selectin on the surface of neutrophils and their migration to inflamed tissues, but not
required for sL-selectin release during homeostatic proteolysis (Li, et al. 2006). Further
studies by Wang et al showed that ADAM 17 proteolysis was required for release of sL-
selectin at early time points of Fas signalling during apoptosis. However, at later time points

of apoptosis, sL-selectin release was independent of ADAM 17 activity and not inhibited by
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the wide spectrum metalloproteinase inhibitor TAPI, broad spectrum serine, aspartic and
cysteine protease inhibitors or ADAM 8 knockout mice (Wang, et al. 2010). Apoptosis occurs
to neutrophils shortly after entry to inflamed tissues to resolve acute inflammation (Serhan
and Savill; 2005; Kennedy and DelLeo, 2009) and these studies have therefore shown a
correlation with sL-selectin release by an unknown protease(s) which prevents further

infiltration of neutrophils (Wang, et al. 2010).

1.9.2 ADAM 17 independent proteolysis of L-selectin by MDSCs

suppress immune surveillance during tumour escape

Myeloid-derived suppressor cells (MDSCs) accumulate during tumour progression causing
poor clinical outcomes (Liu, et al. 2010) while attenuating anti-tumour adaptive immunity
(Gabrilovich, et al. 2012) and causes resistance to chemotherapy, immunotherapy and
radiation in murine tumour models (Acharyya, et al. 2012; Alizadeh, et al. 2014). Expansion
of MDSCs in tumour bearing mice was correlated with reduced cell surface L-selectin
expression on T and B cells and a 2-fold increase of sL-selectin in circulation (Ku, et al. 2016).
Furthermore, MDSCs cause downregulated L-selectin expression on CD4+ and CD8+ naive T
cells by proteolysis in the spleen which increases leucocyte rolling along HEVs and
destabilizes cell arrest leading to reduced transmigration across HEVs and antigen driven
expansion of effector T cells which suppresses immune surveillance during early phases of
tumour escape. MDSCs also caused L-selectin proteolysis in ADAM 17-deficient
lymphocytes. Additionally, ADAM 17 on the surface of MDSCs do not proteolyze L-selectin
on the lymphocytes in trans as L-selectin downregulation was observed in the presence of
specific ADAM 17 inhibitor PF-5480090 or lymphocytes expressing L(E) L-selectin (Ku, et al.

2016; Oh, et al. 2013; Parker, et al. 2014). sL-selectin is elevated in patients with bladder
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and thyroid cancer (Choudhary, et al. 2015; Kobawala, et al. 2016), which Ku et al suggest is
caused by these protease(s) expressed on MDSCs which initiate L-selectin proteolysis (Ku, et

al. 2016).
1.10 Microbes induce proteolysis of L-selectin modulating

T cell chemotaxis

Some pathogens have been shown to directly interact with L-selectin and induce L-selectin
proteolysis in the absence of TCR activation. This will reduce T cell entry into lymph nodes
thereby avoiding immune surveillance and leading to rapid spread of infection. L-selectin
directly interacts with pathogens such as Cryptococcus Neoformans (Ellerbroek, et al. 2004)
and Trypanosoma Cruzi (Alcaide, et al. 2010; de Diego, et al. 1997). Trypanosoma Cruzi
contains a mucin-like cell surface protein named AgC10. During an infection, AgC10 is
released from the membrane of Trypansoma Cruzi and interacts directly with L-selectin on
the surface of human monocytes and T cells disrupting interactions with PNAd on the
surface of HEVs affecting tethering. Furthermore, the MMP inhibitor Ro 31-9790 restored
the ability of monocytes to adhere to HEVs confirming that AgC10 induces proteolysis of L-
selectin (Alcaide, et al. 2010; de Diego, et al. 1997). AgC10 is a highly sialylated O
glycoprotein similar to GlyCAM-1 and has therefore been suggested to interact with the
carbohydrate structures of L-selectin (Alcaide, et al. 2010). Other microorganisms are able
to regulate L-selectin expression at the transcriptional level. For example, mycolactone, a
macrolide secreted by Mycobacterium ulcerans reduces levels of let-7b, a regulatory

component for L-selectin transcription in T and B cells. Mice injected with mycolactone
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showed reduced homing of B cells to peripheral lymph nodes (Guenin-Mace, et al. 2011;

Tang, et al. 1998).

Various studies have shown that HIV-1 modulates cell surface L-selectin expression on
infected T cells downregulating the immune response. For instance, HIV-1 patients have
increased L-selectin ECD in their plasma (Spertini, et al. 1992; Kourtis, et al. 2000) competing
with membrane bound L-selectin on leucocytes for endothelial ligands on HEVs (Tu, et al.
2002). HIV-1 viral proteins Nef and Vpu associate with and sequester newly synthesised L-
selectin in the trans-Golgi network and ER reducing cell surface L-selectin expression
(Vassena, et al. 2015). Nef and another HIV-1 viral protein Tat, activate the PI3K/Akt
pathway. Activated protein kinase B (Akt) phosphorylates and inactivates forkhead box
protein O1 (FOX01), which decreases expression of KLF-2, lowering transcription of L-
selectin. HIV infected T cells have reduced cell surface L-selectin expression and do not

migrate to peripheral lymph nodes, explaining their impaired function (Trinité, et al. 2014).
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1.11 The Y-secretase complex

Y-secretase is a multi-subunit protease responsible for intramembrane proteolysis of 60

identified type | transmembrane proteins (Fig 1.19) (Beel and Saunders, 2008).

Nicastrin

PS1/PS2
(catalytic
component)

Figure 1.19: Structure of the y-secretase complex. The y-secretase complex is a multi-
subunit protease consisting of PS 1/2 (PS 1/2), nicastrin, PS enhancer-2 (Pen-2) and anterior
pharynx defective-1 (Aph-1) (Andersson and Lendahl, 2014).

Presenilin (PS) is an integral membrane protein spanning the membrane nine times, with
the N-terminus facing the cytoplasmic side and C-terminus orientated towards the lumen or
outside of the cell (Laudon, et al. 2005). Nicastrin is a heavily glycosylated type |

transmembrane protein with a large extracellular domain (Shirotani, et al. 2003). Anterior
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pharynx defective-1 (Aph-1) contains seven TMDs, the N-terminus faces the lumen side and
C-terminus is situated in the cytoplasm (Fortna, et al. 2004). PS enhancer-2 (Pen-2) spans

the membrane twice; both the N- and C-termini face the luminal side (Crystal, et al. 2003).

Syndecan-3, E-cadherin, APP and Notch are type | transmembrane proteins that are
substrates of y-secretase (Schulz, et al. 2003; Marambaud, et al. 2002; De Strooper, et al.
1998; De Strooper, et al. 1999). Intramembrane proteolysis by y-secretase releases the ICD

and these regulate specific signalling pathways that modulate cell behaviour.
1.12 Nicastrin and Aph-1 form the substrate recognition

site of y-secretase

The N terminus of full length type | transmembrane proteins binds His'" and His'” of TMDs
5 and 6, respectively of Aph-1 (Chen, et al. 2010). After ectodomain proteolysis, the exposed
N-terminus of the MP product interacts with a DIYGs and peptidase homologous region
(DAPs) in nicastrin. A carboxylate side chain of glutamate acid (Glu3®3) in the DAPs region
interacts with the N terminus of the MP product via a salt bridge interaction (Shah, et al.
2005; Dries, et al. 2009). The DAPs domain also contains a tetratricopeptide repeat (TPR)
region with a conserved leucine (Leu®”) at the C-terminus which recognizes substrates (Fig

1.20) (Zhang, et al. 2012).
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Figure 1.20: Nicastrin and Aph-1 compose the substrate binding site for y-secretase. After
ectodomain proteolysis, the type | transmembrane protein binds to nicastrin (Nct) using its
exposed extreme N-terminus. This allows substrate recognition by y-secretase before PS
induced intramembrane proteolysis (Beel and Saunders, 2008).

1.13 Intramembrane proteolysis by PS

1.13.1 Identification of PS’s catalytic activity

Y-secretase was firstly named as the protease that cleaves APP at the transmembrane
region leading to the pathogenesis of Alzheimer’s disease (AD) (Haass and Selkoe 1993;
Selkoe, 1994). However, family members who inherited AD all contained mutations in both
isoforms of PS-1 (PS1) and PS-2 (PS2) at chromosomes 14qg24.3 and 1g42.2 respectively
(Sherrington, et al. 1995; Levy-Lahad, et al. 1995; Rogaev, et al. 1995). PS was therefore
implicated in the pathogenesis of AD and was suggested to act as a receptor, channel or

transporter protein (De Strooper, et al. 2012). Further studies using PS1-deficient mice
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showed ectodomain cleavage of APP in neuronal cells, however intramembrane proteolysis
was attenuated causing carboxyl-terminal fragments (CTFs) to accumulate (De Strooper, et
al. 1998). Additionally, site directed mutagenesis of two conserved aspartates (Asp?*’ in
TMD6 and Asp3®® in TMD7) of PS to alanines abolished intramembrane proteolysis of APP
(Wolfe, et al. 1999b) yet this mutant was assembled into the y-secretase complex (Nyabi, et
al. 2003). Y-secretase inhibitors L-685 and DAPT bind directly to PS which inhibits
intramembrane proteolysis of substrates (Shearman, et al. 2000; Morohashi, et al. 2006)
(Fig 1.21). Absence of other y-secretase subunits such as nicastrin, Pen-2 and Aph-1
abolished activation of PS (Edbauer, et al. 2003; Kimberly, et al. 2003; Takasugi, et al. 2003).
These findings showed that PS is the catalytic subunit of y-secretase but its catalytic activity

depends on correct assembly of the y secretase complex.
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Figure 1.21: L-685 and DAPT inhibit PS proteolysis using different mechanisms. (1) L-685 is
a transitional state analog inhibitor and possesses a similar structure to PS substrates. L-685
binds directly to the active site of PS and blocks entry of substrates. (2) (A) The structure of
PS. (B) (1) The substrate (indicated as a helix) initially enters the substrate binding site. (2)
Upon translocation to the catalytic site, the substrate starts to unwind. (3) The unwound
substrate then exposes the scissile bond to catalytic aspartates in the catalytic site of PS. (4)
PS then induces intramembrane proteolysis of the substrate releasing the cleaved
fragments. (C) DAPT binds to the C terminal region of TMD7 in PS which blocks substrate
entry. (D) Consequently, the substrate cannot enter the catalytic site and is not unwound
preventing proteolysis (Morohashi, et al. 2006).
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1.13.2 Lateral diffusion of substrates to the catalytic core of PS

PS is the catalytic component of y-secretase and contains 9 TMDs. The catalytic core of PS is
formed by TMD 6 and 7 which are connected by a hydrophobic domain VII (HDVII). HDVII
blocks the catalytic pore in the inactive PS 1/2 zymogen thereby blocking substrate entry
(Fukumori, et al. 2010). After cell activation, PS auto-proteolyzes between residues Thr?°!
and Ala?®? (Podlisny, et al. 1997), this biochemical event called endoproteolysis results in a

28 kDa N-terminal fragment consisting of TMD6 and a 17 kDa C-terminal fragment including

TMD7 (Fig 1.22) (Thinakaran, et al. 1996).

(A) Inactivated state (B) Activated state
Gamma-secretase (i )
complex

N\

~Presenilin

Endoproteolysis

Figure 1.22: Endoproteolysis of PS. PS contains 9 TMDs, between TMD 6 and 7 lies the
catalytic core allowing intramembrane proteolysis of type | transmembrane proteins. (A)
The zymogen of PS. In this resting state, hydrophobic domain VII (HDVII) is whole and is
blocks the catalytic pore preventing substrate entry. (B) Endoproteolysis of PS occurs
leading to cleaved HDVII. Cleaved HDVII is removed from the catalytic core allowing
substrate entry.
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The substrate binding site of y-secretase consisting of nicastrin and Aph-1 associates with
the C-terminus of Pen-2 (Prokop, et al. 2004; Mao, et al. 2012); this interaction is dependent
on PS (LaVoie, et al. 2003). It is proposed that substrate recognition by nicastrin and Aph-1
induces Pen-2 binding to transmembrane 4 of PS to promote cleavage of HDVII (Hun-Kim
and Sisodia, 2005). Cleavage of HDVII frees the catalytic pore of PS allowing the substrate to

enter in a process called lateral diffusion (Fig 1.23) (Fukumori, et al. 2010).

substrate

plugging closed open

Figure 1.23: Substrates enter the catalytic site of PS by lateral diffusion. (A) Inactivated PS
is in closed conformation with the HDVII localized between TMD6 and 7. (B) In the closed
conformation, HDVII blocks entry of the type | transmembrane protein substrate. (C)
Endoproteolysis causes removal of HDVII from the catalytic site. The substrate laterally
migrates across the membrane to enter the catalytic site between TMD6 and TMD7 leading
to intramembrane proteolysis (Fukumori, et al. 2010).
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1.13.3 TMD 9 of PS acts as a lateral gate to the active site

TMD 9 of PS acts as a lateral gate to the active site. Tolia et al hypothesise that the y-
secretase substrate uses a specific region of its hydrophobic TMD to interact with an
unknown sequence of the intramembrane of TMD9. After substrate recognition, a proline-
alanine-leucine (PAL) motif causes TMD9 to shift to one side allowing lateral migration of

the substrate to the active site (Fig 1.24) (Sato, 2008; Tolia, et al. 2008).
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Figure 1.24: TMD?9 of PS shifts after interaction with substrate. TMD9 acts as a lateral gate
for the catalytic core of PS blocking entry of substrates (grey helix) preventing lateral
diffusion. Substrates use their TMDs to bind TMD9. After substrate recognition, TMD?9 shifts
to one side allowing access to the active site, which is regulated by a proline-alanine-leucine
(PAL) motif (Tolia, et al. 2008).
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1.14 The biochemical pathways induced by PS mediated

intramembrane proteolysis

The type | transmembrane protein Notch binds to cognate ligands Delta and Jagged and
stimulates ectodomain proteolysis and successive PS induced intramembrane proteolysis
causing release of the cytoplasmic tail (NICD) to the nucleus and altered gene transcription.
Notch modulates biochemical pathways that regulate cell division. Overexpression of this
protein causes increased cell division allowing progression of cancer. Truncated Notch can
signal without interacting with its’ ligands Delta and Jagged. T cell acute lymphoblastic
leukaemia (T-ALL) is triggered due to this truncated form of Notch. Here, increased NICD
traffics to the nucleus causing increased cell division (Ellisen, et al. 1991; Grabher, et al.
2006). Likewise, non-small cell lung cancer and ovarian cancer are characterized by
increased cell surface expression of Notch (Dang, et al. 2000; Park, et al. 2006). Increased
Notch signalling has also been demonstrated in breast cancer (Stylianou, et al. 2006). Future
studies for anticancer treatment could be aimed at blocking PS mediated cleavage of Notch
preventing nuclear signalling of NICD (Tammam, et al. 2009). However, limitations of this
approach are shown in some cancers where only the NICD is transcribed leading to PS
independent nuclear signalling (Pear and Aster, 2004). Notably, PS dependent proteolysis of
Notch will have diverse effects on cancer depending on the tissue studied. Demehri et a/
showed that NICD dependent nuclear signalling suppresses tumour development (Demehri,
et al. 2009). Also, nuclear localized NICD causes transcription of the hairy and enhancer of
split (HES) resulting in the progression and development of melanoma (Pinnix, et al. 2007).
Huynh et al further showed that mice injected with the y-secretase inhibitor RO4929097

had less melanoma cell derived tumour development (Huynh, et al. 2011). NICD generation
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by PS has also been linked with the generation of ischemic stroke. Arumugam et al found
that ischemia-reperfusion increases PS catalytic activity causing increased expression of
NICD in neuroblastoma cells. NICD overexpression caused increased levels of the apoptotic
protease caspase-3 in neuroblastoma cells. NICD also elevated leucocyte and platelet
membrane expression of CD11b and ICAM-1 causing increased cell adhesion to cerebral
vasculature. Hence, NICD promotes the progression of ischemia-reperfusion by causing
ischemic induced death of neurons and allow homing of lymphocytes to ischemic injury

after stroke (Arumugam, et al. 2006).

ErbB4 interacts with growth factors such as neuregulins. There are two isoforms of ErbB4
named JM-a CYT-2 and JM-b CYT-2 (Ni, et al. 2001). Isoform JM-a CYT-2 is a substrate for PS
and intramembrane proteolysis causes release of an ICD that migrates to the nucleus. In
contrast, isoform JM-b CYT-2 cannot generate an ICD. JM-a CYT-2 derived ICD associates
with adaptor complex (AP-2) in the cytoplasm and this complex enters the nucleus,
activating promoter activity of platelet-derived growth factor receptor-alpha (PDGFRA). JM-
a CYT-2 stably transfected mouse NR6 fibroblasts showed stimulation of cell growth,
conversely, IM-b CYT-2 triggered apoptosis. PS mediated intramembrane proteolysis of
ErbB4 isoform JM-a CYT-2 therefore triggers cell proliferation which could highlight ErbB4’s

role in cancer progression shown from other studies (Sundvall, et al. 2010).
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1.15 Aims and hypothesis

For this study, it is hypothesised that after ADAM 17 proteolysis of L-selectin stimulated by
TCR engagement, the generated MP product is further cleaved at the transmembrane
region by PS, the catalytic component of y-secretase. This would release the cleaved L-
selectin ICD into the intracellular compartment to induce biochemical events that can either

benefit or harm the host (Fig 1.25).
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Figure 1.25: The hypothetical model for TCR-induced L-selectin proteolysis. TCR
stimulation activates ADAM 17 and causes ectodomain proteolysis of L-selectin. The
generated MP product is further shed by PS, the catalytic component of y-secretase causing
release of the cleaved L-selectin ICD into the intracellular compartment.

T cell receptor
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Work in this thesis is based on four main hypotheses:

(1) The first hypothesis is that TCR induced shedding of L-selectin is ADAM17 dependent.

To test this hypothesis, the main aims were to:

e Express V5 His C terminal tagged L-selectin in pSxW plasmid and produce a
pLentivirus.

e Stably transduce human T cells with V5 His tagged L-selectin and stimulate the TCR
using cognate peptide and monitor ectodomain proteolysis using both flow

cytometry and western blot analysis and determine the role of ADAM17.

(2) The metalloproteinase product of L-selectin is further cleaved by PS, the catalytic

component of y-secretase.

To test this hypothesis, the main aims were to:

e Transiently transfect MEF cells deficient or non-deficient in PS with L-selectin V5 His
in a pcDNAS plasmid.
e Using western blot analysis, quantitate the level of detection of the MP product

after 1 h incubation with the y-secretase inhibitor L-685 or vehicle control DMSO.

(3) TCR stimulation causes endoproteolysis of PS causing intramembrane proteolysis of

the MP product of L-selectin

To test this hypothesis, the main aims were to:
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e Stimulate the TCR of L-selectin transduced human T cells after pre-incubation with L-
685 to monitor intramembrane proteolysis of the MP product in the first instance to
determine if y-secretase cleaves L-selectin in T cells.

e In atime-course experiment of 0 min, 5 min, 15 min, 30 min and 60 min, stimulate
the TCR T cells and monitor detection of full length or the C-terminal cleaved

fragment of PS to determine if TCR stimulation causes endoproteolysis.

(4) Mutational analysis of the TMD of L-selectin to generate y-secretase resistant mutants.
To test this hypothesis, the main aims were to:
e Use molecular modelling to predict mutations for testing
e Induce single point mutations of L-selectin in a pSxW plasmid and stably transduce
human T cells
e Monitor TCR induced proteolysis of mutant in comparison to wild type L-selectin to

determine whether these mutants resist PS proteolysis.
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2 Materials and Methods

The formulations of solutions and buffers are shown in Appendix |, used chemicals are listed
in Appendix Il, laboratory equipment alongside consumables in Appendix I, primers in

Appendix IV and the plasmid maps in Appendix V.
2.1 Molecular biology

2.1.1 Polymerase chain reaction (PCR)

All L-selectin constructs used in this thesis had a C terminal V5 His tag. Site directed
mutagenesis was performed to mutate isoleucine (lle3*') in the transmembrane region of L-
selectin to tryptophan (I1351W) or lysine (I1351K). Primers (Appendix IV) were designed using
CLC DNA Workbench Software and purchased from Eurofins (Manchester, UK). Mutagenic
primers 1 and 2 generated 1351K L-selectin and primers 3 and 4 produced 1351W L-selectin.
Wild type, 1351W and I1351K L-selectin in pcDNA5 were amplified using primers 5 and 6, to
allow insertion into the pSxW plasmid (table A1) to allow production of lentiviral particles
described later. PCR cycling conditions are shown in table 2.2 using a Peltier DNA Engine

Dyad Thermal Cycler.
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Reagent Volume Final
concentration

dH,0 Up to 50 pL /
Pfu ultra Il Fus Buffer (X 10) (Agilent, Cheshire) 5ulL X1
dNTPs (100 mM for each nucleotide) (New 1uL 100 uMm
England Biolabs, Hitchin)
Forward primer (10 pmol/pL) 1ul 0.20 uM
Reverse primer (10 pmol/pL) 1ul 0.20 uM
Template DNA X L (correspondingto 5 ng) | 0.1 ng/uL
PfuUltra Il Fusion HS DNA Polymerase (Agilent) | 1 uL 0.04 U/uL

(2u/uL)

Table 2.1: Reagents used for a standard PCR or site-directed mutagenesis reaction.
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Cycle step Number of cycles Cycle name Temperature Time
1 1 Initial 95°C 30 sec
denaturation
29 Denaturation 95°C 10 sec
2 Annealing 72°C 20 sec
Extension 72°C 25-30 sec
3 1 Final extension 72°C 6 min
4 - Pause 4°C hold

Table 2.2: Cycling conditions for a standard PCR.

2.1.2 Restriction digest

The pcDNAS or pSxW plasmids were digested using NEB reagents in table 2.3. The reaction

mixture was incubated at 37 °C for 1 h.

Reagent pcDNAS plasmid pSxW plasmid
DNA 2 ug 2 ug

BamHI (20 U/puL) 1uL 1pL

Xhol (20 U/uL) 1pul -

Buffer 3 (X 10) 5uL 5uL

BSA (X 100) 1uL 1uL

dH,0 Up to 50 pL Up to 50 plL

Table 2.3: Reagents used to digest pcDNA5 and pSxW plasmids

93




2.1.3 Agarose gel electrophoresis

DNA mixed with 6 X Orange G loading buffer was loaded onto a 1 % (w/v) agarose gel
containing 0.5 pg/mL ethidium bromide (Sigma-Aldrich) in 1x TBE buffer. 1 kb plus DNA
marker (Thermo Fisher) was used to estimate the size of each DNA fragment. DNA
fragments were separated at 120 V for 60 min and visualized using an UV transilluminator

(UVP, Upland, USA).

2.1.4 Purification of DNA from agarose gels

PureLink Quick PCR purification kit (Invitrogen) was used to purify PCR products. Linearized
plasmids were isolated from agarose gels using the QlAquick gel purification kit (Qiagen,

Manchester, UK) using manufacturer’s protocol.

2.1.5 In-fusion reactions

The purified PCR L-selectin mutant products were inserted into linearized plasmids using an
In-fusion cloning kit (Clontech, Saint-Germain-en-Laye, France) (Fig 2.1). Reagents used for
In-fusion are shown in table 2.4. The reaction was incubated at 50 °C for 15 min and then

placed onice.
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Figure 2.1: The In-fusion cloning technique. (1) Gene of interest (green) is amplified by PCR
using primers with a 15 bp overhang (red and yellow) with the linearized plasmid. (2) The
amplified DNA insert contains 15 bp overhangs either side to the linearized plasmid. (3) The
In-fusion enzyme disrupts hydrogen bonds at 15 bp either side of the digested restriction
site of the linearized plasmid. The In-fusion enzyme causes hydrogen bonds to form
between single stranded 15 bp overhang of the insert and linearized plasmid. (4) The insert

has now recombined

into the plasmid.
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Reagent Volume

5 X In-Fusion HD enzyme premix (Clontech) 2.0 uL

Linearized plasmid 3.0puL
Insert (PCR product) 1.0 uL
dH,0 4.0 uL

Table 3: Reagents used for In-fusion.

2.1.6 Transformation

Plasmid DNA (1-10 ng) was added to 50 uL of DH5a competent Escherichia coli (Thermo
Scientific) and left on ice for 30 min. Heat shock transformation was performed at 42 °C for
30 sec. Cells were then placed on ice for 2 min. Bacteria were plated on an agar plate

containing 50 pg/mL carbenicillin (Sigma-Aldrich) and incubated at 37 °C overnight.
2.1.7 Identification of positive clones

Antibiotic resistant colonies were picked using a sterile pipette tip and transferred to 5 mL
LB broth containing 50 pug/mL carbenicillin. Bacteria were incubated in an orbital shaker at
37 °Cand 220 rpm overnight. Bacterial culture (4 mL) was centrifuged at 10,000 rpm for 1
min and plasmid DNA was isolated from pellets using the PurelLink Quick plasmid miniprep
kit (Thermo Fisher) according to manufacturer’s instructions. Restriction enzyme digest

(2.1.2) was used to release the L-selectin fragment and agarose gel electrophoresis (2.1.3)

was performed to screen for a DNA insert of the right size from positive clones.
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2.1.8 DNA sequencing

Positive clones were sent to Eurofins using the Smart Seq service to confirm DNA sequences
of L-selectin inserts and that mutations have been introduced. Sequencing primers were

purchased from Eurofins and shown in table A2 in Appendix IV.

2.1.9 Plasmid DNA maxiprep

A positive clone was cultured in 400 mL LB Broth containing 50 pug/mL carbenicillin at 37 °C
and 220 rpm overnight. Bacterial culture was centrifuged at 6,000 rpm for 10 min using the
SLA-3000 rotor (Thermo Fisher). Plasmid DNA was purified from bacterial pellets using
PureLink Quick plasmid maxiprep kit (Thermo Fisher) according to manufacturer’s
instructions. DNA purity (A260/280 ratio >1.8) and concentration were determined using

the ND-1000 NanoDrop ™ spectrophotometer (Thermo Scientific).

2.2 Cell culture

Dulbecco modified Eagle’s minimal essential media (DMEM), Roswell Park Memorial
Institute medium 1640 (RPMI 1640), OPTI-MEM medium, Penicillin/Streptomycin, sodium
pyruvate and trypsin/EDTA were purchased from Gibco, Thermo Scientific. Fetal calf serum
(FCS) was obtained from Sigma-Aldrich. Cells were grown at 37 °C in a humidified

atmosphere containing 5 % CO, in an incubator.

2.2.1 Cell lines

Wild type (WT) and presenilin deficient (PSdKO) MEF cells were provided by Professor Bart
de Strooper. A PS gene in C57BL/6 mice was inactivated using homologous recombination

where exon 5 was replaced by a hygromycin cassette. Resulting PS +/- mice were bred to
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produce the homologous wild type (PS +/+) and embryonic lethal (PS -/-) strains. The
resulting PSAKO MEF cells were stably transduced with a retroviral vector containing cDNA
for either PS1 or PS2 to generate PSAKO + PS1 or PSAKO + PS2 MEF cell lines (Herreman, et
al. 1999; De Strooper, et al. 1998; De Strooper, et al. 1999; Schulz, et al. 2003). ADAM 17
deficient MEF cells were obtained from Professor Carl Blobel where C57BL/6 mice
containing a floxed ADAM 17 allele was crossed with a germline Cre-deleter stain to
generate ADAM 17+/- mice which bred to produce ADAM 17-/- mice (Horiuchi, et al. 2007).
The L-selectin deficient, acute lymphoblastic leukemic Molt3 T cell line and C1R B-cell

lymphoblastoid line were both obtained from Dr John Bridgeman.

2.2.2 Cultivating adherent cells

MEF cells were cultured in D10 medium (table 2.5) and passaged every 3-4 days upon
confluency. Cells were washed once with PBS (without Ca?* and Mg?*) and subsequently,
incubated with 5 mL trypsin/EDTA per 75 cm? tissue culture flask for 1 min at 37 °C.
Trypsination of cells was stopped with of 5 mL D10 medium. The cell suspension was
centrifuged using a Heraeus Megafuge 4R (Thermo Scientific) for 5 min at 1,200 rpm. Cells

were diluted in a ratio of 1:5 in fresh D10 medium and cultured.

2.2.3 Cultivating suspension cells

Molt3 T cells and C1R cells were cultured in R10 medium (table 2.5) and passaged every 3
days maintaining a density of 1.5 x 10° cells/mL. Cells were counted using a Neubauer cell

counting chamber.
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Medium

Composition

Use

R10 (Complete RPMI)

RPMI 1640 (4.5 g/L glucose), 10 % FCS,
2mM L-Glutamine, 100 IU penicillin,

100 pg/mL streptomycin and 1 mM
sodium pyruvate

Cultivating Molt3 T
cells

R1

RPMI 1640, 1 % FCS and 10 mM HEPES

L-selectin shedding
experiments

D10 (Complete DMEM)

DMEM (4.5 g/L glucose and 4 mM L-
glutamine), 10 % FC, 100 IU penicillin,
100 pg/mL streptomycin and 1 mM
sodium pyruvate

Cultivating MEF cells
and HEK293 T cells

D1

DMEM, 1 % FCS and 10 mM HEPES

L-selectin shedding
experiments

Freezing medium

R10 or D10 medium with 10 % DMSO

Freezing cells

Table 4: Composition of cell culture media.

2.2.4 Thawing and freezing cell lines

Cells stored in liquid nitrogen were thawed in a water bath at 37 °C and washed with serum

free medium. Cells were cultured with D10 or R10 medium (table 2.5) and incubated at

37 °C.

For long term storage, adherent cells were grown to confluency of 80 % in a T-175 flask and

trypsinized. Suspension cells were grown at a density of 7 x 10° cells/mL in a T-75 flask. Cells

were centrifuged at 1,200 rpm and resuspended in 10 mL freezing medium (table 2.5). The

cell suspension was distributed into seven cryo vials, placed in a freezing container at -80 °C

for 24 h. Frozen cells were then transferred to a liquid nitrogen Dewar.
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2.2.5 Transient transfection of MEF cells

In preparation for transfection, 2.5 x 10° MEF cells/well were seeded in a 24 well plate and
cultured in 1 mL D10 medium at 37 °C for 24 h. Transfection of MEF cells was performed
using the transfection agent FUGENE 6 (Promega, Southampton). A total of 8 uL FUGENE 6
and 2 pg plasmid DNA (1:4 ratio DNA:FUGENE 6) were diluted in 100 pL optiMEM medium,
incubated for 35 min at room temperature and added to cells. Cells were incubated at 37 °C

for 24 h.

2.2.6 Generation of stably transfected Molt3 T cells

2.2.6.1 CaCl; transfection of HEK293 T cells producing lentivirus

Lentivirus was produced after CaCl, transfection of HEK293T packaging cells with 2™
generation transfer vector pSxW which contain L-selectin inserts in combination with
pMD29 and pCMVAS8.91 to produce integrase sufficient lentivirus (Demaison, et al. 2002;

Yanez-Munoz, et al. 2006).

A total of 20 x 10° HEK293 T cells were plated in a T-175 flask in 20 mL D10 medium. After
24 h, a pLentivirus transfection mix was made containing 3 mL pH 7.1 medium (Serum free
DMEM, 25 mM HEPES at pH 7.1), 30 pg pSxW, 30 pg pCMVA8.91 and 15 ug pMD29, which
was incubated at room temperature for 35 min. D10 medium was removed from cultured
HEK293 T cells and replaced with 12 mL pH 7.9 medium (D10, 25 mM HEPES at pH 7.9) and
the pLentivirus transfection mixture which was then incubated at 37 °C. After 24 h, medium
replaced with 20 mL fresh D10 medium. After 48 h and 72 h, collected medium containing
lentiviral particles was passed through a 0.45 uM filter and stored at 4 °C. The viral

supernatant was transferred to a 38.5 mL thin wall, ultra-clear centrifugation tube (Beckman
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Coulter, High Wycombe), placed into a Beckman Coulter SW28.1 rotor and centrifuged in a
Beckman Coulter Optima L-100 XP ultracentrifuge at 26,000 rpm for 2 h at 4 °C. The viral

pellet was resuspended in 0.5 mL R10 medium, snap-frozen on dry ice and stored at -80 °C.
2.2.6.2 Lentiviral transduction of Molt3 T cells

A total of 0.5 x 10° Molt3 T cells were plated into a 96 well plate with 0.5 mL R10 medium
containing L-selectin Lentivirus and 4 ug/mL polybrene (Sigma-Aldrich) which was then
incubated at 37 °C. After 24 h, cells were transferred to a 48 well plate with 1 mL fresh R10
medium and incubated at 37 °C. Cells were analysed for transgene expression 48 h post

transduction using flow cytometry (section 2.5).
2.3 Protein analysis by western blotting

2.3.1 Production of cell lysates

2.3.1.1 Cell lysis buffer

Cell lysis buffer containing 25 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM MgCl,, 1 mM EDTA,
2 % glycerol (v/v), 1 % Triton X-100 (v/v)) was prepared. For production of cell lysates, one
Roche complete proteinase ULTRA Tablet (Basel, Switzerland) alongside 1.8 mg/mL 1,10
Phenanthroline (Sigma-Aldrich) and 1 mM sodium orthovanadate (Sigma-Aldrich) were

added to 10 mL cell lysis buffer.

Medium was removed from adherent MEF cells or pelleted 1 x 10® Molt3 T cells. Cells were
lysed in 35 pL of cell lysis buffer and incubated on ice for 35 min. Cell lysates were
centrifuged at 13,000 rpm for 5 min to remove cell debris. Supernatant was collected and

stored at -80 °C prior to analysis.
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2.3.1.2 Laemmli buffer

A total of 1 x 108 pelleted Molt3 T cells were directly lysed in 35 puL Laemmli buffer
containing 660 mM Tris-HCI (pH 6.8), 26 % glycerol (v/v), 4 % SDS (w/v), 0.01 %
bromophenol blue (w/v), 5 % B2-meracaptoethanol (v/v). Cell lysates were sonicated on ice
for 15 sec using a Sonic Dismembrator model-120 (Thermo Scientific) and centrifuged at
13,000 rpm. Collected supernatants were immediately used for SDS-PAGE and western blot

analysis.

2.3.2 Protein concentration assay (DC assay)

The colorimetric DC-assay (Bio-Rad) was used to determine protein concentrations from
MEF cells lysates. A protein standard curve was generated after analysing BSA
concentrations from 0.2 to 1.5 mg/mL. In a 96 well plate, 5 pL of each BSA standard or
sample was pipetted alongside 25 pL of Reagent A’ (20 pL Reagent S in 1 mL Reagent A) and
200 pL of Reagent B. The plate was gently rocked for 20 min at room temperature and
subsequently, absorbance was measured at 570 nm using a microplate reader (FLUOstar
OPTIMA microplate reader, BMG Labtech, Aylesbury, UK). A DC-assay was not needed for
Molt3 T cells as a cell count was performed prior to lysis to ensure equal protein

concentration

2.3.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

MEF cell lysates (50 pg) were diluted 1:2 in 2X SDS reducing sample buffer. A larger number
of 1 x 10® Molt3 T cells were lysed due to low expression of L-selectin. Consequently, 15 pL
of the lysate was diluted 1:2 in 4X SDS reducing sample buffer to allow efficient running

during gel electrophoresis. Mixtures were incubated at 95 °C for 2 min to denature proteins.
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Samples were resolved alongside 7 uL SeeBlue Plus 2 pre-stained protein standard (Thermo
Fisher) using either NUPAGE Novex 4-12 % Bis-Tris gels and 1 X MES SDS running buffer
(Thermo Fisher) or NUPAGE Novex 16 % Tris-glycine gels and 1 X Tris-glycine SDS running
buffer (Thermo Fisher) in a SureLock Mini Cell system (Thermo Fisher). Bis-Tris gels were run

at 200 V for 35 min, whereas Tris-glycine gels were run at 196 V for 90 min.

2.3.4 Western blotting

Immobilon-PSQ 0.2 uM polyvinyliden-difluorid (PVDF) membrane was activated for 30 sec in
methanol, followed by equilibration in transfer buffer (1X NuPAGE transfer buffer or 1X
Novex Tris-glycine transfer buffer). Proteins were transferred onto a PVDF membrane at 30
V for 1 hin an XCell II™ Blot Module (Thermo Fisher). The PVDF membrane was incubated
for 1 hiin 5 % milk (w/v) dissolved in TBS-T. The membrane was then incubated with 5 %
milk (w/v) in TBS-T containing diluted primary antibody (table 2.6) on a rotator plate
overnight at 4 °C. Membranes were washed 5X for 5 min in 1X TBS-T and incubated for 1 h
with 5 % milk (w/v) in TBS-T containing diluted secondary antibody (table 2.6) on a rotator
plate for 1 h at room temperature. The PVDF membrane was washed 5X and further
incubated at room temperature for 1 h with 1 X TBS-T. The membrane was covered with
SuperSignal West Pico Chemiluminescence developing solution (1:1 of peroxide and
Luminol/enhance, Thermo Scientific) and incubated for 1 min before exposure (30 sec to 5

min) in myECL imager (Thermo Scientific).

During chemiluminescence detection, luminol is oxidized by peroxide in the presence of the
HRP-enzyme causing release of a photon. The myECL imager contains a high performance

cooled- charge-coupled device (CCD) camera which includes a light-sensitive silicon chip that
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converts photons into digital signals. The silicon chip kept at sub-zero temperatures

lowering the dark current preventing background noise.
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Antibody Working dilution Manufacturer

Mouse anti-GAPDH 1:3000 Sigma-Aldrich

Mouse anti-V5 1:2500 Thermo Fisher

Rabbit anti-PS-1 1:2500 Sigma-Aldrich

Rabbit anti-PS-2 1:2500 NEB

Rabbit anti-Nicastrin 1:2500 NEB

Rabbit anti-ADAM 17 1:2500 Sigma-Aldrich

Sheep anti-CD62L 1:1000 R & D systems (Oxford, UK)

e

Antibody Working dilution Manufacturer

Secondary HRP-conjugated 1:2500 Bio-Rad

anti-rabbit IgG (H +L)

Secondary HRP-conjugated 1:2500 Bio-Rad

anti-mouse 1gG (H +L)

Secondary HRP-conjugated 1:2500 Bio-Rad

anti-sheep IgG (H +L)

Table 5: Antibodies used for western blotting.
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2.3.5 Densitometry

Image J software was used to quantify each band intensity. Gel pictures were opened with
Image J and the rectangular selection tool was used to mark bands (Fig 2.2, A). Using the
analyse tool, bands were selected for quantification using gels, select first lane (Fig 2.2, B)
and then plot lanes (Fig 2.2, C). Peaks were then shown representing the relative density of
each band. The straight-line tool was used to draw lines both between and at the base of
the peaks (Fig 2.2, D). After selection of the wand tool, each peak was selected to obtain
values representing the intensities of protein bands with the GAPDH loading control (Fig 2.2,

E and F). For analysis, blots were quantified from three independent experiments (n=3).
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Figure 2.2: Quantification of the intensity of each band using Image J.
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2.3.6 Medium concentration

Culture medium was removed from previously transiently transfected MEF cells which were
washed once in serum-free Opti-MEM medium. Cells were incubated for 1 h in 1 mL serum-
free Opti-MEM medium under various conditions. Conditioned medium was collected and
centrifuged at 13,000 rpm for 5 min to remove cell debris. Centrifugal concentration tubes
(Amicon Ultra-4, Millipore) with a 3 kDa cut-off were used to concentrate the medium to
100 pL by centrifugation at 4,000 rpm for 90 min. Concentrated medium (20 uL) was diluted
1:2 with 2x SDS reducing sample buffer, heated at 95 °C for 2 min and analysed using

western blotting.

2.4 Pulldown

Pelleted 6 x 10° Molt3 T cells were lysed in 140 pL cell lysis buffer for 35 min on ice. After
lysis, 80 ug of lysate was stored in -80 °C until further analysis. The remaining lysate was
diluted in 700 pL of 1X binding/wash buffer and added to 50 uL His tag isolation and
pulldown dynabeads (Thermo Fisher) and incubated on a roller for 10 min at 4 °C.
Dynabeads were magnetically collected using a DynaMag-5 magnet (Thermo Fisher) and
washed 4X in binding/wash buffer (100 mM sodium phosphate (pH 8.0), 600 mM sodium
chloride, 0.02 % Tween 20 (v/v)). L-selectin was released from dynabeads by incubation in
100 pL His-elution buffer at room temperature for 10 min. Dynabeads were magnetically

pelleted and the collected sample was stored at -80 °C until further analysis.

108



2.5 Flow cytometry

A total of 2.5 x 10°> Molt3 T cells were resuspended in 100 pL PBS containing 1:1000 diluted
AmCyan live/dead fixable stain (Thermo Fisher) and incubated at 4 °C for 30 min. After 5
min centrifugation at 1,200 rpm, cells were stained with diluted antibody in 25 uL FACs
buffer (PBS and 1 % FCS (v/v)) (table 2.7) and incubated at 4 °C for 30 min. Pelleted cells
were washed three times in FACs buffer before being fixed in 100 pL of 4 %
paraformaldehyde (v/v) (Thermo Scientific) at room temperature for 15 min. Fixed cells

were resuspended in 200 uL PBS and analysed on a BD FACs Canto Il

Abc anti-mouse compensation beads (Thermo Fisher) were labelled with 0.5 pL of the
fluorochrome conjugated antibodies used during flow cytometry (table 2.7). ArC reactive
beads were labelled with 2 puL of AmCyan live/dead stain solution. Beads were incubated for
30 min at 4 °C, centrifuged at 1,200 rpm and washed in PBS before final re-suspension in
200 pL FACs buffer. A drop of negative beads was added before electronic compensation

was performed using the BD Diva software.

109



Specificity Conjugate | Clone (isotype) Company name and product Dilution
code (#)
Cb62L/ L- PE Dreg56 (IgG, k) eBioscience, #12-062942 1:50
selectin
(human)
Isotype control | PE p3.6.2.8.1 (IgG1, | eBioscience, #12-471482 1:50
k)
CD19 (human) | APC HIB19 (IgG1, k) BD Pharmigen, #555415 1:25
Isotype control | APC 11711 (1gG1, k) R&D Systems, #IC002A 1:25

Table 6: Antibodies used for flow cytometry.

2.6 ELISA

Human L-selectin/CD62L DuoSet ELISA (R & D systems) was used to measure the

concentration of soluble L-selectin using the reagents and protocols provided. A standard

curve for human L-selectin standard was generated after seven serial 2-fold dilutions in

Reagent Diluent allowing detection of protein concentrations to range from 78 to 5000

pg/mL. A total of 100 pL diluted standard or sample (1:2 ratio of sample: Reagent Diluent)

were pipetted in triplicates into a 96-well plate previously coated with capture antibody.

Absorbance was measured at 570 nM using a microplate reader and protein concentrations

were derived from the shape of the human L-selectin standard curve.
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2.7 T cell activation

2.7.1 T cell receptor activation using Anti-CD3/CD28 dynabeads

A total of 80 pL Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher) were washed in
PBS, magnetically pelleted and incubated with 1.3 x 106 Molt3 T cells in 100 puL R1 medium.
After TCR-activation, 2.5 x 10° Molt3 T cells were prepared for flow cytometry (section 2.5).
Remaining Molt3 T cells at 1.0 x 10° cells/mL were centrifuged at 1,200 rpm for 5 min and

lysed in cell lysis or Laemmli buffer as described in section 2.3.1.

2.7.2 T cell receptor activation using SLY peptide pulsed C1R

antigen presenting cells

Proteolysis of L-selectin in response to cognate peptide stimulation was studied using
SLYNTVATL (SLY) peptide (Eurofins, Manchester) to activate gag+ TCR expressing Molt3 T
cells. C1R cells were resuspended in 1 mL R1 medium and incubated in the presence or
absence of SLY peptide for 1 h at 37 °C. After, Molt3 T cells at 6 x 10 cells/mL were added to
the C1R cells (in a 1:3 ratio of C1R cells : Molt3 T cells) and incubated for 1 h at 37 °C. For
flow cytometry, Molt3 T cells were used at 1.5 x 10° cells/mL and C1R cells at 0.5 x 10°
cells/mL. For pulldown assays, Molt3 T cells were used at 6.0 x 10° cells/mL and C1R cells at

2.0 x 108 cells/mL.
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2.8 MEF cell activation using PMA

Transiently transfected MEF cells were prepared as described in section 2.24. After 24 h
transfection, conditioned medium was replaced with fresh D1 medium containing 100
ng/mL PMA or the vehicle control DMSO. Cells were incubated at 37 °C for 1 h and

subsequently lysed (section 2.3.1) producing lysates for western blot analysis (section 2.3.4).

2.9 Inhibition of ADAM 17 and PS

The D1(A12) ADAM 17 antibody was obtained from Professor Gillian Murphy (Cambridge
University) and used at a concentration of 100 nM. The wide spectrum metalloproteinase
inhibitor Ro 31-9790 was obtained from Roche (Hertfordshire) at used at a final

concentration of 30 uM. The y-secretase inhibitors L-685 (Sigma Aldrich) and DAPT (N-[N-
(3,5-difluoro-phenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester, ALX-270-416) (Enzo, Life

Sciences, Exeter, UK) were both used at 10 pM.

MEF cells in D1 medium or Molt3 T cells in R1 medium were incubated for 1 h at 37 °C with
the inhibitors or DMSO solvent control at the specified concentrations. Cells were then

stimulated (sections 2.7 and 2.8) in the presence of the inhibitors or DMSO control.
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2.10 Statistical analysis

GraphPad Prism was used to analyse the data using a One-way Anova with Tukey post-test.
P-values below 0.05 (95 % confidence interval) were termed significant. Each experiment

contains data from 3 independent experiments (n=3).

For flow cytometry analysis, the % of cell surface L-selectin expression on Molt3 T cells was
calculated relative to non-TCR stimulated cells, after subtracting the isotype control mean

fluorescence intensity (MFI) from all samples:

MFI of TCR activated T cells - MFI of Isotype control

% Cell surface L-selectin = 100 X
MFI of control cells - MFI of Isotype control
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3. ADAM 17 mediated ectodomain proteolysis

of L-selectin induced by TCR

3.1 Introduction

Data from Ann Ager’s laboratory has shown that stimulation of the TCR causes activation of
ADAM 17. Activated ADAM 17 then cleaves L-selectin at the ectodomain generating an MP

product comprising a transmembrane region and a 17-amino acid L-selectin ICD (Fig 3.1).

Human leucocyte antigen Dendritic cell
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Figure 3.1: ADAM 17 proteolysis of L-selectin induced after TCR stimulation. (A) Human
leucocyte antigens present a cognate peptide which binds to and stimulates the TCR causing
ADAM 17 activation and L-selectin proteolysis.
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In this study, | used leukemic, L-selectin negative Molt3 T cells which expressed a HIV based
gag TCR. A pSxW plasmid expressing C terminally V5 His tagged L-selectin was used to stably
transduce Molt3 T cells (Fig 3.2 A). Initially, experiments were performed to confirm that the
C terminal V5 His tag of L-selectin did not interfere with ADAM 17 proteolysis after TCR
stimulation. Two different approaches were used for T cell activation; firstly, Molt3 T cells
were incubated with APCs (C1R cells) pulsed with the gag TCR cognate peptide SLYNTVATL
(SLY) (Fig 3.2 B). Secondly, Molt3 T cells were treated with anti-human CD3/CD28

conjugated dynabeads (Fig 3.2 C).
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Figure 3.2: A representation of the two different approaches of TCR stimulation. (A) L-
selectin negative Molt3 T cells expressing a gag TCR are termed control Molt3 T cells.
Control Molt3 T cells were stably transduced with L-selectin V5 His are named as L-selectin+
Molt3 T cells. (B) TCR activation using SLY peptide pulsed C1R cells. C1R cells present a
cognate (SLY) peptide to gag TCR on the surface of Molt3 T cells. After TCR stimulation,
ADAM 17 becomes activated and cleaves L-selectin. (C) TCR activation using anti-human
CD3/CD28 conjugated dynabeads. Dynabeads coated with antibodies against CD3 and CD28
are incubated with Molt3 T cells. Anti-CD3 and Anti-CD28 presented on the surface of
dynabeads bind directly to CD3 and CD28 on the surface of Molt3 T cells stimulating the TCR
which activates ADAM 17 causing L-selectin proteolysis.
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Pull down assays were also performed to determine whether WT or non-sheddable AM-N
L-selectin directly interacts with ADAM 17 in both resting and TCR stimulated conditions. |
hypothesised that TCR stimulation encourages interaction between L-selectin and ADAM 17
which would induce proteolysis. Cobalt coated dynabeads were used to bind to the His tag
of L-selectin to extract potential L-selectin/ADAM 17 complexes from the original cell lysate

(Fig 3.3).

V5/His tagged L-selectin

L-selectin/ADAM17 interaction?

ADAM17

Cobalt ions

Figure 3.3: Pulldown of L-selectin V5 His using cobalt ion covered dynabeads. The His tag
region of L-selectin binds to cobalt ions presented on the surface dynabeads. This allows the
isolation and pulldown of potential L-selectin/ADAM 17 complexes.

3.1.1 Aims of the chapter

e To confirm that the C terminal V5 His tag of L-selectin does not interfere with ADAM

17 proteolysis after TCR stimulation.
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e To determine if ADAM 17 interacts with L-selectin in both resting and TCR-activated

T cells.
3.2 Generation of Molt3 T cells expressing V5 His tagged
WT or AM-N L-selectin

3.2.1 Generation of a pSxW plasmid expressing WT or AM-N L-

selectin V5 His

In this study, | stably transduced Molt3 T cells with WT and AM-N L-selectin V5 His using a
pLentivirus. AM-N L-selectin has an 8-amino acid truncation (MIKEGDYN), which causes
resistance to ADAM 17-proteolysis (Chen, et al. 1995) (Fig 1.7). Molt3 T cells were stably
transduced with WT or AM-N L-selectin V5 His using a pLentivirus. PCDNAS plasmids
containing WT or AM-N L-selectin were provided by Dr Aleksander Ivetic (King’s College
London) and Prof Tom Tedder (University of Alabama) respectively. Dr Vera Knauper (Cardiff
University) later conjugated WT and AM-N L-selectin to V5 and His tags. A HIV based
lentiviral transfer plasmid, pSxW, expressing zinc finger nuclease-1 (ZFN-1) and rat cluster of
differentiation 2 (rCD2) obtained by fellow PhD student Sophie Wehenkel was digested with
BamHI. BamHI digest caused release of ZFN-1 and rCD2 forming a linearized pSxW plasmid.
WT or AM-N L-selectin V5 His inserts were then introduced into the BamHI linearized pSxW

plasmid using the In-fusion cloning technique (Fig 3.4).
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Figure 3.4: Cloning strategy to generate the pSxW plasmid expressing L-selectin V5 His. (A)
The L-selectin V5 His insert was amplified from the pcDNAS plasmid using PCR. The
amplified L-selectin V5 His insert contained 15 base pairs (bp) either side that were
homologous to a pSxW plasmid. (B) The original pSxW plasmid was digested with BamHI to
generate a linearized form with 15 bp either side that were homologous to the sequences at
the end of the L-selectin V5 His insert. (C) The BamHI linearized pSxW plasmid and amplified
L-selectin V5 His insert were recombined using In-fusion. Here, In-fusion causes
denaturation of double strands at the end of the linearized plasmid and insert at around 15
bp. These 15 bp homologous single stranded nucleotides either end of the linearized
plasmid and insert form hydrogen bonds regenerating double stranded DNA. This allows the
L-selectin V5 His to be inserted into the pSxW plasmid. (D) The pSxW plasmid now encodes

L-selectin V5 His.
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A BamHI digest was performed to determine if WT or AM-N L-selectin V5 His was present in
the pSxW plasmid. The original pSxW plasmid was also digested with BamHI as a control to
determine the efficiency of in-fusion. Bands appeared at around 1281 bp and 1273 bp
which were not present in the control. This showed that the pSxW plasmids contained WT

and AM-N L-selectin V5 His respectively (Fig 3.5).
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},3(5)8 ES L-selectin V5 His

Figure 3.5: Cloning of L-selectin V5 His in pSxW plasmid. Lane 1 of all the images represents
the 1 kb plus DNA ladder (A) PCR amplification of V5 His WT and AM-N L-selectin V5 His.
Lanes 2 and 3 illustrate PCR amplified WT (1281 bp) and AM-N L-selectin V5 His (1273 bp)
respectively. (B) BamHI digest of pSxW plasmid. Lane 2 shows BamHI digest of the pSxW
plasmid originally expressing ZFN-1 and rCD2. BamHI linearized the pSxW plasmid removing
ZFN-1 and rCD2. This generated a linearized pSxW plasmid. (C) Miniprep DNA isolated from
carbenicillin selected DH5 a colonies. After In-fusion, minipreps were digested with BamHlI
to confirm expression of the WT and AM-N L-selectin V5 His inserts. Lane 2 represents the
original pSxW plasmid digested with BamHI. Lanes 3 and 4 display in-fused pSxW plasmid
expressing WT or AM-N L-selectin. Bands seen at 1281 bp and 1273 bp represent WT and
AM-N L-selectin V5 His respectively.
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The plasmids were sent for sequencing, which confirmed the DNA sequences of WT and

AM-N L-selectin V5 His.

3.2.2 Lentiviral transduction of Molt3 T cells using pSxW plasmid

expressing WT or AM-N L-selectin

Molt3 T cells were transduced with pLentivirus containing either WT or AM-N L-selectin.
After 48 h, flow cytometry analysis showed enrichment of a high subpopulation of Molt3 T
cells expressing WT L-selectin (Fig 3.6 A). However, only a small subset of the Molt3 T cell
population expressed AM-N L-selectin (Fig 3.6 B). Magnetic activated cells sorting (MACS)
separation was used to isolate the subset of Molt3 T cells that expressed high levels of AM-
N L-selectin which were grown for one week. This subpopulation showed high levels of AM-
N L-selectin expression showing that the MACS separation enriched high expressing Molt3 T

cells (Fig 3.6 C).
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Figure 3.6: Lentiviral transduction of Molt3 T cells with WT or AM-N L-selectin. (A) Molt3 T
cells were lentivirally transduced with pLentivirus containing WT L-selectin. Cells were
stained with PE conjugated anti-CD62L (L-selectin) antibody (red peak) or mouse IgG1 PE
isotype control (grey peak). Transduced cells show sufficient expression of WT L-selectin
expression indicating successful lentiviral transduction. (B) Molt3 T cells were lentivirally
transduced with pLentivirus containing AM-N L-selectin. A subpopulation of Molt3 T cells did
not show expression of AM-N L-selectin after transduction due to an overlap with the
isotype control. (C) Molt3 T cells were subjected to MACS separation and the isolated high
AM-N L-selectin expressing Molt3 T cells were grown for 1 week and later analysed for L-
selectin expression. After MACS separation, the isolated subset of Molt3 T cells showed
enrichment of high AM-N L-selectin expressing Molt3 T cells.
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3.3 Monitoring metalloproteinase dependent proteolysis

of L-selectin after TCR activation

Initially, | wanted to show that the C terminal V5 His tag of L-selectin did not attenuate
metalloproteinase dependent proteolysis after TCR-activation. Molt3 T cells were pre-
treated with the wide spectrum metalloproteinase inhibitor (Ro 31-9790) or DMSO solvent
control and then incubated for 1 h with C1R cells previously pulsed with increasing
concentrations (1078 to 10™* M) of SLY peptide. To show that the C terminal V5 His tag of L-
selectin did not interfere with proteolysis, previous data performed on non-tagged L-
selectin from fellow PhD student Sophie Wehenkel was compared (Fig 3.7 A, B and C). Molt3
T cells were also stimulated with increasing volumes of R2 medium containing suspended
anti-human CD3/CD28 coated dynabeads while L-selectin expression was analysed using

flow cytometry (Fig 3.8 A, B and C).
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Figure 3.7: Stimulation of the TCR using cognate SLY peptide causes proteolysis of L-
selectin. WT L-selectin Molt3 T cells were pre-treated with (A) DMSO or (B) Ro 31-9790 and
later incubated with C1R cells pulsed with SLY peptide concentrations of 1078 M to 107 M.
As a negative control, Molt3 T cells were incubated with C1R cell that were not pulsed with
SLY peptide. (C) The percentage expression of cell surface L-selectin was calculated from
three independent experiments (n=3).

124



% Expression of L-selectin

Anti-CD3/CD28

DMSO
100 dynabeads
o (1 f Slout
c 1 N 8 uL
2% A 6 1L
a0 WY 4 uL
08 A\ 2uL
Odiry g @O L
10° 10 Isotype control
L-selectin
120-
100
80-
Eﬂ'
40-
20-
“ L] L] L L] |
2 4 6 8 10

Amount of dynabeads (L)

Ro 31-9790

8 g

Count
an
-

T.. 3. %
S—

-+-Ro 31-9790
-= DMSO

Anti-CD3/CD28
dynabeads
10 pL
@35l
6 uL
4 pL
2L
®0puL
Isotype control

Figure 3.8: Stimulation of TCR by anti-CD3/CD28 coated dynabeads induces proteolysis of
L-selectin. WT L-selectin Molt3 T cells were pre-treated with (A) DMSO or (B) Ro 31-9790
and later incubated with increasing volumes of anti-CD3/CD28 dynabeads resuspended in
R2 medium. (C) The percentage expression of cell surface L-selectin was calculated from
three independent experiments (n=3).
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Cell surface expression of both V5 His and non-tagged L-selectin decreased significantly
after Molt3 T cells were incubated with C1R cells pulsed with 107® M SLY peptide. L-selectin
expression stabilized at lower levels at higher peptide concentrations of 107> M and 10™ M.
Ro 31-9790 maintained L-selectin expression levels regardless of SLY peptide concentration.
(Fig 3.7 A, B and C). Cell surface L-selectin expression was also reduced to 41 % after DMSO
control Molt3 T cells were incubated with 6 pL anti-CD3/CD28 dynabeads. Lower L-selectin
expression levels trailed after Molt3 T cells were incubated with higher volumes of anti-
CD3/CD28 dynabeads. Molt3 T cells pre-incubated with Ro 31-9790 maintained L-selectin
levels at 85 % after incubation with 6 pL anti-CD3/CD28 dynabeads (Fig 3.8 A, B and C).
These results show that TCR-activation by cognate SLY peptide or anti-CD3/CD28 dynabeads
induces metalloproteinase dependent proteolysis of L-selectin which is not attenuated by

the C terminal V5 His tag.
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3.4 Analysing ADAM 17 mediated ectodomain proteolysis
of L-selectin induced after TCR stimulation using western

blot analysis

ADAM 17 has already been shown to proteolyze L-selectin (Preschon, et al. 1998). To
confirm that ADAM 17 proteolyzes L-selectin after TCR stimulation, Molt3 T cells stably
transduced with WT or AM-N L-selectin were pre-incubated with a known specific inhibitor
of human ADAM 17 called D1(A12) (Richards, et al. 2012) (referred as Anti-ADAM 17 in this
thesis). As a negative control, cells were also incubated with the isotype control IgG D1(A12)
which does not inhibit ADAM 17. After pre-treatment, Molt3 T cells were further incubated
with anti-CD3/CD28 coated dynabeads and as a negative control, Molt3 T cells were treated
with mouse anti-sheep IgG dynabeads (referred to as IgG control dynabeads in this thesis)

which would not stimulate the TCR (Fig 3.9).
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Figure 3.9: Western blot analysis confirming ADAM 17 proteolysis of L-selectin induced
after TCR-activation. Molt3 T cells stably expressing WT (A) or AM-N (B) L-selectin were
incubated with D1(A12) (Anti-ADAM 17 antibody) or the isotype control (D1(A12) control)
and later treated with anti-CD3/CD28 dynabeads to stimulate the TCR or incubated in
resting conditions with IgG control dynabeads. Blots were stained with anti-V5 antibody to
detect L-selectin and GAPDH as a loading control. This result was from a single observation
(n=1).

Only WT L-selectin could be visualized after short exposure of 30 sec. After longer exposure
of 5 min, detection of the AM-N L-selectin was shown. Variance in detection between WT
and AM-N L-selectin likely reveals differences in transduction efficiency between the two

constructs as already shown by flow cytometry (Fig 3.6). Bands at around 56 kDa and 8 kDa
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were detected which represent full length and the MP product respectively. TCR stimulation
using anti-CD3/CD28 dynabeads caused loss of full length WT L-selectin and accumulation of
the MP product. However, pre-treatment with anti-ADAM 17 antibody prevented
downregulation of full length L-selectin. These findings were not shown after incubation
with the isotype control for anti-ADAM 17 (IgG D1 (A12)). These results agree with data
generated from Richards et al showing that the anti-ADAM 17 (D1(A12)) antibody is specific
to ADAM 17 (Richards, et al. 2012). These results display that TCR stimulation mediates

ADAM 17 proteolysis of L-selectin generating an MP product.

Only full length AM-N L-selectin was detected after TCR stimulation. There was no detection
of an MP product confirming that this mutant is resistant to ADAM 17-proteolysis. A band at
28 kDa was detected for AM-N L-selectin after Molt3 T cells were incubated with antibodies
anti-ADAM 17 and isotype control IgG D1(A12). This band could represent dissociation of
the light and heavy chains of these antibodies after lysates have been incubated in 4 X SDS
sample reducing buffer. However, the 28 kDa band could be specific to AM-N L-selectin as it
was not detected from lysed Molt3 T cells expressing WT L-selectin. This blot would need to
be repeated to determine whether the 28 kDa band was reproducible for AM-N L-selectin
only. Subsequently, the detected band would be excised and sequenced by mass

spectroscopy for characterization.
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3.5 Studying the interactions between L-selectin and
ADAM 17 in resting and TCR-activated Molt3 T cells

3.5.1 ADAM 17 interacts with L-selectin in resting T cells, but

dissociates after TCR-activation

To determine whether ADAM 17 and L-selectin interaction requires prior TCR activation,
experiments were performed in the presence of metalloproteinase inhibitors to capture
enzyme substrate complexes as previously shown for CD44 (Hartmann, et al. 2015). Molt3 T
cells were incubated overnight with Ro 31-9790 and cells were then either incubated with
C1R cells pulsed with 10™* M or no SLY peptide and incubated with cobalt coated dynabeads
which bound to the His tag of L-selectin (Fig 3.3). As a negative control, control Molt3 T cells
were also used to prove that eluted proteins were specific to L-selectin and ADAM 17 (Fig

3.10).
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Figure 3.10: L-selectin interacts with ADAM 17 only in resting T cells. Lysates from cell lysis
buffer lysed L-selectin+ Molt3 T cells or control Molt3 T cells were incubated with cobalt
covered dynabeads. Lysates were used for western blot analysis and stained for L-selectin
(A) or ADAM 17 (B). Anti-V5 antibody was used to detect L-selectin and a C terminal
antibody for ADAM 17. This pull down is one representation of three repeats (n=3) which
have shown reproducible results.
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Pulldowns from L-selectin+ Molt3 T cells incubated with C1R cells either pulsed with or
without 107*M SLY peptide only showed full length L-selectin. This indicates that Ro 31-9790
allowed efficient accumulation of full length L-selectin causing more to bind cobalt ions
presented on the surface of dynabeads in comparison to the MP product. Lysates from
control Molt3 T cells did not show any bands indicating that detection obtained from the
pulldown was specific to L-selectin. For ADAM 17, a band of 80 kDa was detected from
resting T cells, but was lost after TCR-activation. Together, these results indicate that L-
selectin and ADAM 17 form complexes in resting T cells which is disrupted by unknown

biochemical pathways after TCR-activation.

3.5.2 AM-N L-selectin binds to ADAM 17 under both resting and

TCR-activated T cells

ADAM 17 contains a small stalk region between the MP domain and transmembrane region.
This stalk region contains a short a-helical juxtamembrane region containing 14 amino acids
termed CANDIS. The CANDIS region of ADAM 17 acts as a substrate binding domain and has
been reported to interact with IL-6 (Disterhoft, et al. 2014). It was hypothesised that amino
acids (MIKEGDYN) at the MPR of L-selectin bind to the CANDIS region of ADAM 17. The
MIKEGDYN sequence has been truncated from AM-N L-selectin (Chen, et al. 1995) which
potentially removes the CANDIS binding region. Consequently, AM-N may not interact with

ADAM 17 explaining why this mutant resists ectodomain proteolysis.

This hypothesis was tested to determine if loss of ADAM 17 interaction to AM-N L-selectin
defines its resistance to ectodomain proteolysis. L-selectin+ Molt3 T cells or control Molt3 T

cells were pre-incubated with Ro 31-9790 overnight. These cells were then further
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incubated with C1R cells pulsed with 10™* M or no SLY peptide. Resulting lysates were

incubated with cobalt ion covered dynabeads (Fig 3.11).
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Figure 3.11: AM-N L-selectin binds to ADAM 17 in both resting and TCR-activated T cells.
Lysates from cell lysis buffer lysed L-selectin+ Molt3 T cells or control Molt3 T cells were
incubated with cobalt covered dynabeads. Lysates were used for western blot analysis and
stained for L-selectin (A) or ADAM 17 (B). Anti-V5 antibody was used to detect L-selectin and
a C terminal antibody for ADAM 17. This result is from a single observation (n=1).

After pull-down assay, bands were obtained from 40 kDa to around 80 kDa representing the
active form of ADAM 17 in both resting and TCR-activated L-selectin+ Molt3 T cells, which
were not present in control Molt3 T cells. These results therefore conclude that the
MIKEGDYN truncation from the MPR of L-selectin does not prevent interaction with ADAM
17. Additionally, unlike WT L-selectin, the AM-N mutant does not dissociate from ADAM 17

after TCR stimulation.
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3.6 Discussion

In this chapter, | generated Molt3 T cells which stably expressed WT or AM-N L-selectin V5
His using lentiviral transduction. After stimulating the TCR using cognate SLY peptide (Fig 3.7
A-C) or anti-CD3/CD28 dynabeads (Fig 3.8 A-C) | showed metalloproteinase dependent
proteolysis of both non-tagged and V5/His tagged L-selectin. These results confirmed that
the C terminal V5 His tag of L-selectin did not interfere with proteolysis after TCR-activation.
Western blot analysis then showed that ADAM 17 was the metalloproteinase responsible
for ectodomain proteolysis of L-selectin which generated an 8 kDa MP product (Fig 3.9). In
later studies, pull down assays showed for the first time that L-selectin forms complexes
with ADAM 17 in resting T cells, but dissociates after TCR-activation (Fig 3.10).
Unexpectedly, although AM-N L-selectin showed resistance to ADAM 17 proteolysis (Fig 3.9,
B), an interaction was observed in both resting and TCR-activated T cells (Fig 3.11). These
results conclude that the 8-amino acid truncation in the MPR of AM-N does not disrupt

interactions with ADAM 17 as previously suggested by Chen et al (Chen, et al. 1995).

In this study, the extreme C terminus at the L-selectin ICD was fused to a V5 His tag. This V5
His tag could potentially hinder interaction with protein binding partners that regulate
metalloproteinase dependent ectodomain proteolysis. For instance, Arg®*” and Lys342 in the
L-selectin ICD binds ezrin and moesin allowing L-selectin to be positioned in the microvilli.
Disruption of this interaction causes L-selectin to be resistant to PMA induced shedding
(Ivetic, et al. 2002; Ivetic, et al. 2004). Also, calmodulin binds to hydrophobic residues Ile352
and Ile3*% in the transmembrane region and Leu®® in the L-selectin ICD (Gifford, et al. 2012;

Chakravarthy, et al. 1999). Calmodulin inhibitors such as trifluroperazine induce

metalloproteinase dependent shedding of L-selectin (Kahn, et al. 1998). Flow cytometry
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analysis was done to compare proteolysis of V5 His tagged and non-tagged L-selectin after
Molt3 T cells were incubated with SLY peptide pulsed C1R antigen presenting cells. Data
from section 3.3 showed that both V5 His tagged and non-tagged L-selectin decreased
membrane expression after incubation with C1R antigen presenting cells pulsed with 107 M
SLY peptide. Pre-incubation of Molt3 T cells with the wide metalloproteinase inhibitor Ro
31-9790 prevented loss of L-selectin expression at the membrane. Furthermore, western
blot analysis from section 3.4 showed loss of detection for full length WT L-selectin V5 His
and an accumulation of a MP product after Molt3 T cells were incubated with anti-
CD3/CD28 coated dynabeads. Additionally, pre-incubation of cells with the anti-ADAM 17
antibody (D1(A12)) caused loss of detection for the MP product. Together, these results
confirmed that insertion of the V5 His tag to the C terminus of L-selectin did not interfere

with ADAM 17-dependent ectodomain proteolysis after TCR-stimulation.

Western blot analysis (Fig 3.9) and pull-down assays (Figs 3.10 and 3.11) showed detection
of full length L-selectin at around 56 kDa which was initially suggested as the membrane
bound form. However, studies performed by Rzeniewicz showed two bands for full length L-
selectin at 80 kDa and 110 kDa. They suggested that the higher molecular weight band was
a glycosylated, membrane bound form of L-selectin and the lower molecular weight band as
a non-glycosylated intracellular form (Rzeniewicz, et al. 2015). It is therefore possible that
full length L-selectin at 56 kDa shown in these studies represents an intracellular form and
future experiments will need to be completed to determine whether ADAM 17 interaction
with L-selectin (Fig 3.10) and subsequent proteolysis (Fig 3.9) shown in this study occurs at
the membrane or intracellular region. Surface biotinylation experiments could be performed
to determine whether full length L-selectin at 56 kDa is at the membrane or intracellular

compartment. After biotinylation of Molt3 T cells, labelled cell surface L-selectin would be
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harvested using streptavidin and later detected using western blot analysis with anti-V5
antibody. Additionally, a subcellular fractionation could be performed after TCR-stimulation
to isolate the membrane fraction containing glycosylated full-length L-selectin V5 His.
Membrane fractions could either be directly blotted using anti-V5 to monitor ADAM 17-
proteolysis after TCR activation, or pulled down using cobalt coated dynabeads to visualize

interactions with ADAM 17.

Flow cytometry analysis showed that cell surface expression of AM-N L-selectin was lower
than WT (Fig 3.6). Additionally, western blot analysis showed that WT L-selectin was
detected after 30 sec exposure to chemiluminescence substrate, whereas AM-N L-selectin
took longer at 5 min (Fig 3.9). Unequal expression of WT and AM-N L-selectin in transduced
Molt3 T cells is likely caused by a variance in the multiplicity of infection (MOI). The MOl is
defined at the number of lentiviral particles used to infect each cell. For my study, the
concentration of pLentivirus was not quantified and therefore induced variance for the MOI
of each cell line causing a difference in the efficiency of lentiviral transduction and cell
surface expression of WT and AM-N L-selectin. In future work, equal amounts of quantified
pLentivirus will need to be used when generating stably transduced Molt3 T cells to ensure
equal expression of WT and AM-N. Equal expression of WT and AM-N L-selectin would allow
the same exposure time after addition of chemiluminescence substrate for similar detection
levels in resting T-cells and more accurate analysis for the levels of proteolysis after TCR-

activation.

Pull down assays from section 3.5 showed that WT L-selectin binds to ADAM 17 in a resting
T cell and dissociated after TCR-activation. It is not currently known whether ADAM 17

interacts with the ECD or ICD of L-selectin. Understanding this would provide an insight
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behind the biochemical mechanisms that occur causing ADAM 17 to dissociate from L-
selectin after TCR stimulation. Like ADAM 17, CaM dissociates from L-selectin after T cell
activation (Kahn, et al. 1998). Proteins such as adducin, Igloo protein and neurogranin have
overlapping CaM and PKC binding regions (Matsuoka, et al. 1996; Neel and Young, 1994;
Gerendasy and Sutcliffe, 1997). Protein kinases phosphorylate binding sites for CaM causing
dissociation (Chakravarthy, et al. 1999). Specifically, phosphorylation of Ser3®* at the L-
selectin ICD causes dissociation of calmodulin (Rzeniewicz, et al. 2015). If ADAM 17 does
bind to the L-selectin ICD, it is likely that protein kinases modulate this interaction. For
instance, Kilian et al have shown that TCR stimulation causes PKC 8 and PKC a to bind and
phosphorylate serine residues in the L-selectin ICD (Kilian, et al. 2004). Based on the findings
from section 3.5.1 it is tempting to speculate that after TCR stimulation, intramolecular
interactions at the L-selectin ICD are modulated due to the introduction of two negative

charges of bound PKC a and PKC 8 causing dissociation of ADAM 17.

The L-selectin ICD may also act as an anchoring protein for PKC isozymes allowing them to
be at close-proximity to phosphorylate substrates. For instance, PKC 8 phosphorylates the
actin binding domain at the C terminus of moesin disrupting the intramolecular interactions
between both N and C termini (Pietromonaco, et al. 1998). Moesin interacts with the L-
selectin ICD after treatment with the PKC upregulator PMA (lvetic, et al. 2002).
Hypothetically, after TCR stimulation, PKC 8 bound to the L-selectin ICD may phosphorylate
moesin. Moesin would then be in an open conformation allowing interaction with the L-
selectin ICD competing with ADAM 17 for binding sites. It is likely that moesin causes

dissociation of ADAM 17 after cell activation.
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However, TCR stimulation also causes recruitment of tyrosine kinases such as Lck to the
intracellular CD3 chains of the TCR complex. Lck then phosphorylates tyrosine residues at
the immunoreceptor tyrosine based activation motifs (ITAMs) in the CD3 chains of the TCR
(Weiss, 1993). Lck has also been shown to interact directly and phosphorylate the L-selectin
ICD (Xu, et al. 2008). It therefore cannot be ruled out that phosphorylation of tyrosine as

well as serine residues at the L-selectin ICD regulate interaction with ADAM 17.

Studies done by Chen et al showed that AM-N L-selectin, bearing an 8-amino acid deletion
(MIKEGDYN) at the MPR can no longer be shed by ADAM 17. Chen et al hypothesised that
AM-N L-selectin may prevent metalloproteinase mediated ectodomain proteolysis because
this mutant is shorter than its precursor. Consequently, the metalloproteinase cleavage site
of L-selectin would be closer to the membrane and would not be able to reach the catalytic
site of ADAM 17 (Chen, et al. 1995). It was initially hypothesised that the MIKEGDYN region
at the MPR of L-selectin either acts to bind the CANDIS domain of ADAM 17. Or, the
MIKEGDYN region optimizes the length of the MPR of L-selectin allowing the
metalloproteinase cleavage site (Lys*?' and Ser3?2) to reach the catalytic site of ADAM 17. It
was therefore initially anticipated that truncation of MIKEGDYN would abolish interactions
between L-selectin and ADAM 17. However, pull down assays from section 3.5.2 did not
support our initial hypothesis as AM-N L-selectin was shown to interact with ADAM 17
despite being resistant to ectodomain proteolysis (shown in section 3.4). Interestingly,
unlike the WT precursor, AM-N L-selectin still interacted with ADAM 17 after TCR
stimulation. Possibly, the MIKEGDYN region at the MPR of L-selectin is regulating
dissociation from ADAM 17 after TCR stimulation. However, this experiment would need to

be repeated using a positive control for TCR stimulation to solidify this suggestion.
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Hypothetically, the slightly shorter ectodomain of AM-N L-selectin may position residues to
interact with regions at the MP domain of ADAM 17 that would not occur with bound WT L-
selectin. These compromised interactions between AM-N L-selectin and ADAM 17 could
potentially be more stable after TCR activation. It is also conceivable that the MIKEGDYN
region induces structural conformational changes at the ECD of L-selectin allowing this
protein to shift from an ADAM 17 interacting to non-interacting state. It has already been
suggested that CaM binds to the L-selectin ICD and consequently, “pulls” the ectodomain
close to the outer membrane concealing the metalloproteinase cleavage site from ADAM 17
(Gifford, et al. 2012). After cell activation, release of CaM may cause the ectodomain of L-
selectin to slightly shift away from the outer membrane which could disrupt interactions
with bound ADAM 17. Theoretically, this outward shift may be dependent on the
hydrophobic rich MIKEGDYN region at the MPR of L-selectin. Theoretically, release of CaM
would allow the hydrophobic MIKEGDYN to migrate away from polar phospholipids such as
Ptd-L-Ser at the outer membrane potentially disrupting the interaction between L-selectin
and ADAM 17. Truncation of MIKEGDYN in AM-N L-selectin allows the upstream polar
residues QKLDKS to be close to the outer membrane after CaM interacts with the ICD of L-
selectin. These polar residues could interact with phospholipids at the outer membrane
which potentially would not be disrupted after CaM dissociates from the cytoplasmic tail of
L-selectin. Consequently, the ectodomain may not shift upwards after CaM release
preventing L-selectin and ADAM 17 from dissociating after cell activation. If correct, CaM
release would also not allow the metalloproteinase cleavage site of L-selectin (Lys3?' and
Ser32?) to reach the active site of ADAM 17. This hypothesis would explain how AM-N L-

selectin can interact with ADAM 17 yet resists proteolysis.
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Understanding that L-selectin and ADAM 17 interact in a resting leucocyte may shed some
insight on how ectodomain proteolysis is governed after TCR stimulation. PDI modulates
disulphide bridges at the MP domain of ADAM 17 changing its conformation from an
elongated, flexible and open structure to a compact, rigid and closed one. Thus, PDI
converts ADAM 17 from an active to inactive enzyme. (Dusterhoft, et al. 2013).
Furthermore, these conformational structure changes induced by PDI prevented the CANDIS
region of ADAM 17 binding its substrate IL-6 abolishing ectodomain proteolysis (Dusterhoft,
et al. 2014). PMA stimulation has been shown to generate ROS that inactivates PDI causing
ADAM 17 to maintain its open conformation (Bass and Edwards, 2010). Currently, it is not
known if TCR stimulation also inactivates PDI. Nonetheless, based on the findings from
section 3.5.2, it would be enticing to suggest that in a resting leucocyte, the MP domain
region of ADAM 17 is at a closed conformation whilst bound to L-selectin. TCR stimulation
may then inactive PDI causing the MP domain of ADAM 17 to adopt an open conformation
exposing the metalloproteinase catalytic site to Lys3?' and Ser3?? in the MPR of bound L-
selectin inducing ectodomain proteolysis. If correct, then L-selectin may not bind to the
CANDIS region at the ectodomain of ADAM 17. Otherwise, these two proteins would not be
able to interact in the resting leucocyte where hypothetically, the MP domain of ADAM 17
would be at a closed conformation concealing the CANDIS region from L-selectin. TNF-a,
does not depend on the CANDIS region of ADAM 17 for interaction (Dusterhoft, et al. 2014).
Unlike IL-6, TNF-at and L-selectin may interact to ADAM 17 independently of the CANDIS

region.

140



4. Intramembrane proteolysis of L-selectin by

presenilin

4.1 Introduction

After ectodomain proteolysis, PS, the catalytic component of the y-secretase complex is
responsible for intramembrane proteolysis of type | transmembrane proteins such as APP,
notch and ErbB4 causing release of the ICD (De Strooper, et al. 1998; De Strooper, et al.
1999; Hoeing, et al. 2011). In this chapter, | hypothesised that after ADAM 17-mediated
ectodomain proteolysis, the generated MP product of L-selectin is cleaved in the

intramembrane region by PS (Fig 4.1).
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Figure 4.1: Model of intramembrane proteolysis of L-selectin by PS. (A) Y-secretase is a
multi-subunit protease comprising of nicastrin, anterior pharynx-1 (Aph-1), presenilin
enhancer-2 (Pen-2) and presenilin (PS). PS is the catalytic subunit of y-secretase. (B) After
ADAM 17 mediated ectodomain proteolysis of full length L-selectin, y-secretase uses its
subunit PS to cleave the MP product in the intramembrane region releasing the ICD.
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Two PS isoforms have been discovered named PS1 and PS2 (Sherrington, et al. 1995; Levy-
Lahad, et al. 1995; Rogaev, et al. 1995). Studies were performed to determine whether the
MP product of L-selectin was a substrate for PS1 and/or PS2. To achieve this, L-selectin V5

His was transiently transfected in MEF cells that were deficient in PS1 and/or PS2.

Other type | transmembrane proteins such as Notch and APP are proteolyzed by both ADAM
10 and ADAM 17 (Bozkulak, et al. 2009; Qian, et al. 2016; Tousseyn, et al. 2009). In this
chapter, | was also interested to learn whether L-selectin was proteolyzed by another

metalloproteinase(s) other than ADAM 17.

4.1.1 Aims of the chapter

e Determine if the MP product of L-selectin is proteolyzed by PS1 and/or PS2, the
catalytic component of y-secretase
e To learn whether L-selectin is proteolyzed by metalloproteinase(s) other than ADAM

17
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4.2 Validation of y-secretase inhibitors L-685 and DAPT

To show whether the MP product of L-selectin is cleaved in the intramembrane region by
PS, WT MEF cells were transiently transfected with L-selectin V5 His and incubated with the
y-secretase inhibitors L-685 (Barthet, et al. 2011; Gasparini, et al. 2004) and DAPT (Micchelli,
et al. 2003; Dovey, et al. 2001). After 1 h incubation, cells were further treated with PMA to

stimulate proteolysis for 45 min (Fig 4.2).
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Figure 4.2: L-685 and DAPT both cause accumulation of the 8 kDa L-selectin MP product.
WT MEF cells were transiently transfected with L-selectin V5 His and incubated in the
presence or absence of y-secretase inhibitors L-685 and DAPT. Cells were further treated
with PMA to induce proteolysis. DMSO was used as a solvent control.
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Full length L-selectin was not detected and incubation with L-685 and DAPT enriched a
cleaved fragment of L-selectin at 8 kDa which corresponds to the MP cleavage product
described in chapter 3. This data indicates that these MEF cells were highly active and
proteolyzed L-selectin rapidly. Furthermore, the 8 kDa MP product was shown to be a
substrate for PS. Due to the high proteolytic activity of these MEF cells, PMA was not

essential to stimulate proteolysis and was thus excluded from future experiments.
4.3 Analysing L-selectin proteolysis in PS deficient MEF

cells

Studies were performed to address whether the MP product of L-selectin is cleaved by PS1
and/or PS2. L-selectin V5 His was transiently transfected in MEF cells deficient in PS1 and/or
PS2, obtained from Professor Bart de Strooper (Bart de Strooper, et al. 1999). To
characterize the 8 kDa fragment as an MP product, MEF cells were incubated with Ro 31-
9790 alongside transfection and incubated overnight to accumulate full length L-selectin (Fig

4.3).
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Figure 4.3: PS1 mediates intramembrane proteolysis of the MP product of L-selectin. C
terminal antibodies against PS-1 (PS1) (A) and PS-2 (PS2) (B) were used to characterize wild
type (WT) and PS deficient MEF cell lines. (C) WT or PS knockout (PSdKO) MEF cells were
transiently transfected with L-selectin V5 His and incubated with DMSO, L-685 or Ro 31-
9790. (D) Histograms shows levels of MP product in DMSO, L-685 and Ro 31-9790 treated
cells based on the mean value of three independent experiments n=3, + SD, **P<0.05. (E)
PSdKO MEF cells complimented with PS1 (PSdKO + PS1) or PS2 (PSdKO + PS2) were
transiently transfected with L-selectin V5 His and incubated with DMSO, L-685 or Ro 31-
9790. (F) Histograms shows levels of MP product in DMSO, L-685 and Ro 31-9790 treated
cells based on the mean value of three independent experiments n =3, + SD, *P<0.05 (G)
Histograms show release of soluble (sL-selectin) based on the mean value of three
independent experiments, + SD ***P<0.05. A one-way ANOVA with post-hoc Tukey test was
used for all statistical analysis.
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Immunoblotting with C terminal antibodies of PS1 and PS2 confirmed that PS deficient
(PSdAKO) MEF cells were true knockout cells. Also, that PSdKO MEF cells were singly
complemented with PS1 (PSAKO + PS1) and PS2 (PSdKO + PS2). WT MEF cells expressed
both PS1 and PS2 (Fig 4.3 A and B). Due to transient transfection efficiency differences
between experiments, full length L-selectin was often below the detection limit. However,

bands at 62 kDa correspond to full length L-selectin (Fig 4.3 C and E).

In WT MEF cells, L-685 treatment caused a 6-fold increase in the MP product of L-selectin in
comparison to DMSO. However, in PSdKO MEF cells there was no statistical difference in
detection irrespective of treatment (Fig 4.3 C and D). Furthermore, in PSdKO + PS1 MEF
cells, the MP product increased detection 1.7-fold after treatment with L-685 when
compared to DMSO. However, in PSAKO + PS2 MEF cells, there was no significant change in
MP product levels between DMSO and L-685 treatment (Fig 4.3 E and F). These results
illustrate that PS1 is responsible for intramembrane proteolysis of the MP product of L-

selectin.

Unexpectedly, Ro 31-9790 did not accumulate full length L-selectin in these MEF cell lines,
however MP product levels decreased in WT and PSdKO + PS1/PS2 MEF cells (Fig4.3C, D, E
and F). Ro 31-9790 treatment also increased release of sL-selectin in WT and PS deficient
MEF cells (Fig 4.3 G). This data may indicate that Ro 31-9790 treatment stabilizes a protease
in MEF cells that is capable of releasing L-selectin into the medium. An alternative route of
release would equate to exosomal release as described for other ADAM 17 substrates such

as Tumor-associated calcium signal transducer 2 (Trop-2) (Wagner, et al. 2015).
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4.4 Monitoring L-selectin proteolysis in ADAM 17 deficient

MEF cells

Proteolysis of L-selectin has been reported in ADAM 17 deficient leucocytes and fibroblasts
(Evans, et al. 2016; Walcheck, et al. 2003) and ADAM 8 and ADAM 10 have been testified to
proteolyze L-selectin (Gomez-Gaviro, et al. 2007; Le Gall, et al. 2009). Additionally, my data
shows that the wide spectrum metalloproteinase inhibitor Ro 31-9790 does not increase
detection for full length L-selectin in cell lysates (Fig 4.3 C and E), but instead elevates levels
of released sL-selectin in the medium (Fig 4.3). | argued that L-selectin is proteolyzed by
another protease(s) in these MEF cells which is regulated by ADAM 17 activity. In the
presence of Ro 31-9790, ADAM 17 is inhibited preventing proteolysis of this unknown

protease(s) allowing it to accumulate at the membrane and proteolyze L-selectin (Fig 4.4).
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Figure 4.4: An unknown protease proteolyzes L-selectin which is potentially regulated by
ADAM 17. (A) ADAM 17 cleaves L-selectin at the ectodomain generating an MP product
comprising a transmembrane region and ICD. (B) L-selectin is also proteolyzed by unknown
protease(s). ADAM 17 proteolyzes this unknown protease decreasing membrane
expression. This prevents this unknown protease cleaving L-selectin. (C) Inhibition of ADAM
17 activity using Ro 31-9790 averts proteolysis of this unknown protease(s). Increased cell
surface levels of this unknown protease(s) elevates ectodomain proteolysis of L-selectin.
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| wanted to determine whether L-selectin is proteolyzed in ADAM 17 deficient MEF cells,
generating an MP product that acts as a substrate for PS1. ADAM 17-/- MEF cells generated
by Carl Blobel (Sahin, et al. 2004) were transiently transfected with L-selectin V5 His alone,
or in combination with FLAG tagged ADAM 17. Cells were incubated with Ro 31-9790
alongside transfection and incubated overnight. Cells were then treated with L-685 for 1 h
and then ADAM 17 was activated using the PKC activator PMA (Hahn, et al. 2003) to induce

proteolysis of L-selectin.
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Figure 4.5: Analysis of L-selectin proteolysis in ADAM 17-deficient MEF cells. ADAM17-/-
MEF cells were transiently transfected with L-selectin V5 His alone, or in combination with
FLAG tagged ADAM 17. Cells were incubated with DMSO, PMA, L-685 and Ro 31-9790. A C
terminal antibody of ADAM 17 was used to confirm expression. (B) Supernatants from
ADAM 17-/- MEF cells were concentrated and immunoblotted. The cleaved ECD of L-selectin
was detected using an N terminal antibody (Anti-CD62L) and the anti-V5 antibody was used
to bind the C terminal V5/His tag of both full length or the cleaved fragments of L-selectin.
Histograms shows levels of full length L-selectin (C) or metalloproteinase (MP) product (D)
from lysates of ADAM 17-/- MEF cells with or without ADAM 17 expression based on the
mean of three independent experiments (n=3), £ SD, *P<0.05, **P<0.05. A one-way ANOVA
with post-hoc Tukey test was used for statistical analysis.
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Full length L-selectin at 56 kDa was detected in ADAM 17-/- MEF cells, which decreased
significantly after complementation of ADAM 17. Incubation with Ro 31-9790 increased full
length L-selectin levels in both the absence and presence of ADAM 17 (Fig 4.5 A and C).
Furthermore, the MP product of L-selectin was detected regardless of ADAM 17 expression,
but was enriched after incubation with L-685 (Fig 4.5 A and D). These results illustrate that
L-selectin is cleaved at the ectodomain by ADAM 17 and another metalloproteinase(s)

generating an 8 kDa membrane tethered MP product which is further proteolyzed by PS.

PMA did not modulate levels of full length L-selectin or the MP product, irrespective of
ADAM 17 expression (Fig 4.5 A and C) indicating that the second protease does not respond
to PKC activation. Arguably, PMA does not further stimulate metalloproteinase activity in

these highly active MEF cell lines as shown in section 4.3.

Concentrated supernatants from ADAM 17-/- MEF cells were immunoblotted and stained
with an anti-V5 antibody to detect full length L-selectin or an N terminal anti-CD62L
antibody to detect the cleaved ectodomain. Only the cleaved ectodomain of L-selectin was
detected (Fig 4.5 B left panel). The calculated molecular weight of the soluble L-selectin
ectodomain is approximately 54 kDa and was detected in PMA treated ADAM 17 expressing
MEF cells. Additionally, in ADAM 17 deficient and DMSO or Ro 31-9790 treated ADAM 17
positive MEF cells, the medium showed an additional band for L-selectin which ran at 100
kDa (Fig 4.5 B left panel). Since it is known from the literature that ADAM-substrates can
form dimers at the membrane (Wagner, et al. 2015; Hartmann, et al. 2015) it is possible that
the 100 kDa band represents two cleaved L-selectin ECDs bound as a dimer. However, the
protein loading buffer contains B-mercaptoethanol, which is a reducing agent and should

disrupt non-covalent interactions in dimers. Rzeniewicz et al showed detection of a higher
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molecular weight band representing glycosylated, full length L-selectin at the membrane at
110 kDa (Rzeniewicz, et al. 2015). It is therefore likely that the 100 kDa band detected from
the concentrated supernatant is the cleaved ECD from glycosylated full-length L-selectin at
the membrane. Additionally, Ro 31-9790 increased detection of this band (Fig 4.5 B), which
correlates with increased release of sL-selectin from my previous ELISA data (Fig 4.3 G).
These results likely show that these unknown protease(s) cleave L-selectin at the
membrane. If correct, then full length L-selectin at 56 kDa from MEF cell lysates (Fig 5.A)
could represent the non-glycosylated, intracellular form, which would correlate with the
equally described, lower 70 kDa molecular weight band found from Rzeniewicz et al’s
studies (Rzeniewicz, et al. 2015). Interestingly, the released soluble ECD of L-selectin at 56
kDa was only detected from concentrated supernatants when ADAM 17-/- MEF cells were
complemented with ADAM 17 and later treated with PMA (Fig 4.5 B). This result illustrates

that ADAM 17 cleaves potential intracellular L-selectin after activation by PMA.
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4.5 Discussion

In this chapter, | showed that L-selectin is proteolyzed by ADAM 17 and additional
metalloproteinase(s) which generate a MP product at 8 kDa. Activity of these unknown
metalloproteinase(s) increased in the presence of Ro 31-9790 which elevated levels of the
released soluble L-selectin ECD (Fig 4.3 G and Fig 4.5 B). Using PS deficient MEF cells, | later
displayed that PS1 further proteolyzes the generated MP product, however the released ICD

was below the detection threshold likely due to rapid degradation.

PS deficient MEF cells showed that the MP product of L-selectin is shed by PS1, but not PS2.
This finding correlates with other studies showing that PS1 principally cleaves amyloid
precursor protein (APP) (De Strooper, et al. 1998), Notch (De Strooper, et al. 1999), ErbB4
(Hoeing, et al. 2011; Fiaturi, et al. 2014) and E-cadherin (Marambaud, et al. 2002). Although
PS2 exhibited a redundant role for L-selectin proteolysis in this chapter, studies have
illustrated that this isoform of PS is also important for intramembrane proteolysis of type |
transmembrane proteins. For instance, Steiner et al showed that mutating aspartic acid to
alanine at residue 366 (D366A) in PS2 causes loss of catalytic activity. Consequently,
intramembrane processing of Notch1 and APP was suppressed (Steiner, et al. 1999). These
findings exemplify that y-secretase substrates are differentially processed by either PS1

and/or PS2.

Although these PS deficient MEF cells showed accumulation of the L-selectin MP product in
comparison to WT MEFs, detection for full length L-selectin was often below the threshold
and did not increase in the presence of Ro 31-9790 (Fig 4.3 A and C). Western blots obtained
from these PS deficient MEF cells therefore did not display our complete hypothesis for L-

selectin proteolysis shown as ADAM 17-dependent ectodomain shedding followed by
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intramembrane cleavage by PS (Fig 3.1). In contrast to MEFs, Molt3 T cells reproducibly
show detection for full length L-selectin, which accumulates after inhibition of ADAM 17 (Fig
3.9). In future experiments, PS1 and/or PS2 could be gene silenced in Molt3 T cells
expressing L-selectin. WT and PS deficient Molt3 T cells could then be incubated with Anti-
ADAM 17 or control (ADAM 17 D1(A12)) antibody in both resting and TCR-activated

conditions to display both ADAM 17 and PS dependent proteolysis.

Many type | transmembrane proteins are processed by multiple metalloproteinases. For
instance, Notch, APP and T cell immunoglobulin and mucin domain 3 (Tim-3) are cleaved by
ADAM 17 and ADAM 10 (Bozkulak, et al. 2009; Méller-Hackbarth, et al. 2013; Qjan, et al.
2016; Tousseyn, et al. 2009). Our data in chapter 3 solidly shows that ADAM 17 proteolyzes
L-selectin. However, L-selectin has also been shown to be proteolyzed by ADAM 10 and
ADAM 8 (Le Gall, et al. 2009; Gomez-Gaviro, et al. 2007). Furthermore, L-selectin
proteolyzes in ADAM 17 deficient fibroblasts and lymphocytes (Evans, et al. 2016; Walcheck,
et al. 2003). To determine if L-selectin is proteolyzed by multiple metalloproteinase(s), L-
selectin V5 His was transiently transfected in ADAM 17-/- MEF cells (Fig 4.5). Full length L-
selectin was detected in ADAM 17-/- MEF cells, however levels decreased significantly after
complementation of ADAM 17. Full length L-selectin increased after incubation with Ro 31-
9790 regardless of ADAM 17 expression. Furthermore, an MP product was detected in the
presence or absence of ADAM 17, which enriched after incubation with L-685. Our data
demonstrate that L-selectin is proteolyzed by ADAM 17 and another metalloproteinase(s)

which generate an MP product that acts as a substrate for PS1.

Soluble L-selectin was detected in the media at 100 kDa (Fig 4.5 B). As full-length L-selectin

was detected at around 56 kDa in MEF cell lysates (Fig 4.5 A), | suggested that after cleavage
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from the 8 kDa MP product, the resulting cleaved ECD would have an approximate
molecular weight of 48 kDa. | later hypothesised that L-selectin was present at the
membrane as a dimer like other ADAM-substrates such as Notch, cadherin and CD40
(Troyanovsky, et al. 2005; Liu, et al. 2010; Reyes-Moreno, et al. 2004) causing release of two
bound ECDs at around 100 kDa. However, the protein loading buffer contains the reducing
agent B-mercaptoethanol, which would have disrupted non-covalent bonds between
dimers. Rzeniewicz et al showed detection of glycosylated, membrane bound full length L-
selectin at 110 kDa and a non-glycosylated, intracellular form at 70 kDa (Rzeniewicz et al,
2015). In agreement to Rzeniewicz et al’s data, it is conceivable that the released ECD at 100
kDa was proteolyzed from glycosylated membrane bound L-selectin (Fig 4.5 B). Full length L-
selectin at 56 kDa obtained from MEF cell lysates (Fig 4.5 A) therefore likely represents the
non-glycosylated intracellular form and illustrates that the components in my lysis buffer do

not allow efficient solubilization of membrane bound L-selectin.

Interestingly, the PKC activator PMA caused release of the soluble ECD of L-selectin at 54
kDa, which was dependent on ADAM 17 expression. In contrast, PMA did not elevate
release of the soluble ECD at 100 kDa in both the presence or absence of ADAM 17 (Fig 4.5
B). However, Ro 31-9790 did increased release of this 100 kDa band (Fig 4.3 G, Fig 4.5 B)
which could suggest that ADAM 17 proteolyzes this unknown metalloproteinase(s). In the
presence of Ro 31-9790, ADAM 17 activity would be inhibited allowing these
metalloproteinase(s) to accumulate. Increased expression of these metalloproteinase(s)
would elevate proteolysis of L-selectin (Fig 4.4). These results possibly indicate that ADAM
17 cleaves non-glycosylated intracellular L-selectin releasing a 54 kDa ECD which is
upregulated after PMA-activation. In contrast, the unknown metalloproteinase(s) likely

proteolyzes glycosylated L-selectin at the membrane releasing the 100 kDa ECD and is not
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activated by the same biochemical pathways as ADAM 17. However, levels of expression of

this unknown metalloproteinase(s) is regulated by ADAM 17-proteolysis.

Future experiments will need to be completed to determine whether the detected band
from cell lysates at 56 kDa (Fig 4.5 A) or concentrated supernatant at 100 kDa (Fig 4.5 B)
represents membrane localized L-selectin. For instance, biotinylated ADAM 17-/- MEF cells
would firstly be incubated with DMSO, L-685, PMA or Ro 31-9790, with or without
complemented ADAM 17 and labelled L-selectin could be harvested from both the cell
lysate and collected supernatant. Additionally, Rzeniewicz et al used the membrane
solubilization agent Nonidet X-100 in their lysis buffer to achieve detection of both the 110
kDa and 70 kDa bands of full length L-selectin (Rzeniewicz, et al. 2015). In future studies, |
could also use Nonidet X-100 instead of Triton-X which is the current membrane solubilizing

agent in my lysis buffer.
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5. Intramembrane proteolysis of L-selectin by y-

secretase induced after TCR stimulation

5.1 Introduction

Data from chapter 4 showed that PS1 cleaves the MP product of L-selectin when expressed
in MEF cells. However, as L-selectin is found only in leucocytes, it was unclear whether the
MP product is cleaved by y-secretase in Molt3 T cells. TCR stimulation activates ADAM 17
causing ectodomain proteolysis of L-selectin generating the MP product (Fig 3.7, 3.8 and
3.9). Experiments were designed to establish if TCR stimulation also causes intramembrane
proteolysis of the MP product by PS1. During endoproteolysis, an intramolecular cleavage in
PS1 occurs between TMDs 6 and 7 of PS forming the catalytically active enzyme (Ahn, et al.
2010; Brunkan, et al. 2005). In this study, the hypothesis that TCR stimulation induces
endoproteolysis of PS1 will be addressed (Fig 5.1 A). Activated PS1 would then cleave the
MP product of L-selectin releasing the intracellular domain (ICD) into the cytoplasm (Fig 5.1

B).
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Figure 5.1: TCR stimulation hypothetically induces endoproteolysis and activation of PS1
inducing intramembrane proteolysis of L-selectin. (A) After presentation of cognate
peptide, the TCR becomes stimulated and induces endoproteolysis of PS. During
endoproteolysis, an intramolecular cleavage occurs between TMDs 6 and 7 generating a
catalytically active C terminal fragment of PS. (B) After endoproteolysis; PS becomes
activated and cleaves the MP product of L-selectin at the transmembrane region releasing
the ICD.
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Data from chapter 4 also showed that a cleaved L-selectin ICD generated by y-secretase was
unstable and rapidly degraded. Other ICDs such as ErbB4 (EICD) and notch (NICD) are rapidly
degraded by the proteasome (Oberg, et al. 2001; Gupta-Rossi, et al. 2001; Fryer, et al. 2004;
Zeng, et al. 2009). In this chapter, Molt3 T cells were directly lysed in Laemmli buffer to

prevent rapid degradation of the L-selectin ICD.

Nicastrin, termed the substrate binding domain of y-secretase, has been shown to bind both
full length and cleaved fragments of type | transmembrane proteins (Shah, et al. 2005;
Dries, et al. 2009; Yu, et al. 2000). PS also directly interacts with full length APP facilitating
proteolysis (Xia, et al. 1997). It was hypothesised that after TCR stimulation and ADAM 17
mediated ectodomain proteolysis of L-selectin, the MP product would bind nicastrin and
PS1 in a complex. In this study, pull down assays were performed to learn whether full
length or the MP product of L-selectin binds to nicastrin and/or PS under resting or TCR

stimulated conditions.

5.1.1 Aims of this chapter

To determine if TCR stimulation induces intramembrane proteolysis of the MP
product of L-selectin by y-secretase

e To determine if TCR stimulation causes endoproteolysis and activation of PS1

e To monitor interactions between L-selectin and nicastrin/PS1 under both resting and
TCR stimulated conditions

e To determine if the PS1 generated L-selectin ICD is degraded
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5.2 Time course of ectodomain and intramembrane
proteolysis of L-selectin in Molt3 T cells after TCR
stimulation

5.2.1 Ectodomain proteolysis of L-selectin occurs at early time

points after TCR stimulation

Type | transmembrane proteins are shed at the ectodomain before y-secretase induces
intramembrane proteolysis (Lichtenthaler, et al. 2011; Struhl and Adachi, 2000). To test
whether L-selectin is sequentially proteolyzed by ADAM 17 and then y-secretase, L-685 or
DMSO treated Molt3 T cells were stimulated with 8 pL of R2 medium containing
resuspended anti-CD3/CD28 dynabeads for 0 min, 5 min, 15 min, 30 min and 60 min and
analysed by flow cytometry to determine the kinetics of ectodomain proteolysis. Cells were
also incubated with 8 uL R2 medium containing resuspended IgG control dynabeads (Fig 5.2

A-D). Supernatants were collected and analysed for release of sL-selectin (Fig 5.2 E).

162



IgG control Anti-CD3/CD28
Isotype control - \ Isotype control
0 min I 0 min
5 min || 5min
15 min [l 15 min
@30 min I.'r'\.\l \ @30 min
60 min J i ‘~.\ 60 min
16 10 10
L-selectin
Anti-CD3/CD28 and L-685
Isotype control
0 min
5 min
15 min
@®30min
60 min
L-selectin
D E §
120 E N 5000+
© 100 L £ 4000-
C c )
L 5 80 c 2 3000
AR o c
v QL 504 i
a $ a0 g § 20004
X 4 c o
Y P 1000-
8?- 204 E ﬁ
0 o
T T T T T T (W] 0 T T T 1
0 10 20 30 40 50 60 0 20 40 60 80
Time (min) Time (min)
- 1gG control -+ lgG control
=+ Anti-CD3/CD28 -+ Anti-CD3/CD28
-+ Anti-CD3/CD28 and L-685 “* Anti-CD3/CD28 and L-685

Figure 5.2: TCR stimulation induces rapid metalloproteinase dependent proteolysis of L-
selectin. Molt3 T cells expressing L-selectin V5 His were incubated with IgG control (A), anti-
human CD3/CD28 (B) and anti-human CD3/CD28 dynabeads with L-685 for 0 min, 5 min, 15
min, 30 min and 60 min and analysed using flow cytometry. (D) The percentage expression
of cell surface L-selectin was calculated from three independent experiments (n=3). (E)
Histograms show release of soluble (sL-selectin) based on the mean value of three
independent experiments.
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Cell surface levels of L-selectin did not change during 60 min incubation with 1gG control
dynabeads (Fig 5.2 A and D). Following TCR activation, cell surface L-selectin decreased
rapidly to 50% of control levels within the first 5 min and stabilised at 40% of control levels
between 15 and 60 min (Fig 5.2 B, C and D). Changes in membrane expression were
accompanied by a 5-fold increase in sL-selectin by 5 min which increased to 6-fold and
stabilised after 15 min. Although sL-selectin levels in IgG control treated cells were found to
increase within the first 5 min, they were 3.3-fold lower than in TCR activated cells (Fig 5.2
E). The y-secretase inhibitor L-685 had no effect on membrane turnover or release of L-
selectin following TCR activation. These results show TCR stimulation activates ADAM 17 at
early time points causing rapid proteolysis of L-selectin. Also, inhibition of y-secretase does

not interfere with ADAM 17 dependent ectodomain proteolysis.

5.2.2 TCR stimulation induces intramembrane proteolysis of L-

selectin by y-secretase

Our earlier findings show that TCR stimulation induces ectodomain proteolysis of L-selectin
by ADAM 17 (sections 3.3 and 3.4) and that the generated MP product is susceptible to
cleavage by PS1 (section 4.3). | now wanted to determine whether TCR stimulation initiates
PS dependent intramembrane proteolysis. Molt3 T cells from section 5.2.1 were analysed by

western blotting (Fig 5.3).
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Figure 5.3: Stimulation of the TCR induces intramembrane proteolysis by PS. (A) Molt3 T
cells expressing L-selectin V5 His from section 5.2.1 were analysed by western blotting. (B-F)
Histograms show fold induction compared to Molt3 T cells incubated at 0 min (full length L-
selectin) or 5 min (MP product) with the various treatments based on the mean values of
three independent experiments n=3, SD #, *P <0.05, **P <0.05, ***P<0.05. A one-way
ANOVA with post-hoc Tukey test was used for statistical analysis.
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There were two bands of similar molecular weight around 52 to 56 kDa representing
different forms of full length L-selectin. In resting T cells, both forms of full length L-selectin
remained unchanged during the 60-min time course and importantly lacked the MP product
in the lysate (Fig 5.3 A and B). These results demonstrate clearly that L-selectin does not

undergo ectodomain proteolysis in the absence of TCR stimulation.

In TCR-activated T cells, only the lower 52 kDa band decreased between 0 min to 60 min.
Detection of the upper 56 kDa band did not change showing that this form of L-selectin did
not undergo ectodomain proteolysis. Statistical analysis was therefore calculated using only

the lower L-selectin band at 52 kDa.

Following TCR-activation, the level of full length L-selectin was reduced by 20% after 5 min,
which coincided with the detection of the MP product. In the presence of L-685, the
reduction in full length L-selectin was higher at 40%. Full length L-selectin continued to

decrease to 20% of start levels between 15 min and 30 min (Fig 5.3 A, C and D).

The level of MP product detected after 5 min decreased between 15 and 30 min in DMSO
treated TCR-activated cells (Fig 5.3 A, E). The y-secretase inhibitor L-685 stabilized the MP
product (Fig 5.3 A, E and F). These results show that TCR stimulation initiates

intramembrane proteolysis of the MP product by PS. However, the PS generated ICD of L-

selectin was not detected which likely illustrates that the ICD is rapidly degraded.
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5.3 Approaches to detect the L-selectin ICD

All western blots generated so far lacked detection of the cleaved L-selectin ICD.
Intracellular domains of other substrates such as amyloid precursor protein (AICD) and
Notch (NICD) have been difficult to detect due to rapid degradation by the ubiquitin-
proteasome pathway (De Strooper, et al. 1999; Schweisguth, 2004; Selkoe and Kopan,
2003). Additionally, AICD is also a substrate for the insulin degrading enzyme, which is a
metalloproteinase known to degrade short polypeptides (Edbauer, et al. 2002). My data

suggested that the ICD of L-selectin is also rapidly degraded preventing detection.

Cleaved AICD and NICD enter the nucleus and act as gene transcriptional factors (von Rotz,
et al. 2004; Schroeter, et al. 1998). Studies performed so far have extracted soluble proteins
from the cytoplasm and plasma membrane using cell lysis buffer. My cell lysis buffer does
not contain reagents such as sodium deoxycholate or SDS that solubilize cytoskeleton or
nuclear membranes. Potentially, the ICD of L-selectin is either rapidly degraded or localized

in a subcellular organelle, such as the nucleus, which is not been solubilized by cell lysis

buffer.
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Figure 5.4: Optimisation to detect the PS generated intracellular domain of L-selectin. (A)
Molt3 T cells expressing L-selectin V5 His were lysed in cell lysis buffer to extract proteins
from the soluble fraction. The insoluble pellet was further lysed in cell lysis buffer
supplemented with 0.5 % SDS and 1 % sodium deoxycholate to obtain proteins from
insoluble fractions. (B) Molt3 T cells were incubated with anti-human CD3/CD28 dynabeads
and directly lysed in Laemmli buffer. Lysates were run on a 4-16 % Bis-Tris gradient gel. A
doublet at 8 to 13 kDa (red arrows) is detected in DMSO treated T cells. (C) TCR-activated
Molt3 T cells were incubated with Anti-ADAM 17 (D1 (A12)) antibody or the D1 (A12)
control. The 13 kDa fragment of L-selectin was detected (in red box only in the presence of
ADAM 17 activity. (E and F) Molt3 T cells were directly lysed in Laemmli buffer and run on a
16 % Tris-glycine gel. A 5 kDa band was detected which was not cleared after incubation
with DMSO, DAPT (E) or L-685 (F). These results are from single observations (n=1).
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L-685 or DMSO treated Molt3 T cells were firstly lysed in cell lysis buffer to extract
membrane and cytosolic proteins and the remaining insoluble pellet was re-suspended in
cell lysis buffer containing 0.5 % sodium deoxycholate (w/v) and 0.1 % SDS (w/v) followed by
sonication. There was no detection of the L-selectin ICD in the soluble or insoluble fractions

of non or TCR-activated T cells (Fig 5.4 A).

These Molt3 T cells were incubated for 60 min with anti-CD3/CD28 dynabeads and 35 min
lysis in cell lysis buffer. | anticipated that pro-longed incubation allowed degradation of the
L-selectin ICD by intracellular proteases. Detection of other ICDs such as AICD has been
achieved by directly lysing cells in Laemmli buffer (Suh, et al. 2011). Molt3 T cells were
activated with anti-CD3/CD28 dynabeads and incubated with DMSO or L-685 prior to lysis
Laemmli buffer and western blot analysis. In DMSO controls, a doublet of bands at 8 and 13
kDa were detected at 5 and 15 min (Fig 5.4 B DMSO) which was absent in T cells treated
with the y-secretase inhibitor L-685 (Fig 5.4 B L-685). This band at 13 kDa was also cleared
after TCR-activated T cells were incubated with Anti-ADAM 17 (D1 (A12)) antibody (Fig 5.4
C). ICDs of notch (NICD) and ErbB4 (EICD) are ubiquitinated leading to degradation (Oberg,
et al. 2001; Gupta-Rossi, et al. 2001; Fryer, et al. 2004). Ubiquitin is 8 kDa and suggestively,
the L-selectin ICD is 5 kDa. The 13 kDa band could represent a PS1 generated
monoubiquitinated ICD of L-selectin. However, proteomic analysis has only shown one
ubiquitin site at lysine (K78) in the ectodomain of L-selectin (Mertins, et al. 2013) which

could suggest that the L-selectin ICD undergoes other post-translational modifications after
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proteolysis. Ser*** and Ser*®’ in the L-selectin ICD are phosphorylated after cell activation
(Rzeniewicz et al, 2015). The addition of two negatively charged phosphate groups to the
cleaved fragments of L-selectin can interfere with protein-SDS interactions and

consequently disrupt the mass to charge ratio during electrophoresis which would modulate
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the electrophoretic mobility towards the anode (Grosely, et al. 2013). The 13 kDa band
would need to be excised and analysed by mass spectroscopy to monitor post-translational
modifications of these cleaved L-selectin fragments. However, the bands in Fig 5.4 B were
situated too close to one another. Consequently, it would be difficult to excise only the 13

kDa fragment.

In Fig 5.4 B, detection for the 13 kDa fragment was lost completely after 30 min and thus 5
and 15 min time points were chosen for future experiments. 16 % Tris-glycine gels were
used to separate the bands at 8 and 13 kDa and contrary to Fig 5.4 B, a 13 kDa fragment was
not detected (Fig 5.4 E). However, a band at 5 kDa appeared after both 5 and 15 min TCR
stimulation. Remarkably, this band was also detected in the presence of L-685 and DAPT (Fig

5.4 D and E). Thus, this band is not a PS generated L-selectin ICD.
5.4 TCR stimulation causes endoproteolysis and activation

of PS1

Data from section 5.2.2 shows that stimulation of the TCR induces intramembrane
proteolysis of the MP product of L-selectin by PS. | now wanted to determine if TCR
stimulation initiates endoproteolysis and activation of PS1. A C terminal antibody of PS1 that
binds amino acids 450-467 was used to detect full length (48 kDa) and the cleaved C
terminal fragment (CTF) (18 kDa) during western blot analysis. Firstly, Molt3 T cells were
incubated with IgG control or anti-CD3/CD28 dynabeads for 60 min to see if TCR stimulation
enriches the CTF of PS1. Lysates of WT and PSdKO MEF cells were used to confirm that
bands detected were specific to PS1 (Fig 5.5 A). In non-stimulated T cells, a 48 kDa band was

detected representing full length PS1 as well as higher molecular weight bands from 62 to
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188 kDa which likely represent glycosylated forms of SDS stable complexes of full length
PS1. In TCR-activated T cells, full length PS1 was still detected, but an 18 kDa band

representing the cleaved CTF of PS1 appeared (Fig 5.5 B). Both full length and CTF of PS1

were detected in WT MEF cells demonstrating their high activity as discussed in Chapter 4.

The PS1 antibody detected no bands in PSAKO MEF cells. This confirmed the specificity of

the anti-PS1 antibody (Fig 5.5 A).
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Figure 5.5: TCR stimulation induces endoproteolysis of PS1. A C terminal antibody for PS1
was used to distinguish full length (48 kDa) and the cleaved CTF (18 kDa). (A) Molt3 T cells
were incubated with IgG control or anti human CD3/CD28 dynabeads for 1 h. To confirm
bands were specific to PS1, lysates from WT and PSdKO MEF cells were also used for
western blot analysis. (B) Molt3 T cells were incubated with anti-human CD3/CD28
dynabeads for 0 min, 5 min, 15 min, 30 min and 60 min. (C) Histograms show fold increase
in PS1 CTF compared to non-TCR stimulated Molt3 T cells based on the mean of three
independent experiments n=3, SD %, *P <0.05. A one-way ANOVA with post-hoc Tukey test
was used for statistical analysis.
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The rate of PS1 endoproteolysis in TCR-activated Molt3 T cells was determined after 0 min,
5 min, 15 min, 30 min and 60 min incubation with anti-CD3/CD28 dynabeads. After 5 min
stimulation, the PS1 CTF increased by 6-fold. Between 5 and 15 min, the CTF elevated a
further 2-fold and decreased thereafter. Potentially, the CTF is degraded by the lysosome or
proteasome after pro-longed periods of TCR stimulation regulating the catalytic activity of

PS1.
5.5 Monitoring interactions between L-selectin and y-
secretase subunits

5.5.1 L-selectin binds to PS1, but not PS2, under both basal and

TCR stimulated conditions

In PS deficient MEF cells, | have shown that PS1 proteolyzes the MP product of L-selectin. In
contrast, PS2 does not cleave L-selectin (section 4.3). | therefore hypothesised that L-
selectin would interact with PS1, but not PS2, after TCR stimulation triggering L-selectin
proteolysis. To monitor these interactions, Molt3 T cells were incubated overnight with 10
UM L-685 to accumulate potential PS1/PS2 L-selectin complexes. After L-685 treatment,
Molt3 T cells were further incubated with C1R antigen presenting cells pulsed with or
without 107* M SLY peptide. Molt3 T cells expressing gag TCR but not V5-His tagged L-
selectin were used to confirm that L-selectin V5 His was selectively pulled down after

incubation with cobalt coated dynabeads (Fig 5.6).
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Presenilin-1 or Presenilin-2
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Nicastrin interaction?

s

Figure 5.6: Diagrammatic representation of L-selectin V5 His and nicastrin/PS pulldown
assays. (A) L-selectin+ Molt3 T cells express L-selectin V5 His. Molt3 T cells not expressing L-
selectin V5 His are control Molt3 T cells. (B) (1) Both cell lines are incubated with L-685
overnight. (2) L-685 incubated T cells are then treated with C1R antigen presenting cells
pulsed without or with 107* M SLY peptide. (3) After incubation with peptide pulsed C1R
antigen presenting cells, the SLY peptide binds to cognate gag+ TCR presented on L-selectin+
Molt3 T cells and stimulates both ADAM 17 and PS. ADAM 17 cleaves full length L-selectin
generating the metalloproteinase (MP) product. In the presence of L-685, PS is inhibited and
the MP product accumulates. (4) In control Molt3 T cells, TCR stimulation activates ADAM
17 and PS; however in the absence of L-selectin, no MP product is generated. (5) After
incubation with non-peptide pulsed C1R cells, the gag+ TCR is not stimulated in L-selectin+
Molt3 T cells. Consequently, ADAM 17 and PS are not activated and L-selectin is not
proteolyzed. This allows full length L-selectin to accumulate on the surface of these T cells.
(6) In control Molt3 T cells absence of TCR stimulation also prevents activation of ADAM 17
and PS, however these L-selectin deficient T cells do not accumulate full length protein. (C)
Both cell lines are lysed and incubated with cobalt coated dynabeads. The V5 His tag of the
accumulated metalloproteinase (MP) product binds to cobalt ions on the surface of the
dynabeads only in lysates of Molt3 T cells. Nicastrin and/or PS will also be indirectly
attached to these cobalt coated dynabeads if they interact with the MP product of L-
selectin.
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Control Molt3 T cells showed no detection of bands demonstrating clearly that only L-
selectin V5 His was pulled down. Both full length and MP product of L-selectin were
detected in non-activated as well as TCR-activated T cells. The abundance of full length L-
selectin suggests that SLY peptide induces lower levels of ectodomain proteolysis than anti-
CD3/28 dynabeads and is, therefore, a weaker stimulus. However, SLY peptide incubated T
cells showed increased detection for the MP product confirming that TCR stimulation
occurred. It is also possible that the cobalt covered dynabeads bind full length L-selectin
more avidly than the MP product. PS1, but not PS2, was detected in both non-activated and

TCR activated T cells. This shows that PS1, but not PS2, binds L-selectin (Fig 5.7)
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Figure 5.7: PS1 interacts with L-selectin in both resting and TCR-activated T cells. Lysates
from cell lysis buffer lysed L-selectin+ or control Molt3 T cells were incubated with cobalt
covered dynabeads. Lysates were used for western blot analysis and stained for L-selectin
(A), PS-1 (PS1) (B) or PS-2 (PS2) (C). Anti-V5 antibody was used for detection of L-selectin
and C terminal antibodies for PS1 and PS2. This result is one representation from three
independent experiments which all show reproducible results (n=3).
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5.5.2 L-selectin binds to nicastrin in both basal and TCR stimulated

conditions

Further pull down experiments were performed as in Fig 5.7 but stained for nicastrin to

assess whether it is associated with L-selectin (Fig 5.8).
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Figure 5.8: L-selectin interacts with nicastrin in both resting and TCR-activated T cells.
Lysates from cell lysis buffer lysed L-selectin+ or control Molt3 T cells were incubated with
cobalt covered dynabeads. Lysates were used for western blot analysis and stained for L-
selectin (A) or nicastrin (B). Anti-V5 antibody was used to detect L-selectin and a C terminal
antibody for nicastrin. This result is one observation from three independent experiments

which all show reproducible results (n=3).
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In the input lysate, nicastrin was detected at 78 kDa representing full length protein (Wolfe,
2016) and 58 kDa, which likely displays a cleaved fragment. After pulldown, Nicastrin at 78

kDa and 98 kDa was detected from lysates derived from non-activated and TCR activated T
cells. This 98 kDa band of nicastrin may represent an SDS-stable complex between nicastrin

and another subunit of the y-secretase complex.
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5.6 Discussion

In this chapter, | have shown that early time points of TCR-activation induce rapid ADAM 17-
dependent proteolysis of L-selectin (Fig 5.2) which generates an 8 kDa MP product (Fig 5.3
A). Furthermore, my data shows that cross-linking the TCR also activates PS by inducing
endoproteolysis (Fig 5.5). Activated PS then cleaves the MP product however, the released
L-selectin ICD was not detected likely due to rapid degradation (Fig 5.3 A, E and F).
Additionally, pull-down assays using cobalt-ion coated dynabeads showed that L-selectin
forms complexes with both nicastrin (Fig 5.8) and PS1 (Fig 5.7) in both resting and TCR-
activated conditions. Together, my results illustrate that L-selectin already forms a complex
with ADAM 17 (Fig 3.10), nicastrin (Fig 5.8) and PS1 (Fig 5.7) in a resting T cell. TCR-
activation then activates both ADAM 17 and PS1, which induces rapid proteolysis of bound

L-selectin.

PS mediated intramembrane proteolysis of substrates such as APP and notch has been
widely published (De Strooper, et al. 1999; Palacino, et al. 2000). However, it is currently
unknown whether TCR stimulation induces PS1 activation. Western blot analysis in section
5.2.2 showed that the MP product of L-selectin was detected 5 min post-TCR stimulation.
The MP product decreased from 5 min to 60 min, and this decrease was blocked by the y
secretase inhibitor L-685 (Fig 5.3). In agreement with our initial hypothesis, TCR stimulation
induces intramembrane proteolysis of the MP product by y secretase. | then asked whether
TCR stimulation activates PS1 by inducing its endoproteolysis. Western blot analysis from
showed that TCR stimulation caused PS1 cleavage (Fig 5.5 A). Additionally, in a time trial
study, the PS1 CTF accumulated in TCR-activated T cells between 5 to 15 min, but decreased

after 30 min (Fig 5.5 B). Together, these observations show that TCR stimulation initiates
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endoproteolysis of PS1 at early time points, generating the catalytically active cleaved CTF.
The CTF is potentially degraded after pro-longed periods of TCR stimulation which would
limit the catalytic activity of PS1. How TCR signalling regulates endoproteolysis of PS1 is
currently unknown. TCR stimulation activates the mitogen and stress activated kinase
(MSK). MSK phosphorylates and activates the cAMP response element binding (CREB)
protein (Kaiser, et al. 2007). CREB binds to the 238 bp region of the promoter for the PS
enhancer-2 (Pen-2) gene. After this interaction, Pen-2 expression is increased (Wang, et al.
2006). Pen-2 has been shown to interact with PS and induce its’ endoproteolysis (Holmes, et
al. 2014). Disruption of this interaction causes both Pen-2 and PS1 CTF to be degraded at
the proteasome (Prokop, et al. 2005; Honda, et al. 1999). It is possible that signalling
pathways induced after TCR stimulation promote interactions between Pen-2 and PS1
initiating endoproteolysis of PS1. After pro-longed periods of TCR stimulation, signalling
pathways such as MSK may subside reducing the expression of Pen-2 and abolishing
interactions with PS1. Free, unbound PS1 would then be susceptible to degradation by the

proteasome.

Notch2 and Notch3 receptors are firstly shed at the ectodomain by ADAM 10 prior to y-
secretase dependent intramembrane proteolysis (Groot, et al. 2014). Flow cytometry, ELISA
and western blot analysis from sections 5.2.2 and 5.2.3 showed that activation of the TCR
using anti human-CD3/CD28 dynabeads caused ectodomain proteolysis of L-selectin
independently of y-secretase activation (Figs 5.2 and 5.3). These results confirmed that after
TCR stimulation, metalloproteinases shed L-selectin at the ectodomain before PS can induce

intramembrane proteolysis.
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Nicastrin binds to newly generated N termini of substrates generated by ectodomain
proteolysis via Glu333® (Shah, et al. 2005; Dries, et al. 2009). Furthermore, the cleaved beta
fragments of amyloid precursor protein (APP) C99 and C83 bind nicastrin (Yu, et al. 2000).
However, nicastrin, as well as PS associates with full length APP (Chen, et al. 2001; Xia, et al.
1997). In this study, pull down assays using cobalt ion-coated dynabeads to bind the His tag
of L-selectin (Fig 5.6) were performed to learn whether the full length or the MP product of
L-selectin binds to nicastrin and/or PS under resting or TCR stimulated conditions. Pulldown
assays from sections 5.5.1 and 5.5.2 showed that nicastrin and PS1 bound to L-selectin
under both resting and TCR stimulated conditions. However, | could not determine whether
full length or the MP product of L-selectin interacted with nicastrin or PS1. Future studies
could be performed where lysates from Molt3 T cells stably expressing V5/His tagged
nicastrin or PS and non-tagged L-selectin are lysed and incubated with cobalt covered
dynabeads. Blots could then be stained for non-tagged L-selectin using the C terminal CA21

antibody to ascertain whether full length or MP product binds to these y-secretase subunits.

ICDs for other type | transmembrane proteins such as amyloid precursor protein (AICD) and
Notch (NICD) have also been difficult to detect due to rapid degradation. For instance, NICD
is ubiquitinated by F-box/WD repeat containing protein 7 (foxw7). Ubiquitinated NICD is
then degraded by the proteasome (Oberg et al 2001; Gupta-Rossi, et al. 2001, Fryer, et al.
2004). The ICD of the related to receptor tyrosine kinase (Ryk) is bound to Cdc37, a subunit
for the molecular chaperone heat shock protein 90 (Hsp90). Disruption of this interaction
causes proteasome degradation of the ICD of Ryk receptor (Lyu, 2009). CTFs of Met receptor
and premelanosome protein (PMEL) generated after y-secretase activity are stabilized in the
presence of lysosomal inhibitors such as leupeptin, pepstatin A and chloroquine (van Niel, et

al. 2011; Ancot, et al. 2012). Contrastingly, degradation of AICD is not inhibited in the
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presence of lysosomal (leupeptin and bafilomycin) or protease (Lactacystin) inhibitors
(Cupers, et al. 2001). Instead, AICD is rapidly cleared by the insulin degrading enzyme, which
is a metalloproteinase that proteolyzes small polypeptides (Edbauer, et al. 2002).
Additionally, other PS generated ICDs localize in subcellular organelles, such as the nucleus,
which cell lysis buffer does not solubilize. For instance, AICD binds to Fe65 in the cytoplasm
and migrates to the nucleus. In the nucleus, AICD and Fe65 form a complex with Tip-60 that
interacts with DNA inducing gene transcription (von Rotz, et al. 2004). Comparably, NICD
binds to the transcriptional factor CSL in the nucleus and this complex binds to DNA
(Schroeter, et al. 1998). The 17-amino acid ICD of L-selectin contains 8 positively amino
acids. This short, positively charged polypeptide could form electrostatic interactions with
the negatively charged phosphate backbone of DNA in the nucleus. Also, the ICD for the L1
cell adhesion molecule (LLCAM) binds to the cytoskeletal proteins actin and ERM proteins
(Loers and Schachner, 2007; Herron, et al. 2009; Kiefel, et al. 2012). The ICD of E-cadherin
also binds to the cytoskeleton forming a tertiary complex with a-cadherin and B-catenin
(zaidel-Bar, et al. 2013, Han, et al. 2012; Van Itallie, et al. 2014). It has been established that
L-selectin interacts with the ERM proteins ezrin and moesin (lvetic, et al. 2002). Potentially,
L-selectin ICD may be associated with these ERM proteins causing retention at the
cytoskeleton. | conceptualized that inhibiting degradation of the L-selectin ICD causes
accumulation in these subcellular organelles which the cell lysis buffer does not solubilize.
Suh et al achieved detection of AICD by directly lysing cells in Laemmli buffer (Suh, et al.
2011). This approach was beneficial to our studies for two reasons. Firstly, direct lysis would
prevent intracellular proteases from degrading the ICD of L-selectin. Secondly, the whole
cell lysate would be run and analysed by immunoblotting to determine if the ICD of L-

selectin was present in insoluble pellets. TCR stimulation of Molt3 T cells was shortened to 5
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min to suppress potential rapid degradation of the ICD of L-selectin. A band at 5 kDa was
detected which was initially thought to be the ICD of L-selectin. However, incubation with
either L-685 or DAPT (Fig 5.4 E and F) did not affect the band intensity. It needs to be taken
into consideration that highly concentrated protein lysates from 1 x 10° Molt3 T cells were
run on a 16 % tricine gel. Conceivably, the band at 5 kDa could be a smeared band

reminiscing from the MP product at 8 kDa due to poor running of the lysate.

We have previously seen a non-reproducible 13 kDa fragment of L-selectin in Molt3 T cells
that was cleared after inhibition of ADAM 17 and y-secretase (Fig 5.4 B and C), we
hypothesised that this band represents a post-transnationally modified form of the cleaved
L-selectin ICD. I initially hypothesised that the 13 kDa band represents a monoubiquitinated
ICD of L-selectin. Monoubiquitination of cytosolic proteins allows entry to the nucleus
where they act as gene transcriptional factors (Huang and D’Andrea, 2006).
Monoubiquitination of the L-selectin ICD may induce trafficking to the nucleus. However,
ubiquitination of L-selectin may initiate degradation proteasome as seen for Notch (Oberg
et al 2001; Gupta-Rossi, et al. 2001, Fryer, et al. 2004). Rapid degradation would verify the
non-reproducibility of the 13 kDa fragment. However, proteomic analysis has only shown
one ubiquitin site at K78 in the ectodomain of L-selectin (Mertins, et al. 2013) which could
suggest that the ICD is not monoubiquitinated after PS1 proteolysis of the MP product.
Further experiments would need to be performed to determine whether the ICD of L-
selectin is monoubiquitinated after proteolysis. TCR-activated Molt3 T cells could be co-
transfected with non-tagged L-selectin and HA-tagged ubiquitin, directly lysed in Laemmli
buffer and then incubated with anti-HA magnetic beads to pull down ubiquitin. Western

blot analysis could then be performed to monitor detection of non-tagged L-selectin cleaved
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fragments using a C terminal CA21 antibody, which binds the C-terminal 8 amino acids of

the ICD.

Rzeniewicz et al showed that Ser3®* and Ser3¢7 in the L-selectin ICD are both phosphorylated
after cell activation (Rzeniewicz, et al. 2015). Potentially, this 13 kDa band could also
represent a phosphorylated form of the cleaved L-selectin ICD. SDS in the reducing buffer
disrupts the tertiary structure in proteins by breaking disulphide bonds generating linear
polypeptides. Subsequently, SDS evenly coats these linear polypeptides with a negative
charge allowing all proteins to have similar mass to charge ratios where the rate of

migration during electrophoresis is effectively determined by molecular weight. The
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introduction negatively charged phosphate groups to Ser*** and Ser*®’ could interfere with
SDS-protein interactions modifying the mass to charge ratio which would affect the rate of
migration for the cleaved ICD clarifying why the band is detected at a higher molecular
weight of 13 kDa. To determine whether the 13 kDa band represents a phosphorylated form
of the cleaved ICD of L-selectin, TCR-activated Molt3 T cells could be lysed in the presence of
a serine phosphatase inhibitor such as calyculin A (Harhaj, et al. 1997) to enrich this
fragment followed by pull down using cobalt-coated dynabeads to bind the His tag of L-

selectin. Pulled down L-selectin would then be immunoblotted with an anti-phosphoserine

antibody to detect the phosphorylated cleaved fragments of L-selectin.
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6. Mutating L-selectin causing resistance to

intramembrane proteolysis by PS1

6.1 Introduction

Previous chapters described intramembrane proteolysis of L-selectin and discussed
evidence from Ann Ager’s laboratory that cleavable L-selectin clears virus infection better
than non-cleavable L-selectin, leading to the hypothesis that this may be driven by the short

lived y-secretase product described in this thesis (section 5.3).

In order to be able to address this hypothesis experimentally, | wanted to mutate potential
y-secretase site in the L-selectin transmembrane sequence to generate mutants that resist
y-secretase dependent proteolysis. These mutants can then later be used in virus clearance

assays to answer the question above.

Similar mutations have been described for other type | transmembrane proteins such as
Trop-2 where valine (Val) 286 to lysine (Lys) (V286K) mutations in the Trop-2
transmembrane sequence cause loss of PS1 dependent cleavage (Stoyanova, et al. 2012)
and loss of function of Trop-2. Based on this work, a similar point mutation was introduced
into the transmembrane region of L-selectin, where isoleucines (lle) 351 or 352 were
mutated to Lys (I351K or 1352K L-selectin). | hypothesised that positively charged lysine
would induce electrostatic interactions with negatively charged phospholipids at the lipid
bilayer (Fig 6.1 A) In collaboration with Pierre Rizkallah (Cardiff University) We also mutated
lle3*' to tryptophan (Trp). Isoleucine contains a hydrocarbon side chain, in contrast,

tryptophan possess a bulky indole ring (Fig 6.1 B). | argued that the indole ring of tryptophan
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would sterically hinder the equally bulky benzyl group of neighbouring phenylalanine at
residue 350 changing the structure of the transmembrane region of L-selectin (Fig 6.1 C).
Change in structure of 1351K, 1352K or I351W L-selectin potentially hides the PS1 cleavage
site or disrupts enzyme substrate complexes. Additionally, this structural conformation
change may sterically hinder L-selectin from entering the active site cleft of PS1 preventing

intramembrane proteolysis.
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Figure 6.1: Model showing the structural changes of L-selectin mutants. (A) Introduction of
positively charged lysine at residue 351 or 352 in the transmembrane region of L-selectin
would repel the hydrophobic phospholipid tails of the lipid bilayer and interact with
negatively charged phospholipids heads at the surface of the membrane (shown in red box).
Consequently, the transmembrane region of L-selectin changes structure burying the PS1
cleavage site causing resistance to intramembrane proteolysis. (B) Isoleucine contains a
hydrocarbon side chain. In contrast both tryptophan and phenylalanine contain large bulky
side chains. Specifically, phenylalanine possesses an indole ring and tryptophan comprises a
benzyl group. Side chains are illustrated in red boxes. (C) The 1351W mutation would cause
phenylalanine and tryptophan to be positioned adjacent to one another at residues 350 and
351 respectively. The large bulky side chains of phenylalanine and tryptophan would
sterically hinder one another causing the structure of the transmembrane of L-selectin to
change. Change in structure would disrupt substrate enzyme complexes or prevents L-
selectin from entering the active site cleft of PS1 due to steric hindrance.
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6.1.1 Aims of the chapter

e To generate a mutant of L-selectin resistant to intramembrane proteolysis by PS1
causing accumulation of the MP product and allowing future analysis of the role of

the PS1 product in viral clearance models.
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6.2 Generation of Molt3 T cells expressing V5 His 1352K

mutated L-selectin

| previously generated a pcDNAS plasmid containing 1352K L-selectin V5 His during my MRes
studies. A PCR was used to amplify the insert (Fig 6.2 A) which was then cloned into a
linearized pSxW plasmid (Fig 6.2 B) using the In-fusion cloning technique (Fig 3.4). A BamH]
restriction digest confirmed that the pSxW plasmid contained the insert 1352K L-selectin V5

His at 1281 bp which was absent in the original template plasmid (Fig 6.2 C)

The plasmid was sent for sequencing, confirming that the 1352K mutation has been

introduced.
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Figure 6.2: Generation of Molt3 T cells stably expressing 1352K L-selectin. (A-C) The
production of a pSxW plasmid expressing DNA for V5 His I1352K L-selectin. Lane 1 of all the
images represents the 1 kb plus DNA ladder (A) PCR amplification of V5 His I1352K L-selectin.
Lane 2 shows PCR amplified V5 His 1352K L-selectin (1184 bp). (B) BamHI digest of pSxW
plasmid. Lane 2 shows BamHI digest of the pSxW plasmid originally expressing ZFN-1 and
rCD2. BamHI linearized the pSxW plasmid removing ZFN-1 and rCD2. This generated a
linearized pSxW plasmid at 8942 bp. (C) Miniprep DNA isolated from carbenicillin selected
DH5 a colonies transformed with pSxW-I1352K L-selectin plasmid were digested with BamHI
to confirm expression of the 1352K L-selectin insert. Lane 2 represents the original pSxW
plasmid digested with BamHI. Lane 3 represents pSxW plasmid containing the 352K L-
selectin insert at 1173 bp. (D) Lentivirally transduced Molt3 T cells stably express high levels
of 1352K L-selectin (red peak); there was no overlap with the isotype control (grey peak).
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Molt3 T cells were transduced with a pLentivirus preparation encoding I1352K L-selectin.
After 48 h post transduction, Molt3 T cells were analysed using flow cytometry analysis

which showed high levels of expression for 1352K L-selectin (Fig 6.2 D).

6.3 Determining if 1352K L-selectin is resistant to PS1

proteolysis

To ensure that 1352K L-selectin was expressed at the cell surface and susceptible to
ectodomain proteolysis by ADAM 17 following activation of the T cell receptor, flow
cytometry and ELISA were used to monitor cell surface expression and soluble L-selectin
levels in media. Levels of proteolysis were compared to WT L-selectin and the non-
sheddable AM-N mutant. L-685 or DMSO treated Molt3 T cells expressing WT, 1352K or AM-

N L-selectin were incubated using anti-CD3/CD28 or IgG control dynabeads (Fig 6.3 A-E).
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Figure 6.3: 1352K L-selectin does not show resistance to PS1 proteolysis. (A-C) L-685 or
DMSO treated Molt3 T cells expressing WT, 1352K or AM-N L-selectin were incubated with
anti-CD3/CD28 or IgG control dynabeads for 1 h. (D) The percentage expression of cell
surface L-selectin was calculated from three independent experiments (n=3). (E) Histograms
show release of soluble (sL-selectin) based on the mean value of three independent
experiments, + SD, ** P <0.05, *** P <0.05. (F) A subset of T cells was used for western blot
analysis. (G and H) Histograms show levels of full length (G) or MP product (H) compared to
non-TCR stimulated Molt3 T cells based on the mean of three independent experiments
n=3, SD %, *P <0.05, **P <0.05. A one-way ANOVA with post-hoc Tukey test was used for

statistical analysis.
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Resting T cells showed similar levels of cell surface WT and AM-N L-selectin. However,
expression of the 1352K L-selectin was 50 % lower (Fig 6.3 A and D). Flow cytometry and
western blot analysis showed that levels of full length WT and 1352K L-selectin decreased
after TCR stimulation, regardless of L-685 treatment (Fig 6.3 B, C, D, F, G). TCR-activated T
cells also showed a 1.7 fold and 1.8 fold increase of released sL-selectin for WT and 1352K L-
selectin respectively (Fig 6.3 E). AM-N L-selectin was resistant to proteolysis as expected (Fig
6.3 B, C, D, E, F, G). These results showed that 1352K L-selectin was present at the cell

surface and cleaved by ADAM 17 in response to TCR activation.

To determine the amount of MP product produced western blot analysis was performed.
The MP product of WT and 1352K L-selectin were detected in resting and TCR-activated T
cells. The MP product was not detected in lysates from AM-N L-selectin expressing cells
confirming its resistance to ectodomain proteolysis (Fig 6.3 F). Incubation of TCR-activated T
cells with L-685 caused a 17-fold and 6-fold increase of MP product levels for WT and 1352K
L-selectin respectively (Fig 6.3 F and H). TCR stimulation therefore caused PS1 dependent
proteolysis of 1352K L-selectin which was inhibited by L-685 leading to enrichment of the MP

product.
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6.4 Determining if I351W or 1351K mutated L-selectin is

resistant to PS1 proteolysis

Based on our data in section 6.3, Pierre Rizkallah (Cardiff University) suggested mutating lle
at residue 351 to Trp (1351W); the bulky side chains of Trp3*' and neighbouring Phe3*° would
cause a structural change in the L-selectin transmembrane region due to sterical hindrance
between these amino acids. We also mutated Ile3*' to Lys (1351K) to determine if positively

charged lysine at this position would show more resistance to PS1 proteolysis (Fig 6.4).
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Figure 6.4: Structural models representing 1I351W and 1351K mutated L-selectin. (A)
Structural model for I351W L-selectin. Isoleucine (in green) at residue 351 in the
transmembrane region of L-selectin is mutated to tryptophan (in pink). The hydrocarbon
side group of isoleucine is replaced with a bulky indole ring which hypothetically causes
steric hindrance to neighbouring residues. (B) Structural model of 1351K L-selectin.
Isoleucine (in green) at residue 351 is mutated to lysine (in yellow and blue). Replacement of
hydrophobic isoleucine to a positively charged lysine likely repels the other hydrophobic
residues in the transmembrane region of L-selectin and also the lipid bilayer (in blue)
causing structural changes. Change of structure at the transmembrane region of both 1351W
and 1351K L-selectin likely hides the PS1 cleavage site causing resistance to intramembrane
proteolysis. Models were generated by Pierre Rizkallah (Cardiff University).
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Rosie Collings (PTY student, Cardiff University) performed site directed mutagenesis to
generate pcDNAS plasmids expressing V5 His 1351W and I351K mutated L-selectin. Plasmids

were sent for sequencing, which confirmed that mutations were introduced correctly.

PS1 resistance of I351K and 1351W L-selectin was tested in WT MEF cells. Transfected WT

MEF cells were incubated with DMSO or L-685 (Fig 6.5).
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Figure 6.5: 1351W L-selectin shows resistance to PS1 proteolysis in MEF cells. (A) WT MEF
cells were transiently transfected with WT, I351W or 1351K L-selectin V5 His. MEF cells were
incubated with DMSO or L-685 for 1 h. (B) Histograms shows levels of MP product in DMSO
and L-685 treated MEF cells based on the mean value of three independent experiments
n=3, + SD, *P<0.05. A one-way ANOVA with post-hoc Tukey test was used for statistical
analysis.
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Studies performed by Rosie Collings firstly showed that I351K L-selectin expression was
below the detection limit (Fig 6.5 A). | suggested that the 351K mutation caused structural
changes in L-selectin likely resulting in lysosomal/proteasomal degradation. The MP product
of both WT and 1351W L-selectin were detected in both DMSO and L-685 treated MEF cells.
Two bands for full length L-selectin were also detected between 62 and 98 kDa in L-685

treated MEF cells expressing WT L-selectin (Fig 6.5 A).

The MP product of WT L-selectin increased 2.7-fold after L-685 treatment in comparison to
the DMSO control. In contrast, the I351W MP product was stable and levels were identical
in DMSO or L-685 treated conditions (Fig 6.5 B). Therefore 1351W L-selectin was resistant to

PS1 proteolysis.

Following transient transfection analysis the 1351W mutant was shown to resist y-secretase
dependent proteolysis, thus 1351W L-selectin virus was produced and Molt3 T cells was
transduced with virus for further analysis. V5 His I351W L-selectin DNA was inserted into a
pSxW plasmid using In-fusion (Fig 3.4). Molt3 T cells stably expressing high levels of I351W L-

selectin were generated by pLentiviral transduction as seen by flow cytometry (Fig 6.6 A).
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Figure 6.6: I351W L-selectin shows resistance to PS1 proteolysis after TCR-activation. (A)
Lentivirally transduced Molt3 T cells shows cell surface expression for both WT (in red) and
I351W L-selectin (in blue) which does not overlap with the isotype control (in grey). (B)
DMSO or DAPT treated Molt3 T cells stably expressing WT or I351W L-selectin were
incubated with anti-CD3/CD28 or IgG control dynabeads for 15 min. (C) Histograms shows
levels of MP product in DMSO and L-685 treated MEF cells based on the mean value of
three independent experiments n=3, £ SD, *P<0.05. A one-way ANOVA with post-hoc Tukey
test was used for statistical analysis.
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DMSO or DAPT treated Molt3 T cells expressing WT or I351W L-selectin were incubated with
anti-CD3/CD28 or IgG control dynabeads for 15 min and directly lysed in Laemmli buffer and
analysed by western blotting. Full length L-selectin at 50 to 64 kDa and the MP product at 8
kDa were detected (Fig 6.6 B). Levels for the MP product of WT L-selectin in TCR-activated T
cells increased 4.8-fold after DAPT treatment (Fig 6.6 C). In contrast, the MP product levels
of I351W L-selectin were stable. This result illustrated that I351W L-selectin was resistant to

PS1 proteolysis following TCR activation.
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6.5 Discussion

In this chapter, | aimed to generate a mutant of L-selectin that was expressed at the cell

membrane and normally processed by ADAM 17, but resistant to PS1 dependent

351 352 ;

proteolysis. Using site directed mutagenesis, | mutated Ile*" or lle*>? in the transmembrane
region of L-selectin to Lys (I1351K or 1352K) and argued that positively charged lysine would
bind negatively charged phospholipids in the lipid bilayer burying the PS1 cleavage site (Fig
6.1 A). lle>*' was also mutated to Trp (1351W), where | suggested that the bulky side chains
of both Trp*" and neighbouring Phe3*° would sterically hinder one another resulting with a
structural change in the transmembrane region of L-selectin (Fig 6.1 B). My data showed
that only 1I351W L-selectin generated the same level of resistance to PS1 proteolysis in both
transfected MEF (Fig 6.5) and Molt3 T cells (Fig 6.6) as the pharmacological inhibitor L-685.
Together, this chapter illustrates that 1le3*! in the transmembrane region of L-selectin is
important for PS1 proteolysis. Furthermore, mutating lle3*' to an amino acid with a bulkier

side chain interrupts PS1 proteolysis by inducing structural changes in the transmembrane

region of L-selectin.

I initially mutated Ile3%2 to Lys (1352K) and argued that a positively charged residue in the
hydrophobic transmembrane region of L-selectin would cause structural changes burying
the PS1 cleavage site (Fig 6.1 A) and data confirmed that the 1352K mutation was expressed
at the cell surface and cleaved by ADAM 17 (Fig 6.3 A-E) in response to TCR stimulation (Fig
6.3 F and H). However, MP product levels of 1352K L-selectin increased 6-fold in L-685
treated TCR-activated T cells indicating that PS1 proteolysis was occurring (Fig 6.3 F and H).

This result showed that the 1352K mutation did not cause resistance to PS1 proteolysis.
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Expression of 352K L-selectin was 50 % lower in resting T cells when compared to WT and
AM-N L-selectin (Fig 6.3 A and D). However, amounts of released sL-selectin between WT
and 352K L-selectin were similar in both resting and TCR-activated conditions (Fig 6.3 E).
Potentially, 1352K L-selectin was more susceptible to ADAM 17 proteolysis than WT, because
CaM interacts with 1le3°2 and 1le3°* in the transmembrane region of L-selectin alongside
Leu®®® in the ICD (Gifford, et al. 2012). L-selectin/CaM complexes resist ectodomain
proteolysis by ADAM 17 (Kahn, et al. 1998; Gifford, et al. 2012), and thus, mutating Ile3*? to
Lys (1352K) likely disrupts this interaction encouraging ADAM 17 proteolysis. However, the
concentration of pLentivirus used to stably transduce Molt3 T cells with WT, 1352K or AM-N
L-selectin was not quantified. It is likely that Molt3 T cells were transduced with lower
concentrations of pLentivirus containing 1352K L-selectin in comparison to WT and AM-N. In
future experiments, Molt3 T cells would need to be transduced with equal amounts of
guantified pLentivirus to ensure the MOl is normalized. Molt3 T cells expressing equal levels
of WT, 1352K and AM-N L-selectin could then be stimulated with anti-CD3/CD28 dynabeads
to solidify our initial argument that the I1352K mutation sensitizes L-selectin to ADAM 17-
proteolysis. Additionally, WT, 1352K and AM-N L-selectin could be pulled down using cobalt
ion coated dynabeads and immunoblotted for CaM. This would determine whether the

352K mutation elevates ectodomain proteolysis by disrupting interactions with CaM.

Therefore, the mutation of 1351K was generated, as the mutation was outside the L-
selectin/CaM interaction site. The mutant was analysed in WT MEF cells for ADAM 17 and y-
secretase dependent processing. However, the expression level was below the detection
limit of western blot analysis (6.5 A). Membrane proteins use their TMDs as a stop transfer
signal sequence to orientate themselves in the plasma membrane (Blobel, et al. 1979).

Likely, structural changes in the transmembrane region of 1351K L-selectin either affects the
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stop transfer signal sequence preventing insertion in the plasma membrane or potentially,
mis-folded and aggregated L-selectin would be degraded. Mis-folded, aggregated proteins
are ubiquitinated and degraded by the autophagy-lysosomal pathway (Eskelinen, et al.
2009; Hara, et al. 2006; Komatsu, et al. 2006). Potentially, 1351K and to a lesser extent 1352K
L-selectin are also degraded after transcription leading to reduced expression in transfected

cells.

Pierre Rizkallah (Cardiff University) suggested mutating Ile3*' to Trp (1351W) to conserve the
hydrophobic mature of the transmembrane sequence of L-selectin at this position. The

350

bulky side chains of Trp3*' and of neighbouring Phe3*° would sterically hinder one another
modulating the structure of the transmembrane region of L-selectin. Our data shows that
I351W L-selectin was expressed at the cell membrane, showing increased cell surface
expression levels and importantly that the MP-product generated in response to T cell

receptor activation showed increased stability (Fig 6.5). Consequently, | have generated a

construct of L-selectin which potentially does not release an ICD after TCR stimulation.

Understanding how I351W L-selectin is PS1 resistant would allow us to learn how substrates
are proteolyzed by PS1. Hypothetically, a structural change in I351W L-selectin either
prevents entry into the PS1 active site, or buries the cleavage site abrogating proteolysis (Fig

6.7).
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Figure 6.7: Two models illustrating the mechanisms of 1351W L-selectin resistance to PS1
proteolysis. (1) (A). TMDs 6 and 7 form the active site of PS-1 (PS1). In resting T cells, the
active site of PS1 is in a closed configuration where hydrophobic domain VII (HDVII) is
positioned between TMD6 and 7. TMD9 of PS1 acts as a gate of the catalytic site, regulating
lateral migration of substrates. (B) After TCR stimulation PS1 induces endoproteolysis
removing HDVII from the PS1 active site. TCR stimulation also initiates ectodomain
proteolysis of L-selectin, allowing the MP product to bind TMD9 of PS1. TMD9 then rotates,
which is governed by a proline-alanine-leucine (PAL) motif, allowing entry of the MP product
to the active site. (C) Aspartate (Asp?*’and Asp3°8) (represented as yellow stars) in TMD6 and
7 respectively cause PS1 proteolysis of the MP product releasing the intracellular domain
(ICD) to the cytoplasm. (2) (A) The isoleucine to tryptophan mutation of I1351W L-selectin
induces a structural conformational change at the transmembrane region of the MP
product. Consequently, TMD9 does not recognise the structure of the MP product and does
not shift. The MP product of I351W L-selectin does not enter the active site of PS1. (3) (A).
Alternatively, the TMD9 does recognise the transmembrane region of 1351W L-selectin. (B)
The MP product of 1I351W L-selectin enters the active site by lateral diffusion. (C) However,
structural changes due to the 1351W mutation buries the PS1 cleavage site in the
transmembrane region of the MP product from Asp residues in TMD6 and 7 and
intramembrane proteolysis does not occur (Tolia, et al. 2008; Sato, et al. 2008; Fukumori, et
al. 2010).
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7. General discussion and future work

7.1 Summary of the results

The proteins studied in my thesis (Fig. 7.1A) show that in a resting T cell, L-selectin interacts
with ADAM 17, PS1 and nicastrin (Fig 7.1 B). After TCR stimulation, ADAM 17 is activated
and rapidly proteolyzes L-selectin at the ectodomain generating an MP product and then
dissociates. The MP product remains bound to nicastrin and PS1 (Fig 7.1 C). TCR activation
then induces endoproteolysis of PS1 which generates a catalytically active CTF that
proteolyzes the MP product in the transmembrane region releasing the L-selectin ICD. The
released L-selectin ICD is potentially monoubiquitinated initiating downstream signalling (Fig

7.1D).
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Figure 7.1: Summary of all findings and further hypothesises during my PhD. (1) Labelled
proteins as illustrated in summary. (2) In a resting T cell, L-selectin forms a complex with
PS1, nicastrin and ADAM 17. All enzymes are inactivated and proteolysis does not occur. (3)
Human leucocyte antigen presents cognate peptide to activate the TCR. After TCR
activation, ADAM 17 proteolyzes L-selectin at the ectodomain and dissociates. This
generates an MP product still bound to nicastrin and PS1. (4) TCR activation also induces
endoproteolysis of PS1 causing separation of the N and C termini. Activated PS1 then
cleaves the MP product at the transmembrane region releasing the L-selectin ICD. The L-
selectin ICD is potentially monoubiquitinated, which regulates further analysis to study the
function of this fragment. (5) Alternatively, the cleaved L-selectin ICD is not
monoubiquitinated, but instead released in the intracellular compartment after
phosphorylation at Ser3%* and Ser3®’.
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7.2 Limitations

During my studies, | found that AM-N L-selectin resisted ADAM 17-proteolysis in comparison
WT L-selectin (Fig 3.9). Also, cell surface expression of 1352K L-selectin was 50 % lower in
resting T cells than WT L-selectin, yet released similar levels of the soluble ECD after TCR-
activation (Fig 6.3, D and E). This possibly indicated that the 1352K mutation sensitized L-
selectin to ADAM 17 dependent proteolysis. Additionally, I351W L-selectin showed
resistance to PS1 dependent proteolysis in comparison to WT L-selectin in both MEF cells
(Fig 6.5) and TCR-activated Molt3 T cells (Fig 6.6, B and C). However, cell surface expression
of WT L-selectin was significantly different to AM-N (Fig 3.6, A and C), 1352K (Fig 6.3, A) and
I351W (Fig 6.6, A) L-selectin after lentiviral transduction, which potentially influenced the
outcomes from these studies. Unequal cell surface expression of WT, AM-N, 1352K and
I351W L-selectin is likely caused by a variance in the multiplicity of infection (MOI). The MOI
is defined as the number of lentiviral particles used to infect each cell. For my study, the
concentration of lentivirus was not quantified which consequently would have induced
variance of the MOI of each cell line causing a difference in the efficiency of lentiviral
transduction and cell surface expression of WT, AM-N, 1352K and I1351W L-selectin. In future
work, Molt3 T cells would need to be infected with equal amounts of quantified lentivirus
expressing WT, AM-N, 1352K or I351W L-selectin. For instance, the Lenti-X p24 rapid titer kit
(Takara Bio, USA) could be used to quantify lentivirus concentrations by detecting the capsid
protein p24. A microtiter plate would be coated with a capture antibody against p24, where
bound lentivirus would be detected using a secondary biotinylated anti-p24 antibody with
streptavidin or horseradish peroxidase. The amounts of lentivirus in the sample would then

be quantified against a standard curve plotted against the p24 peptide provided in the kit.
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During western blot analysis, | detected full length L-selectin at 56-62 kDa, which was
initially suggested as the membrane bound form (Fig 3.9, 3.10, 3.11, 4.5 A). However, during
my later studies, | detected non-reproducible, higher molecular weight bands of full length
L-selectin at 70 kDa to 110 kDa from Molt3 T cell lysates (Fig 5.3, A) alongside the released
soluble ECD at 110 kDa from MEF cells (Fig 4.5, B). In relation to my work, Rzeniewicz et al,
also showed detection for two bands of full length L-selectin at 50 kDa and 80 kDa whey
they suggested that the higher molecular weight band was a glycosylated, membrane bound
form and the lower molecular weight was a non-glycosylated intracellular form (Rzeniewicz,
et al. 2015). Based on these findings, it is possible that full length L-selectin detected at 56-
62 kDa from my Molt3 T cell and MEF cell lysates represents the non-glycosylated
intracellular form and the bands at 70 to 110 kDa represent the glycosylated, membrane
bound from. Future studies would need to be performed to determine whether TCR-
induced ADAM 17 and PS1-proteolysis of L-selectin (Fig 5.3), alongside ADAM 17 (Fig 3.10),
PS1 (Fig 5.7) and nicastrin (Fig 5.8) interactions as displayed during my studies have
occurred at the membrane or intracellular region. Rzeniewicz et al, used Nonidet P-40 in
their cell lysis buffer to solubilize membrane proteins instead of Triton-X, which was used
during my studies (Rzeniewicz, et al. 2015). In future experiments, Molt3 T cells could be
lysed in the presence of Nonidet P-40 to detect reproducible, higher molecular weight
bands at 70-110 kDa for full length L-selectin. Subsequently, surface biotinylation
experiments would then be performed to determine whether full length L-selectin at 56-62
kDa or 70-110 kDa is membrane bound. After biotinylation of Molt3 T cells, labelled cell
surface L-selectin would be immunoprecipitated using streptavidin, followed by immunoblot

analysis using anti-V5 to monitor detection for these bands.
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Throughout my PhD studies, | aimed to show that ADAM 17 proteolyzes L-selectin
generating an MP product which was further cleaved by PS (Fig 1.25). To accomplish this, |
transfected L-selectin V5 His into WT and PS deficient MEF cells. These PS deficient MEF
cells caused accumulation of the MP product in comparison to WT MEFs which showed that
PS induces intramembrane proteolysis. However, detection for full length L-selectin was
often below the threshold and did not increase after incubation with the wide-spectrum
metalloproteinase inhibitor Ro 31-9790 (Fig 4.3 A and C). Instead, Ro 31-9790 caused
increased release of the soluble ECD shown by both ELISA (Fig 4.3 G) and immunoblot
analysis (Fig 4.5 B). As Ro 31-9790 only caused increased detection of the soluble ECD in the
presence of ADAM 17 (Fig 4.5, B), | reasoned that L-selectin was proteolyzed by an unknown
metalloproteinase in the MEF cells which was regulated by ADAM 17 activity (Fig 4.4).
Western blots obtained from these PS deficient MEF cells therefore did not display my initial
hypothesis for L-selectin proteolysis as ADAM 17-dependent ectodomain shedding followed
by intramembrane cleavage by PS (Fig 1.25). However, pre-incubation of Molt3 T cells using
Ro 31-9790 (Fig 3.7) and anti-ADAM 17 antibody (Fig 3.9) caused accumulation of full length
L-selectin. Additionally, further studies in Molt3 T cells have shown loss of full length L-
selectin after TCR-activation followed by PS1 proteolysis of the MP product (Fig 5.3) which
correlates with my hypothesis (Fig 1.25). For future work, PS1 and/or PS2 would need to be
gene silenced in Molt3 T cells expressing L-selectin V5 His. WT and PS deficient Molt3 T cells
would then be incubated with the anti-ADAM 17 antibody or control (ADAM 17 D1(A12))
antibody in both resting and TCR-activated conditions to display both ADAM 17 and PS

dependent proteolysis
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7.3 Conclusions

7.3.1 TCR activation induces ADAM 17 and PS1 dependent

proteolysis of L-selectin

Data generated from Ann Ager’s laboratory has shown that TCR activation induces ADAM 17
proteolysis of L-selectin which generates an MP product comprised of a transmembrane
region and 17-amino acid L-selectin ICD (Fig 3.1). For my PhD, | wanted to determine
whether the MP product was further processed by PS, the catalytic subunit of y-secretase.
APP and Notch are proteolyzed by both PS1 and PS2 (Steiner, et al. 1999; De Strooper, et al.
1998; De Strooper, et al. 1999), whereas ErbB4 and E-cadherin are exclusively shed by PS1
(Marambaud, et al. 2002; Hoeing, et al. 2011). In this study, | wanted to learn whether the
MP product of L-selectin was shed by PS1 and/or PS2. Based on time constraints and
costing, | was unable to gene silence PS1 and PS2 in T cells and monitor L-selectin
proteolysis after TCR activation. Instead, | used PS deficient MEF cells obtained from
Professor Bart De Strooper which were complemented with PS1 and/or PS2. | found that
PS1, but not PS2 expression was required for proteolysis of the L-selectin MP product (Fig
4.3 E and F). Subsequently, | wanted to determine whether TCR stimulation induces PS
proteolysis of the MP product after ADAM 17 shedding. My data demonstrates for the first
time that TCR stimulation induces both ADAM 17 and PS proteolysis of L-selectin. ADAM 17
proteolysis of L-selectin was rapid and occurred after 5 min TCR activation generating the
MP product (Fig 5.2 D, Fig 5.3 A and C) which was further processed by PS after 15-60 min
(Fig 5.3 A, E and F). | also showed that TCR activation induces endoproteolysis of PS1

generating a catalytically active CTF from 5 min to 15 min. This result illustrated that TCR
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stimulation activated PS1, which proteolyzed the MP product of L-selectin. The PS

generated L-selectin ICD was below the detection threshold and is outlined in section 7.2.2.

In future research, ADAM 17 and PS proteolysis of non-tagged, endogenous L-selectin could
be monitored in human proliferating CD8+ T cells stimulated using anti-human CD3/CD28

dynabeads and immunoblotted using a CA21 C terminal antibody for L-selectin.

7.3.2 The L-selectin ICD is not reproducibly detected during

immunoblot analysis

| attempted to optimize conditions to detect a PS1 cleaved L-selectin ICD by western blot
analysis. ICDs of other type | transmembrane proteins such as AICD and NICD are also
difficult to detect by western blot analysis (Pimplikar, et al. 2011), due to their rapid
lysosomal/proteasomal degradation. Studies have compromised degradation by
overexpressing synthetic peptides of AICD and NICD, which accumulate in the nucleus and
act as transcriptional factors (Ellisen, et al. 1991; Grabher, et al. 2006; Cao and Sudhof,
2001; Sterner and Berger, 2000). Based on these findings, | strongly argued that the L-
selectin ICD is either rapidly degraded or trafficked to a subcellular compartment which was
not solubilized during cell lysis buffer lysis. A recent study showed that AICD is detectable
after direct cell lysis in Laemmli buffer (Boland, et al. 2010) as opposed to our protocol of 35
min lysis in cell lysis buffer. | thought that direct lysis in Laemmli buffer would prevent
degradation of L-selectin ICD and solubilize all subcellular compartments. TCR-activated T
cells lysed under these conditions caused detection of a non-reproducible 13 kDa L-selectin
fragment blocked by ADAM 17 (Fig 5.4 C) and PS1 (Fig 5.4 B) inhibition. ICD of L-selectin has
an approximate molecular weight of 5 kDa and that of ubiquitin is 8 kDa. The L-selectin ICD

could therefore be monoubiquitinated after PS1 proteolysis explaining this 13 kDa band.
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Other ICDs such as NICD and ErbB4 (EICD) are ubiquitinated prior to proteasome
degradation (Oberg, et al. 2001; Gupta-Rossi, et al. 2001; Fryer, et al. 2004). Additionally,
monoubiquitination has also been shown to promote nuclear import of proteins such as
phosphatase and tensin homolog (PTEN) (Trotman, et al. 2007). The L-selectin ICD contains
a conserved C terminal PY motif. Studies have shown that C terminal PY motifs act as
nuclear import signals for Hrp-1 and Nab-2 (Lange, et al. 2008) so could potentially also
regulate nuclear import of L-selectin ICD. The short 17-amino acid L-selectin ICD also
contains 8 positively charged residues which likely induce electrostatic interactions with the
negatively charged phosphate backbone of DNA. The L-selectin ICD could be
monoubiquitinated, regulating intracellular degradation and/or nuclear import. However,
proteomics analysis has only shown one ubiquitin site for L-selectin at lysine 78 in the
ectodomain which could suggest that the ICD is not monoubiquitinated. However, cell
activation has shown to induce phosphorylation of Ser®®* and Ser®®” in the L-selectin ICD
(Rzeniewicz, et al. 2015). The 13 kDa band could therefore alternatively display a

phosphorylated form of the cleaved L-selectin ICD.

To facilitate detection of the L-selectin ICD, lysates should be run on 16 % polyacrylamide
Tris-Tricine gels used in a longer vertical electrophoresis unit (16.5 cm X 14.5 cm) which has
previously been optimized to detect small peptides (Boland, et al. 2010). To determine
whether the L-selectin ICD is rapidly degraded, T cells should be incubated with
lysosomal/proteasomal inhibitors prior to TCR-activation and directly lysed in Laemmli
buffer. Additionally, lysosomes could be labelled with dextran conjugated magnetite and T
cells incubated with lysosomal inhibitors preceding TCR-activation and analysed for V5 His
fragments using immunoblotting to implicate or eliminate degradation of L-selectin ICD.

During western blot analysis, 0.2 uM pore size PVDF membranes and 20 % methanol in the
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transfer buffer can also be used to optimize transfer of the small L-selectin ICD as used

during my PhD studies.

After achieving detection of the L-selectin ICD, further experiments would then be
performed to monitor potential ubiquitination or phosphorylation. Firstly, to confirm
whether L-selectin ICD is monoubiquitinated, TCR-activated Molt3 T cells co-transfected
with HA-tagged ubiquitin and non-tagged L-selectin could be directly lysed in Laemmli buffer
and later incubated with anti-HA magnetic beads to pull down ubiquitin. Immunoblot
analysis would then be performed to monitor detection of L-selectin cleaved fragments
using C terminal CA21 antibody. Additionally, TCR-activated Molt3 T cells could be lysed in
the presence of a serine phosphatase such as calyculin A and later incubated with cobalt-ion
coated dynabeads to bind the His tag of the enriched cleaved fragments of L-selectin. These
cleaved fragments of L-selectin would be immunoblotted using an anti-phosphoserine

antibody to monitor detection for the 13 kDa band.

7.3.3 L-selectin and ADAM 17 interaction is disrupted after TCR

activation

Hartmann et al revealed that ADAM 10 interacts with CD44 where immortalized mouse
embryonic fibroblast cells were incubated overnight with the wide spectrum
metalloproteinase inhibitor GM-6001 to capture ADAM 10/CD44 complexes (Hartmann, et
al. 2015). | used these conditions to determine whether ADAM 17 interacts with L-selectin in
both resting and TCR-activated T cells. Molt3 T cells were treated overnight with Ro 31-9790
and later incubated with C1R cells pulsed with or without 10™* M SLY peptide. | showed that
L-selectin and ADAM 17 interact in a resting T cell and dissociate after TCR-activation (Fig

3.10). It is currently unknown whether ADAM 17 and L-selectin interact with their
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ectodomains or ICDs. Understanding this would provide a biochemical insight on how TCR

stimulation induces ADAM 17 dissociation from L-selectin.

7.3.3.1 ADAM 17 and L-selectin interact using their ICDs?

PMA induces ADAM 17 proteolysis of L-selectin (Kahn, et al. 1996; Peschon, et al. 1998) and
activates PKC isozymes © and a which bind Ser®®* and Ser®*®’ in L-selectin ICD (Killian, et al.
2004). Killock mutated Ser3®* and Ser®®” to non-phosphorylatable alanine (S364A and S367A)
and phospho-mimicking aspartic acid (5364D and S367D). Expectantly, phospho-mimicking
S364D and S367D L-selectin would be susceptible to proteolysis, whereas non-
phosphorylatable S364A and S367A L-selectin would be resistant. S367A and S367D
responded as predicted, however both S364A and S364D were resistant to proteolysis
(Killock, et al. 2010). Potentially, ADAM 17 could interact with Ser®®* which is disrupted for
both S364A and S364D L-selectin explaining resistance of proteolysis for both mutants.
Additionally, Rzeniewicz et al later shown that phosphorylation of Ser3¢* regulates the
dissociation of CaM (Rzeniewicz, et al. 2015). It is possible that after TCR stimulation, PKC

364 in L-selectin ICD regulating interaction with both

isozymes 6 and a phosphorylate Ser
CaM and ADAM 17. CaM may dissociate firstly, exposing the membrane proximal region for
ADAM 17 proteolysis. ADAM 17 would then dissociate after proteolysis freeing

phosphorylated Ser3®* in the L-selectin ICD of the MP product to bind other protein partners

for signalling pathways.

We have already generated L-selectin V5 His (S364A and S367A) or (5364D and S367D)
double mutants expressed in a pSxW plasmid to transduce Molt3 T cells. For future
experiments, mutated L-selectin from both resting and TCR-activated T cells should be

pulled-down and immunoblotted for ADAM 17. | would expect only non-phosphorylatable
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S364A/S367A L-selectin to interact with ADAM 17. If correct, | could immunoblot singly
mutated S364A, S367A, S364D or S367D L-selectin with ADAM 17 to determine whether

phosphorylation at Ser-364 or Ser-367 disrupts this interaction after TCR stimulation.

However, other residues in L-selectin and/or ADAM 17 may be phosphorylated that govern
interaction such as tyrosine or threonine residues. To monitor this, WT L-selectin V5 His
could be pulled down from both resting and TCR-activated T cells and immunoblots stained
for anti-phospho-tyrosine and anti-phospho-threonine antibodies. Detected bands would be

monitored for molecular weights corresponding to L-selectin and ADAM 17.

7.3.3.2 ADAM 17 and L-selectin interact using their ectodomains?

Recently, it has been emerged that ADAM 17 contains a 14-amino acid sequence between
the MP domain and transmembrane region termed CANDIS which interacts with amino
acids 317-ESRSPPAENEVSTPMQ-332 in the ectodomain of IL-6R (Dusterhoft, et al. 2014).
Chen et al truncated 8-amino acids (MIKEGDYN) in the membrane proximal region of L-
selectin which causes resistance to ADAM 17 proteolysis (Chen, et al. 1995) (Fig 1.7). |
argued that amino acids MIKEGDYN in the membrane proximal region of L-selectin interact
with CANDIS and hypothesised that truncation of MIKEGDYN abolishes interactions between
L-selectin and ADAM 17. However, my data did not support this initial hypothesis as AM-N L-
selectin and ADAM 17 interacted and importantly did not dissociate after TCR-activation as
seen for WT L-selectin (Fig 3.10 and Fig 3.11). The MIKEGDYN region of L-selectin could
regulate ADAM 17 dissociation after TCR stimulation. However, this result was from a single
observation (n=1) and would need to be repeated using a positive control for TCR-activation

to solidify this suggestion.
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Further studies would need to be completed to determine whether ADAM 17 and L-selectin
interact using their ectodomains. Disterhoft et al generated a construct where only the MP
domain of ADAM 17 containing CANDIS was linked to a glycosylphosphatidylinositol (GPI)
anchor to the plasma membrane (MPD17plusCANDIS-GPI). MPD17plusCANDIS-GPI
interacted with IL-6R during immunoprecipitation analysis confirming that
enzyme/substrate complexes were formed through ectodomains. The MPD17plusCANDIS-
GPI construct would be useful as the ADAM 17 ICD is truncated allowing us to monitor only
ectodomain interactions between ADAM 17 and L-selectin. If the MP domain and L-selectin
co-immunoprecipitate, | could then compare sequences between IL-6R and L-selectin to
monitor any homologous regions which would bind CANDIS. These regions in the
ectodomain of L-selectin could be mutated or truncated before monitoring interactions with

MPD17plusCANDIS-GPI.

7.3.4 Y-secretase subunits nicastrin and PS1 interact with L-

selectin in both resting and TCR-activated T cells

Nicastrin and Aph-1 are both termed as substrate binding domains of y-secretase. Aph-1
interacts with full length y-secretase substrates, while nicastrin uses Glu-333 to bind the
exposed N terminus after ectodomain proteolysis (Chen, et al. 2010; Shah, et al. 2005; Dries,
et al. 2009). Additionally, Xia et al found that both PS1 and PS2 form complexes with APP in
living cells (Xia, et al. 1997). | monitored interactions between L-selectin, nicastrin and PS1
and preserved enzyme/substrate complexes after overnight incubation with L-685. | argued
that TCR activation and ectodomain proteolysis of L-selectin were required before nicastrin
and PS1 interacted with the MP product. However, my data showed that L-selectin

interacted with both nicastrin and PS1 in both resting and TCR-activated T cells (Fig 5.7 and
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5.8). Also, both full length and MP product were pulled down and | was therefore unable to

determine which form of L-selectin interacted with nicastrin and PS1.

In future experiments, nicastrin and PS1 could be pulled-down from resting and TCR-
activated T cells and immunoblotted for endogenous L-selectin using the CA21 C terminal
antibody. | would then be able to determine whether full length or MP product of L-selectin

interacts with nicastrin and PS1 in resting and TCR-activated conditions.

7.3.5 ADAM 17-independent proteolysis of L-selectin

Walcheck et al showed metalloproteinase dependent L-selectin proteolysis in ADAM 17-
deficient fibroblasts that generated the MP product and release of sL-selectin (Walcheck, et
al. 2003). In relation to my studies, L-selectin transfected in ADAM 17-deficient MEF cells
with or without complemented ADAM 17 was proteolyzed and generated an MP product
which was a substrate for PS. Regardless of ADAM 17 expression, full length L-selectin
increased after incubation with Ro 31-9790 confirming that proteolysis was regulated by
additional metalloproteinase(s) (Fig 4.5 A, C and D). PMA only caused release of a 54 kDa
soluble L-selectin ECD in the presence of ADAM 17 (Fig 4.5 B) revealing that the other
metalloproteinase(s) are activated by different biochemical pathways than ADAM 17.
However, another form of sL-selectin at 100 kDa was released regardless of ADAM 17

expression and/or PMA stimulation.

In my later studies, | also observed ADAM 17 independent proteolysis of L-selectin in resting
T cells. Although | demonstrated that AM-N L-selectin was resistant to ADAM 17-proteolysis
after TCR stimulation (Fig 3.9) and showed high cell surface expression in both resting and
TCR-activated T cells, sL-selectin was released in resting T cells which did not elevate after

TCR activation (Fig 6.3 A, B, C and E). Also, WT sL-selectin was released at similar levels as
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AM-N in resting T cells and elevated 2X after TCR-activation (Fig 6.3 E). Additionally, in
resting T cells, WT sL-selectin increased around 4X after 5 min which elevated a further 3.3
fold after TCR-stimulation (Fig 5.2 E). In relation to these studies, Li et al showed that levels
of released sL-selectin from resting neutrophils were similar in WT and ADAM 17-deficient
mice illustrating that homeostatic proteolysis of L-selectin was not dependent on ADAM 17
(Li, et al. 2006). My data therefore illustrates that in resting T cells and MEFs, L-selectin is
proteolyzed by unknown metalloproteinase(s) which is independent of ADAM 17 activity

and cell activation by PMA or TCR-activation.

Reduced sL-selectin in the plasma is correlated to immune diseases such as adult respiratory
distress syndrome (ARDS), sclerosis and vasculitis (Donnelly, et al. 1994; Blann, et al. 2001).
Homeostatic proteolysis of L-selectin in resting T cells is therefore important to maintain
high-levels of sL-selectin in the plasma at around 1.5 pg/mL to prevent these inflammatory
diseases (Schleiffenbaum, et al. 1992). Future studies will need to be performed to identify
the other metalloproteinase(s) which proteolyze L-selectin. In studies done by Gall, et al. WT
MEF cells were transfected with L-selectin and incubated with ADAM 17-specific inhibitor
SP26 for 2 days and showed ADAM 10-dependent proteolysis after cell-activation with
ionomycin (Le Gall, et al. 2009). Additionally, Gdmez-Gaviro et al found that cell surface and
soluble ADAM 8 proteolyzes L-selectin in ADAM 17-deficient monocytes (Gémez-Gaviro, et
al. 2007). L-selectin could be transiently transfected in ADAM 17-deficient MEF cells and
incubated with ADAM 10-specific inhibitor GI254023X (Gl) or ADAM 8-inhibitory peptide BK-
1361 and collected supernatants would be immunoblotted and analysed using ELISA to
determine if inhibition of ADAM 10 or ADAM 8 causes loss of sL-selectin at 100 kDa. ADAM
10, which unlike ADAM 17 is activated upon increased intracellular Ca,* influx after ATP

interacts with and stimulates P2X purinoceptor 7 (P2X7 receptor). L-selectin and P2X7
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receptor could be co-transfected in ADAM 17-deficient MEF cells. P2X7 would be activated
using ATP and as a positive control cells could also be stimulated using ionomycin.
Stimulated cells in the presence of ADAM 10-specific inhibitor GI254023X or solvent control
would be lysed and analysed by immunoblot analysis to monitor ectodomain proteolysis of
L-selectin for the cleaved C terminal V5 fragments using V5 antibody or 100 kDa sL-selectin
using anti-N terminal CD62L antibodies. Additionally, Molt3 T cells expressing AM-N L-
selectin could be incubated with ionomycin in the presence of Gl or DMSO to determine

whether ADAM 10-activation increases release of sL-selectin at 100 kDa.

7.4 Future work

7.4.1 Does TSPAN CD9 form a single multiprotease complex

consisting of L-selectin, ADAM 17 and PS1?

Chen et al showed that y-secretase subunit Aph-1 immunoprecipitates with ADAM 10 or
ADAM 17 in separate complexes in the plasma, where both ectodomain and intramembrane
proteolysis of APP occurs by a single multiprotease complex. Furthermore, TSPANs 12 and
17 regulated interactions between ADAM 10, y-secretase and APP which were crucially
required for proteolysis (Chen, et al. 2015). Other studies have shown that TSPAN CD9 binds
to ADAM 17 and reduces it catalytic activity attenuating proteolysis of TNF-a and ICAM-1.
Additionally, CD9 also interacts with ADAM 17 substrates pro-TGF-a, pro-epiregulin and pro-
amphiregulin and potentially forms enzyme/substrate complexes at the plasma membrane
(Gutiérrez-Lopez, et al. 2011; Tsukamoto, et al. 2014; Murphy, et al. 2009; Hemler, et al.

2003). Furthermore, PMA causes dissociation of CD9 from ADAM 17 enhancing proteolysis
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of substrates (Gutiérrez-Lépez, et al. 2011). Currently, it is unknown whether TCR-activation

can also cause dissociation of CD9 from ADAM 17.

We could hypothesize that CD9 binds to ADAM 17, L-selectin and y-secretase in resting T
cells while rendering ADAM 17 inactive abrogating L-selectin proteolysis. Intracellular
signalling pathways induced after TCR-activation would dissociate CD9 activating ADAM 17
which would rapidly shed L-selectin allowing the MP product to be proteolyzed by PS1. If
correct, then this would explain the ADAM 17/PS1/nicastrin/L-selectin complexes in resting
T cells (Fig 3.10, Fig 5.7 and Fig 5.8) and explains how ADAM 17 is able to rapidly proteolyze
L-selectin 5 min after TCR-activation (Fig 5.2). Dissociation of CD9 may also disrupt the
ADAM 17/L-selectin complex clarifying why ADAM 17 does not pull down with L-selectin in
activated T cells (Fig 3.10). To examine this hypothesis, L-selectin could firstly be pulled
down from resting and activated-T cells and then immunoblotted for ADAM 17, PS1 and
CD9. | could then gene silence or overexpress CD9 in T cells and then monitor ADAM
17/PS1/L-selectin complexes in resting and activated-T cells. | would not expect ADAM 17 or
PS1 to pull-down with L-selectin in resting or activated-T cells after CD9-silencing; however
overexpressed CD9 may stable ADAM 17/PS1/L-selectin complexes. Additionally, ADAM 17
and PS1-proteolysis of L-selectin could be monitored in TCR-activated CD9 silenced or
overexpressed T cells in a time trial study. Expectantly in CD9-silenced T cells, ADAM 17 and
PS1 proteolysis of L-selectin should be rapid as seen in Fig 5.2 and Fig 5.3, where TCR-
activation potentially dissociated CD9. However, in CD9 overexpressed-T cells | would

expect to see reduced ADAM 17 and PS1-proteolysis of L-selectin.
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7.4.2 \Visualizing L-selectin proteolysis using live cell imaging

During my PhD studies, | generated doubly labelled L-selectin where the N-terminus
(ectodomain) was conjugated with a SNAP-tag (green fluorescent substrate) and the C-
terminus (L-selectin ICD) with mCherry (red fluorescence) to visualize proteolysis using live

cell imaging (Fig 7.2).

Cleaved ectodomain
of L-selectin

S
>

Full length L-selectin

ADAM 17

Metalloproteinase
product

Cleaved mCherry
cytoplasmic tail of
L-selectin

mCherry

Figure 7.2: A representation of SNAP/mCherry L-selectin. L-selectin was doubly labelled as
indicated. Full length L-selectin will be visualized at the membrane as green and red
fluorescence. After proteolysis, mCherry cleaved fragments may accumulate in specific
subcellular compartments.

In future experiments, SNAP/mCherry L-selectin could be transduced in TCR-activated,
proliferating mouse CD8+ T cells using retroviral vectors. Transduced CD8+ T cells would
then be stimulated by cognate peptide loaded onto antigen presenting cells (APCs) and live
cell imaging would be used to determine if L-selectin proteolysis is restricted to the

immunological synapse. Intracellular trafficking of singly mCherry tagged L-selectin
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fragments would also be visualized to determine which subcellular compartment the L-

selectin ICD migrates to after proteolysis.

7.4.3 L-selectin ICD potentially induces viral clearance by initiating

a proliferative response

The biochemical relevance of PS1 mediated intramembrane proteolysis of L-selectin in T
lymphocytes is currently not known. Recent data from the Ager laboratory has shown that
kinetics of T cell proliferation in mice is regulated by ectodomain proteolysis of L-selectin
which correlates with upregulation of the high affinity IL-2 receptor (CD25). Richards et al
showed that CD8+ T cells expressing LAP L-selectin showed delayed viral clearance to a
recombinant vaccinia virus in comparison to WT L-selectin. Hypothetically, L-selectin ICD
enters the nucleus and initiates a proliferative response by upregulating the transcriptional
control of CD25 activity which increases the kinetics of viral clearance (Fig 7.5). Due to time
constraints, | was unable to measure the transcriptional activity of CD25 during L-selectin
proteolysis. In future experiments, a real-time quantitative PCR (g-PCR) could be performed
in Molt3 T cells expressing WT and PS-resistant I351W L-selectin to measure the levels of
transcribed CD25 mRNA. | would expect the levels of CD25 mRNA to be higher in Molt3 T
cells expressing WT L-selectin as the cleaved ICD would enter the nucleus and elevate
transcription of CD25. In contrast, PS-resistant I351W L-selectin would not generate a

cleaved ICD abolishing increased CD25 transcription.
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Figure 7.3: L-selectin proteolysis drives rapid viral clearance in vivo. (A) (1) Dendritic cells
present a viral peptide to the TCR. The TCR is stimulated and causes proteolysis of L-selectin.
| hypothesise that the cleaved tail enters the nucleus and acts as a gene transcriptional
factor modifying behaviour of T cells. (2) At the nucleus, the cytoplasmic tail induces cell
proliferation increasing the number of T cells expressing a TCR that recognises viral
peptides. (3) The large number of T cells are recruited to virally infected tissues. (4) In the
tissue, these T cells clear the virus. (B) (1) T cells expressing non-cleavable L-selectin do not
release the cytoplasmic tail to the nucleus after TCR stimulation. (2) Absence of cytoplasmic
tail of L-selectin in the nucleus causes low numbers of T cells. (3) Low levels of T cells
expressing a TCR against viral peptide enter virally infected tissue. (4) Low levels of T cells
fail to clear virus.
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To elucidate the biochemical function of L-selectin ICD, TCR stimulated mouse T cells
infected with WT, 1351W or AM-N L-selectin could be analysed by flow cytometry for CD25
expression. If L-selectin ICD causes expression of CD25, | would expect TCR stimulation to
increase CD25 at the membrane of cells expressing WT L-selectin, but not PS1 or ADAM 17
resistant mutants of L-selectin. | could ask whether overexpression of L-selectin ICD helps
mice to develop a better immune response. Alternatively, do mice expressing I351W L-

selectin take longer to recover from viral infection in comparison to WT L-selectin?

To determine whether L-selectin ICD induces anti-virus immunity, WT, I1352K and AM-N L-
selectin polyclonal mice could be infected with influenza and virally infected organs
harvested to define the virus titre using a plaque assay. Alternatively, | could measure the
number of infiltrated T cells in virally infected tissue to determine if L-selectin ICD has

immunological relevance in vitro.

7.4.4 Elucidating the biochemistry of the L-selectin ICD.

If L-selectin ICD does enter the nucleus and act as a gene transcriptional factor, future
studies would need to be performed to determine whether such biochemical pathways
benefit the host. Detected L-selectin ICD (as outlined in section 7.2.2) would be excised and
sent to mass spectroscopy to determine the PS1 cleavage site, allowing us to generate
synthetic peptides which can be used for chromatin immunoprecipitation to determine
whether L-selectin ICD binds to a specific DNA sequence. If L-selectin ICD binds to DNA,
upregulated gene expression such as CD25 could be monitored using DNA microarray
analysis using mRNA extracted from TCR-activated T cells expressing WT or 1351W L-selectin

(Fig 7.4).
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Figure 7.4: Using microarray analysis to determine upregulated gene expression by the L-
selectin ICD. For microarray analysis, two subsets of T cells would be used which either
expresses wild type L-selectin (releases L-selectin ICD) or PS1 resistant 1351W mutated L-
selectin (does not release L-selectin ICD). (1) Firstly, mRNA will be extracted from these cells.
(2) Reverse transcriptase would be used to generate cDNA which is conjugated to green
fluorescent protein (for WT L-selectin T cells) or red fluorescent protein (for I351W L-
selectin). (3) A microarray chip is later used, which contains thousands of spots, each
expressing cDNA of a specific gene. After, cDNA from both WT and I351W L-selectin T cells is
added to the microarray chip. T cell derived cDNA will bind to complementary DNA
sequences to cDNA presented on each spot. Green fluorescence will show spots where
cDNA from WT L-selectin T cells has exclusively bound. Likewise, red fluorescence displays
where only cDNA from 1351W L-selectin T cells has associated. Yellow fluorescence would
be seen if both WT and I351W T cell derived cDNA binds to the same cDNA presented on a
spot. Green spots would therefore represent upregulated genes after L-selectin proteolysis
and L-selectin ICD interaction with DNA.
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Potentially, L-selectin ICD forms multi-protein complexes which either induce nuclear import
or regulate intracellular signalling pathways. Lysates from TCR-activated T cells could be
immunoblotted; L-selectin ICD excised and sent for mass spectroscopy for protein partners.
Alternatively, lysates from TCR-activated T cells expressing a synthetic peptide of L-selectin
ICD V5 His could be run by affinity chromatography containing agarose beads attached to
nickel atoms. Bound L-selectin ICD would be eluted using imidazole which would compete
with the His tag for nickel binding. Protein partners of eluted L-selectin ICD would be
analysed using mass spectroscopy. Additionally, protein binding partners for L-selectin ICD

could be elucidated using a yeast hybrid system (Fig 7.5).
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Figure 7.5: Using yeast hybrid system to determine protein binding partners of the L-
selectin ICD. (1) Yeast cells are co-transfected with two different plasmids, one containing a
DNA binding protein conjugated to L-selectin ICD and the other including a transcriptional
activation domain fused to a potential binding partner from a library of proteins which are
later transcribed. Any protein that binds to L-selectin ICD will activate transcription of a
histidine (His) reporter gene. (2) Cells are plated on agar which lacks histidine. If L-selectin
ICD and the binding partner interact, histidine is transcribed allowing the cells to grow on
agar. (3) Binding partners from these cells are identified by sequencing the cDNA from
isolated plasmids.
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Appendix I: Solutions and buffer

Buffer

Recipe

Agarose gel (1 %)

2g agarose
200 mL of 1 X TBE buffer

10 pL ethidium bromide

Binding/wash buffer

100 mM sodium phosphate (pH 8.0)
600 mM sodium chloride

0.02 % Tween 20 (v/v)

Elution buffer

300 mM Imidazole
50 mM sodium phosphate (pH 8.0)
300 mM NacCl

0.01 % Tween 20 (v/v)

FACs buffer

Phosphate buffered saline

1 % Fetal Calf Serum (v/v)

LB Agar 1L of LB Broth
15 g agar
Luria-Bertani broth (LB) medium 10g tryptone

5g yeast extract

10g NaCl

Orange G loading buffer

0.25% Orange G (w/v)

30 % glycerol (v/v) in dH,0

pH 7.1 medium

Serum free DMEM

25 mM HEPES

pH adjusted to 7.1 and filtered through

0.22 uM filter

pH 7.9 medium

D10

25 mM HEPES

pH adjusted to 7.9 and filtered through

0.22 uM
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Phosphate buffered saline

10 PBS tablets (OXOID)/1L dH,0

Cell lysis buffer

25 mM HEPES (pH 7.5)

150 mM NaCl

10 mM MgCl,

1 mM EDTA

2 % glycerol (v/v)

1 % Triton X-100 (v/v)

8 mg/mL 1,10 Phenathroline
1 mM sodium orthovanadate

one Roche complete ULTRA Tablet

SDS (4X) reducing buffer/Laemmli buffer

660 mM Tris-HCI (pH 6.8)

26 % glycerol (v/v)

4 % SDS (w/v)

0.01 % bromophenol blue (w/v)

5 % B2-meracaptoethanol (v/v).

SDS reducing buffer (2X)

660 mM Tris-HCI (pH 6.8)

26 % glycerol (v/v)

2 % SDS (w/v)

0.01 % bromophenol blue (w/v)

5 % B2-meracaptoethanol (v/v).

TBE buffer 0.45 M Tris

0.45 M Boric acid

10 mM EDTA (pH 8.0)
TBS-T PBS

1% Tween-20 (v/v)
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Appendix Il: Chemicals

Chemical

Manufacturer

1,10 Phenathroline

Sigma Aldrich Company Ltd, Dorset, UK

Agar

Fisher Scientific, Loughborough, UK

Boric acid

Fisher Scientific, Loughborough, UK

Bromophenol blue

Fisher Scientific, Loughborough, UK

dNTPs

New England Biolabs, Hitchin, UK

EDTA

Fisher Scientific, Loughborough, UK

Ethidium bromide

Sigma Aldrich Company Ltd, Dorset, UK

Glycerol

Fisher Scientific, Loughborough, UK

HEPES

Fisher Scientific, Loughborough, UK

Hydrochloric acid

Fisher Scientific, Loughborough, UK

Imidazole

Sigma Aldrich Company Ltd, Dorset, UK

Magnesium chloride

Fisher Scientific, Loughborough, UK

Orange G

Sigma Aldrich Company Ltd, Dorset, UK

Paraformaldehyde

Fisher Scientific, Loughborough, UK

Skimmed milk powder

Milbona, Lidl, UK

Sodium chloride

Fisher Scientific, Loughborough, UK

Sodium dodecyl sulphate SDS

Fisher Scientific, Loughborough, UK

Sodium Orthovanadate

Sigma Aldrich Company Ltd, Dorset, UK

Sodium phosphate

Sigma Aldrich Company Ltd, Dorset, UK

Tris Base Fisher Scientific, Loughborough, UK
Triton X-100 Fisher Scientific, Loughborough, UK
Tryptone Fisher Scientific, Loughborough, UK
Tween-20 Sigma Aldrich Company Ltd, Dorset, UK

Yeast extract

Fisher Scientific, Loughborough, UK

B2-mercaptoethanol

Sigma Aldrich Company Ltd, Dorset, UK
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Appendix Ill: Consumables and laboratory
equipment

Consumable

Manufacturer

Amicon® Ultra-4 Centrifugal Filter Units

Millipore (U.K) Ltd, Hertfordshire, UK

SuperSignal West Pico Chemiluminescence
developing solution

Thermo Fisher Scientific, Paisley, UK

Foams Bio-Rad Laboratories Ltd, Hertfordshire, UK
Filter paper Fisher Scientific, Loughborough, UK
Cryo vials Grenier bio-one, Stonehouse, UK

Clearline pipette tips (10, 100, 200, 1000 pL)

Dutscher Scientific, Essex, UK

Immobilon-PSQ 0.2 uM polyvinyliden-
difluorid (PVDF) membrane

Millipore (U.K) Ltd, Hertfordshire, UK

Millex filters (0.45 uM)

Millipore (U.K) Ltd, Hertfordshire, UK

Equipment

Manufacturer

BD FACs Canto Il

BD Biosciences, Oxford, UK

Centrifuge Heraeus Megafuge 4R

Thermo Fisher Scientific, Paisley, UK

DynaMag-5 magnet

Thermo Fisher Scientific, Paisley, UK

FLUOstar OPTIMA microplate reader

BMG Labtech, Aylesbury, UK

Freezing container

Nalgene Labware, Thermo Fisher Scientific,
Paisley, UK

Heat block

Wolflabs, York, UK

HERA Cell 150 Incubator (cell culture)

Heraeus, Hanau, Germany

Incubator (molecular biology)

Gallenkamp, Weistechnik, Loughborough,
UK

Magnetic stirrer

Falc instruments, Tremglio, Italy

Microcentrifuge (Heraeus Biofuge Pico)

DJB Labcare Ltd, Newport Pagnell, UK

Mini Protean 14 —Well Combs

Bio-Rad Laboratories Ltd, Hertfordshire, UK
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myECL imager

Thermo Fisher Scientific, Paisley, UK

ND-1000 NanoDrop ™ spectrophotometer

Thermo Fisher Scientific, Paisley, UK

Neubauer cell counting chamber

Cereromics, Valencia, Spain

Optima L-100 XP ultracentrifuge

Beckman Coulter, High Wycombe, UK

Orbital shaker

Gallenkamp, Weistechnik, Loughborough,
UK

Oven

Gallenkamp, Weisstechnik, Loughborough,
UK

Peltier DNA Engine Dyad Thermal Cycler

Bio-Rad Laboratories Ltd, Hertfordshire, UK

Peqglab gel electrophoresis tank

VWR, Darmstadt, Germany

pH meter

Jenway, Staffordshire, UK

Pipettes (P10, 100, 200, 1000)

Mettler-Toledo Ltd, Leicester, UK

Power Supply

Bio-Rad Laboratories Ltd, Hertfordshire, UK

Rocker

Stuart, Staffordshire, UK

Rotator plate

Stuart, Staffordshire, UK

SLA-3000 fixed angle rotor

Thermo Fisher Scientific, Paisley, UK

Sonic Dismembrator model-120

Thermo Fisher Scientific, Paisley, UK

SurelLock Mini Cell system

Thermo Fisher Scientific, Paisley, UK

SW28.1 swinging bucket rotor

Beckman Coulter, High Wycombe, UK

Swiftpet Pipette boy

HTL, Lab Solutions, Warszawa, Poland

Thin wall, ultra-clear centrifugation tube
(38.5 mL)

Beckman Coulter, High Wycombe, UK

Tweezers

VWR International Inc, Chicago, UK

Optima L-100 XP Ultracentrifuge

Beckman Coulter, High Wycombe, UK

UV transilluminator

UVP, Upland, USA

XCell 1™ Blot Module

Thermo Fisher Scientific, Paisley, UK
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Appendix IV: Primers

Primer | Primer sequence
number

Reference to

6 CTCGAGCCCGGGATCCTCAATGGTGATGGTGATG

section
TCTGGGTTGGCATTTAAGATTTGGCTGGCAAGG 6.4
CCTTGCCAGCCAAATCTTAAATGCCAACCCAGA
TCTGGGTTGGCATTTIGGATTTGGCTGGCAAGG 6.4
CCTTGCCAGCCAAATEEAAAATGCCAACCCAGA
CGCCCGGGGGGGATCCGCCGCCACCATGRGEETGCAGAAGAACTAGAG | F | 3.2

A1l: Primers used for cloning in Chapters 3 and 6. Forward (F) and reverse (R) primers for In-
Fusion (yellow) and site directed mutagenesis (red) are shown. For In-fusion reactions,
primer sequence homology with the plasmid is shown in italics. The BamHI restriction site
(GGATCC) is underlined. Start (ATG) and stop (TCA) codons are illustrated in bold while the
kozak consensus sequence is displayed in purple. The forward primer contains a sequence
for the N terminus of L-selectin (highlighted in pink) and the reverse primer contains DNA
for the C terminal V5 His region (highlighted in grey). For site directed mutagenesis,
introduction of lysine (AAG) for 1351K L-selectin is highlighted in blue and tryptophan (TGG)

for I351W L-selectin in green.
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Primer Primer sequence Binding site of
number primer

7 ATGGGCTGCAGAAGAACTAG F L-selectin start codon
8 CTGTGTAATTGTCTCGGCAG R L-selectin 206

9 TACACAGCTTCTTGCCAGCC F L-selectin 504

10 CCTCCAAAGGCTCACACTGA R L-selectin 623

11 GCATGTACCTTCATCTGCTCAG F L-selectin 888

12 TATCTCGAGATATGGGTCATTCATACTTCTCTTGGA | R V5/His stop codon

A2: Primers used to sequence L-selectin.

265




Appendix V: Plasmid Maps
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Figure A.1: Circular map of the L-selectin V5 His pcDNA5 plasmid
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Figure A.2: Circular map of the L-selectin V5 His pSxW plasmid
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