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Abstract 

Neuroserpin is an axonally secreted serine protease inhibitor, or serpin, which inhibits trypsin-like serine 

proteases. Neuroserpin most effectively inhibits tissue plasminogen activator.  Most research has focussed 

on the function of neuroserpin in the nervous system. Recently, it was discovered that neuroserpin is also 

expressed by T cells and immune cells of the myeloid lineage. The overall goal of this thesis is to identify the 

function of neuroserpin in T cell activation and migration. The data presented in this thesis shows, for the first 

time, that regulation of the proteolytic environment by neuroserpin impacts T cell activation and processing of 

the homing chemokine CCL21. qPCR, western blotting and immunocytochemistry showed that neuroserpin 

is expressed in human T cells and partially co-localizes with a TGN38/LFA-1-positive vesicle population and 

relocates to the synapse upon T cell activation. TGN38 has been proposed as a cargo receptor involved in 

the secretion of proteins involved in cell adhesion or migration. siRNA-mediated neuroserpin mRNA 

knockdown during T cell activation increased T cell-T cell adhesion, T cell proliferation, IL-10 secretion and 

shedding of the Fas ligand. The increased T cell-T cell adhesion was blocked by addition of recombinant 

neuroserpin or the plasmin-specific inhibitor α2-antiplasmin, demonstrating that the increased interaction is a 

plasmin-mediated process. Inhibition of ROCKII, a signalling molecule linked to immunological synapse 

stability through myosin light chain phosphorylation, likewise prevented increased T cell-T cell adhesion. 

Knockdown of neuroserpin mRNA also increased cleavage of the plasmin/plasminogen/tPA receptor annexin 

A2 in resting T cells, possibly priming T cells for increased T cell-T cell interaction during activation through 

increased formation of F-actin. Neuroserpin also regulated the migratory capacity of human T cells and 

dendritic cells by inhibiting the cleavage of the chemokine CCL21. Cleavage of the C-terminal anchoring 

peptide in CCL21 enables its chemotactic activity. Neuroserpin prevented T cell- and dendritic cell-mediated 

processing of the anchoring peptide through inhibition of tissue plasminogen activator. Tissue plasminogen 

activator did not cleave CCL21 directly but enhanced CCL21 C-terminal processing through generation of 

plasmin from plasminogen, which was confirmed by LC-MS/MS. The data presented here illustrates the 

importance of the proteolytic environment in T cell biology. 
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The immune system is a complex system with different cells that have to communicate and migrate  to 

protect an organism from pathogens and mutated cells. Often these communication signals are specific and 

meant only for certain subsets of cells. In order to achieve this kind of specific communication between cells, 

the cells form stable connections called synapses which they use to exchange signals between one another 

(Dustin, 2008). One protein that has been found to play a role in cell-cell connections, synapse formation and 

migration in the neuronal system is neuroserpin (reviewed by Lee et al. (2015)). Neuroserpin expression has 

recently been  found in immune cells (Kennedy et al. 2007;) raising the question if it has a similar role in the 

immune system. This literature review introduces the key players in immune system function, mainly 

focusing on cells from the adaptive immune system and in particular T cells.  It also reviews the known 

functions of neuroserpin, mainly based on knowledge from the nervous system and explores the possible 

functions for neuroserpin in cell communication between immune cells. 

1.1  The immune system 

The immune system can broadly be divided into the innate immune system and the adaptive immune system  

and is reviewed in depth by Parkin & Cohen (2001) and Chaplin (2010). These protective systems provide 

defence with different layers of specificity. Physical barriers such as the skin form the first and least specific 

line of defence. If pathogens succeed to evade the physical barriers they can be eliminated by the innate 

immune system. The innate immune system provides an immediate but non-specific immune response. The 

next layer is the adaptive immune response. The adaptive immune response is highly specific and is only 

found in jawed vertebrates. Induction of the adaptive immune response will lead to the generation of 

immunological memory so the second time the host encounters the same infectious agent an immediate and 

strong immune response is generated. 

1.1.1  The innate immune system 

The innate immune system utilises cells that protect the host in a non-specific manner and is found in all 

plants and animals (Muzio, Polentarutti, Bosisio, Prahladan, & Mantovani, 2000). The innate immune system 

initiates an immediate response to pathogens that enter the body. The first reaction to invading pathogens is 

inflammation, initiated mainly by phagocytes such as macrophages, neutrophils and dendritic cells (DCs), 
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cells already present in all tissues of the body. These immune cells recognise patterns of simple molecules 

and regular patterns of molecular structure that are present on many microorganisms, but not on the cells of 

the host (Muzio et al., 2000). Structures that are recognised include lipopolysaccharides, peptidoglycans and 

mannose-rich oligosaccharides. Inflammation is caused by the release of chemoattractants by phagocytes. 

These chemoattractants in turn attract more phagocytes, mainly neutrophils, to the site of infection. 

Neutrophils in turn release chemoattractants that attract a wide range of leukocytes and lymphocytes. 

1.1.2  Adaptive immune response 

When a pathogen is not eliminated by the innate immune system, the adaptive immune response is 

activated. The adaptive immune system is activated by foreign peptides that are called non-self-antigens 

(Chaplin, 2010; Parkin & Cohen, 2001; Von Andrian & Mackay, 2000). The adaptive immune system 

consists of a subset of leukocytes, called lymphocytes that can be divided into two major subsets: B 

lymphocytes (B cells) and T lymphocytes (T cells) (Chaplin, 2010; Parkin & Cohen, 2001; Von Andrian & 

Mackay, 2000). Both B lymphocyte and T lymphocyte progenitors originate from the bone marrow (Pieper, 

Grimbacher, & Eibel, 2013; Zúñiga-Pflücker, 2004). After leaving the bone marrow, T cell progenitors migrate 

to the thymus where they develop into T lymphocytes. T cells and B cells have at least three stages of 

differentiation: 1) Naïve cells that have matured in the bone marrow or thymus but have not encountered 

their cognate antigen (antigen which is the specific substrate for the T cell receptor (TCR) of a T cell clone), 

2) effector cells that have been activated by their cognate antigen and are in the process of eliminating the 

pathogen, 3) memory cells that are left after an infection and are able to respond immediately to a new 

infection by the same type of pathogen (Figure 1.1) (Pieper et al., 2013; Zúñiga-Pflücker, 2004). T cells are 

activated by non-self-antigens presented by antigen presenting cells (APCs).  B cells are activated upon 

binding of their cognate antigen in their native form through their B cell receptor. All B cell receptors of a 

particular clone recognise the same antigen. When a B cell is activated it differentiates into an effector cell, 

known as a plasma cell, often with the help of a specific subtype of T cells called T helper cells (Cahalan & 

Parker, 2005). Plasma cells secrete antibodies that bind to the pathogen neutralising them and activating the 

complement system (a cell killing membrane attack complex consisting of over 25 proteins and protein 

fragments) leading to the lysis of the pathogen. Binding of antibodies to pathogens also provides a molecular 
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structure that is recognised by phagocytes so they can engulf and destroy the pathogen. A small portion of 

the effector B cells remains after the infection as memory B cells, ready to immediately respond to a new 

infection with the same pathogen when it encounters it again (Chaplin, 2010; Parkin & Cohen, 2001; Pieper 

et al., 2013; Von Andrian & Mackay, 2000).  

 
Figure 1.1: Schematic overview of different stages of maturation of different T cell subsets. Immature 
T cells are both CD8+ and CD4+. Following maturation in the thymus T cells are either CD8+ or CD4+. 
When T cells are activated they differentiate to effector T cells. There are different effector T cell subtypes 
with different functions as discussed in this chapter. At the end of the activation most of the T cells die but 
some of them give rise to central memory and effector memory T cells. (CTL; cytotoxic lymphocyte) 

 

1.1.3  T lymphocytes 

T lymphocytes or T cells are a group of lymphocytes that distinguish themselves by the presence of a TCR 

on the cell surface (Chaplin, 2010; Parkin & Cohen, 2001). T cells can be divided in two major subtypes, 

CD8+ cells and CD4+ cells based on the presence of either the CD4 or CD8 glycoprotein on the surface of 

the cell. During maturation in the thymus, T lymphocytes are both CD4+ and CD8+. In the thymus immature 

T cells undergo a positive and a negative selection process (Chaplin, 2010; Koch & Radtke, 2011; Parkin & 

Cohen, 2001; Zúñiga-Pflücker, 2004). During the positive selection T lymphocytes that fail to bind to the 

major histocompatibility complex (MHC) that presents self-antigens are forced into apoptosis while during 

negative selection T lymphocytes that bind too strongly undergo the same fate (Koch & Radtke, 2011). The 

selection process selects for T cells that can bind the MHC complex and eliminates the risk of auto-reactivity. 

The T cells that survive the selection procedure mature into naïve T cells that are either CD4+ or CD8+ 

(Koch & Radtke, 2011). The TCR is a crucial element in the activation of T cells (Chaplin 2010; Parkin & 
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Cohen 2001). The TCR recognises foreign peptides that are presented on the MHC by APCs (Chaplin, 2010; 

Koch & Radtke, 2011; Parkin & Cohen, 2001; Zúñiga-Pflücker, 2004). There are two classes of MHCs, MHC 

I that is present on all nucleated cells in the body and the MHC II that is only displayed by so called 

professional APCs such as DCs, B cells and to a lesser extent macrophages. The first stage of an adaptive 

immune response requires the activation of the naïve T cells. In the majority of cases this is done via antigen 

presentation on the MHC I or MHC II on activated DCs in the lymph node (Chaplin, 2010; Parkin & Cohen, 

2001). DCs are activated by receptors that recognize patterns of molecules or molecular structures on 

microorganisms. DCs then engulf the pathogen and degrade it internally. DCs also take up extracellular 

material by macropinocytosis in a receptor-independent manner, thus enabling the DCs to take up virus 

particles and bacteria that are not recognized by their receptors. The DCs then travel to the lymph nodes and 

present the antigens of the degraded pathogens on their MHC I or MHC II molecule. The recognition of the 

cognate antigen peptide presented on a MHC I or MHC II complex is the primary signal for the activation of 

the T cells (Mueller, Gebhardt, Carbone, & Heath, 2013) and is followed by a secondary signal via the CD8 

or CD4 co-receptor which is necessary for the full activation of the T cells. Full activation of T cells leads to 

differentiation, production of cytokines and clonal expansion. CD8+ T cells are activated by antigens 

presented on the MHC I complex while CD4+ cells are activated by antigens presented on the MHC II 

complex. Once T cells are activated they perform their respective effector function. 

1.1.4  CD4+ effector T cells 

When naïve CD4+ T cells are activated they clonally expand and differentiate into helper T cells (Th cells) or 

inducible T regulatory cells (iTregs) (Jin, Sun, Yu, Yang, & Yeo, 2012). In recent years four distinct effector T 

cell classes have been defined; Th1, Th2, Th17, and iTregs. T follicular helper (Tfh) cells are potentially a fifth 

class but it is not certain if they arise directly from naïve T cells or if they are a differentiation state of one of 

the four earlier mentioned classes (Crotty, 2011; Tangye, Ma, Brink, & Deenick, 2013; Yamane & Paul, 2013). 

These class divisions are based on cell surface markers and the profile of expressed cytokines. 

Differentiation of naïve CD4+ T cells in to one of these classes depends on the cytokine environment. The 

cytokines that are responsible for CD4+ T cell differentiation are produced by CD4+ cells themselves, DCs, 

and other cells present in the surrounding environment (Yamane & Paul, 2013). Other types of CD4+ T cells 
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have been described that do not arise from activation of conventional naïve T cells but develop in the thymus 

(Zhu, Yamane, & Paul, 2010). These however will not be discussed in this introductory chapter. The effector 

function of CD4+ T cells is mainly based on regulating other immune cells and processes. Th1 cells play a 

role in the defence against cell-mediated immunity by activating macrophages and upregulating the 

production of inducible nitric oxide synthase (Yamane & Paul, 2013). Tfh cells form contacts with responding 

B cells and stimulate B cell germinal centre responses and antibody class switching (Crotty, 2011). Antibody 

class switching changes the production of antibodies by B cells, for example switching from IgM to IgG. 

During antibody class switching the variable region stays the same so the affinity for an antigen does not 

change. But the antibody can interact with other effector molecules. Th2 cells promote the antibody-based 

response against extracellular parasites by promoting B cell help (N. Mari, Hercor, Denanglaire, Leo, & 

Andris, 2013). Th17 cell’s main function is in protective immunity against extracellular bacteria and fungi. Th17 

cells attract neutrophils (Littman & Rudensky, 2010) and modulate B cell responses (Mitsdoerffer et al., 

2010). iTregs are important in controlling the immune response by supressing it through the production of 

immunosuppressive cytokines such as IL-10 (Holaday et al., 1993; Yamane & Paul, 2013). 

1.1.5  CD8+ effector T cells 

The activation process of CD8+ cells is very similar to that of CD4+ cells (Chaplin, 2010; Parkin & Cohen, 

2001). It is initiated in the secondary lymphoid tissues by professional APCs (mainly DCs). When a naïve 

CD8+ T cell recognizes its cognate antigen it will become activated, resulting in clonal expansion and 

differentiation into effector cytotoxic T lymphocytes (CTLs). CTLs gain the ability to produce anti-viral 

cytokines, tumour necrosis factor (TNF) and cytotoxic molecules such as perforin and granzymes (Kaech & 

Ahmed, 2001). The CTLs then travel via the blood stream to the tissues where they need to act. The process 

from a naïve CD8+ T cell recognising an antigen to arriving at their destination takes about four to six days. 

CTLs provide an important defence against intracellular pathogens. Infected cells display parts of pathogenic 

peptides on their MHC I complex that are recognised by the CTLs. The CTLs release perforins and 

granzymes that lead to the death of the infected cell by apoptosis. Some tumour cells can be recognised and 

eliminated in the same way by CTLs. 
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Table 1.1: Functions of the main T cell effector subsets. 

T cell 
subset 

CD4+ or 
CD8+ 

Main function 

Tfh CD4+ Stimulate B cell germinal centre responses and antibody class switching 

Th1 CD4+ Provide defence against cell-mediated immunity 

Th2 CD4+ 
Stimulate the humoral response against extracellular parasites by promoting 
B cell help 

Th17 CD4+ Protective immunity against extracellular bacteria and fungi 

iTreg CD4+ Supress immune response by production of immune suppressive cytokines 

CTL CD8+ 
Defence against intracellular pathogens and tumour cells by  
killing of infected cells/tumour cells 

 

1.1.6  Memory T cells 

After the pathogen is eradicated the majority of the effector T cells die, leaving behind a mixed group of 

memory T cells (Sallusto, Geginat, & Lanzavecchia, 2004). This group is often divided into two subsets, 

central memory T cells (Tcms) and effector memory T cells (Tems). Tcms can produce IL-2 and proliferate 

extensively upon re-activation while Tems mainly respond by producing effector cytokines. Tcms recirculate 

through the secondary lymph nodes. Tems, which are also found in the lymph nodes but in smaller numbers, 

also migrate through the non-lymphoid tissues such as the skin, mucosae, lung and liver and return to the 

circulation via the lymphatic vessels (Mueller et al., 2013). Circulating Tems respond to DCs presenting their 

cognate antigen from pathogens by releasing pro-inflammatory cytokines that attract specific and non-

specific CD4+ and CD8+ cells. Tems that enter the site of infection may clear the pathogen-infected cells. DCs 

from the site of infection migrate via the lymphatics to the draining lymph node and reactivate CD4+ and 

CD8+ Tcms that will rapidly proliferate and give rise to secondary effector T cells. These secondary effector T 

cells migrate to the site of infection and assist with the clearance of the pathogen (Mueller et al., 2013).  

1.1.7  T cell migration 

In theory antigens can occur in countless shapes and forms. The way the body prepares for these various 

antigens is by having 25-100 million different T cell clones ready that all recognise different antigens (Arstila 

et al., 1999; Wagner, Koetz, Weyand, & Goronzy, 1998). The way the human body sustains this level of 

preparedness is by only having a maximum of a few thousand T cells of each clone ready at a given time. 
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These clones need to be able to respond to the presence of an antigen anywhere in the body within hours. T 

cell functions are dependent on contact or close proximity to their target cells, T cells need to migrate to 

infected areas to eliminate affected cells or migrate to specific areas to support other immune cells that need 

help.  

T cells display remarkable migratory skills which is key to the immuno-surveillance of tissues and the 

development of adaptive immunity against cancer and infection (Masopust & Schenkel, 2013; Von Andrian & 

Mackay, 2000). Naïve T cells that have not been exposed to their cognate antigen continuously traffic 

between the vasculature and the lymph nodes (Girard, Moussion, & Förster, 2012; Masopust & Schenkel, 

2013; Munoz, Biro, & Weninger, 2014; Von Andrian & Mackay, 2000; Worbs, Bernhardt, & Förster, 2008). 

The lymph nodes are important meeting places for interaction of different migratory immune cell populations 

and allow for exchange of antigen information between immune cells. Both T cells and dendritic cells (DCs) 

migrate to the lymph node to bring together antigen-loaded DCs and a large number of extremely rare 

populations of naïve T cells for specific antigens (Girard et al., 2012; Munoz et al., 2014; Worbs et al., 2008). 

This allows the T cells to survey the presence of their target antigen in any part of the body in the lymph 

node. 

Homing of T cells and circulation between the blood and lymphoid organs was first shown in rats that were 

injected with labelled T cells (Gowans & Knight, 1964). Subsequent research found that radiolabeled 

lymphocytes travel to the post-capillary venules also called high endothelial venules in the lymph nodes and 

cross the endothelium (Marchesi & Gowans, 1964). These homing processes are regulated by signals 

meditated by the C-C chemokine receptor type 7 (CCR7) (Bromley, Thomas, & Luster, 2005; Debes et al., 

2005). CCR7 is expressed by both DCs, naïve T cells and central memory T cells and is responsible for the 

homing and localization of DCs and T cells to the paracortical T cell zone. Both chemokines CCL19 and 

CCL21 bind to CCR7 and play key roles in homing of DCs and T cells  (Girard et al., 2012; Masopust & 

Schenkel, 2013; Munoz et al., 2014; Worbs et al., 2008).  

Homing of T cells to the lymph node is only effective if DCs can present a cognate peptide to T cell clones 

(Banchereau & Steinman, 1998). If T cells do not encounter their cognate antigen they will leave the lymph 

node, migrate to periphery and start the homing process again. When DCs are exposed to inflammatory 
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stimuli they undergo maturation which leads to loss of receptors for inflammatory stimuli and upregulation of 

receptors for homing to the lymph nodes and activate their target T cell clones (Sallusto & Lanzavecchia, 

1999).  

Homing of lymphocytes to the lymph node requires several steps that involve multiple molecular interactions 

(Girard et al., 2012). In the first step the cells bind loosely to the endothelial cells via l-selectin and slowly roll 

across the endothelial wall. When the cells encounter surface-bound CCL21 it activates the integrin 

Lymphocyte function-associated antigen 1 (LFA-1) via CCR7 which induces a firm adhesion via (Intercellular 

Adhesion Molecule 1 (ICAM-1) that is expressed by the endothelial cells.  

Following transendothelial migration into the lymph node parenchyma the cells directly come into contact 

with the fibroblastic reticular cell network. CCR7 ligands CCL19 and CCL21 are constitutively expressed by 

fibroblastic reticular cells within the T cell zones of the lymph nodes to guide lymphocyte homing (Förster et 

al., 1999; Gunn et al., 1998; Luther, Tang, Hyman, Farr, & Cyster, 2000). 

Once T cells arrive in the lymph node, chemokines in the lymph node facilitate migration within the lymph 

node to bring together APCs and T cells so T cells can detect the presence of antigen anywhere in the body 

in one location. It has been estimated that DCs can encounter up to 500 different T cells per hour (Bousso & 

Robey, 2003). This mechanism allows efficient scanning of all different T cells clones for their cognate 

antigen.  

Once the T cells are activated and differentiated into effector T cells the next challenge arises. The effector T 

cells need to travel to the right area to eliminate the infected cells or to support other immune cells. It has 

been suggested that once the effector T cell leave the lymphoid tissue they are recruited by chemotactic 

gradients to the site of injury generated by local APCs where they encounter their cognate antigen again 

(Krummel, Bartumeus, & Gérard, 2016). 

Memory T cells are divided into CCR7+ T cells (central memory T cells) and CCR7- T cells (effector memory 

T cells). CCR7+ T cells also home to the lymph node (Figure 1.2) and start proliferating and producing 

cytokines rapidly, stimulating other T cells, upon encounter of their cognate antigen (Sallusto, Lenig, Förster, 

Lipp, & Lanzavecchia, 1999). CCR7- T cells express receptors that play a role in migration to peripheral non-
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lymphoid tissues (Figure 1.2) and will display effector T cell functions upon encounter of their cognate 

antigen, immediately being able to launch an immune response at the site of injury.  

 

Figure 1.2: Migration pathways of naïve, effector, effector memory and central memory T cells. Naïve 
T cells continuously circulate between the blood and the lymph nodes. When naïve T cells encounter their 
cognate antigen presented by DCs they undergo clonal expansion and differentiation. Upon differentiation to 
effector T cells, the T cells migrate to the site of injury to perform their respective function. Central memory 
cells follow a similar migration pathway and proliferate extensively upon a re-encounter with their cognate 
peptide and start producing cytokines. Effector memory T cells mainly migrate through non-lymphoid tissues 
and can immediately preform an effector function upon recognition of their cognate antigen. (Adapted with 
permission from Von Andrian & Mackay (2000), Copyright Massachusetts Medical Society). 
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1.1.8  T cell activation 

In vivo the activation of T cells occurs in two phases  (Blair & Dustin, 2013). In phase I T cells make short 

contact with numerous DCs. In early phase II, which only happens if T cell has found an APC presenting 

their cognate antigen, T cells and DCs form stable interactions that last for two to eight hours. This 

interaction leads to the production of cytokines that are associated with activation of T cells, but there is no 

division of T cells (Mempel, Henrickson, & Von Andrian, 2004). These initial interactions between T cells and 

DCs facilitate another type of cell-cell interaction between T cells themselves in late phase II and is required 

for full activation of  the T cells and is also linked to formation of long-lived central memory cells (Blair & 

Dustin, 2013; Gérard et al., 2013; Mempel et al., 2004; Sabatos et al., 2008) (Figure 1.3). In after phase II, T 

cells start proliferating and migrating and begin to fulfil their effector functions. If the DCs do not present the 

cognate antigen or they present no antigen at all, phase II is abbreviated and the T cells are not activated 

(Mempel et al., 2004).  

 

Figure 1.3: Information exchange between immune cells during T cell activation. In phase one T cells 
do not make lasting contacts with DCs. After phase one T cells make stable contacts with DCs presenting 
their cognate antigen. Later in phase two T cells make contact with other T cells, which is necessary for full 
activation of T cells and the formation of long lived central memory T cells. 
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1.1.9  T cell signalling during activation  

Stimulation of the TCR on T cells induces a series of signalling cascades (Figure 1.4) that will lead to T cell 

activation and differentiation to effector cells (Kannan, Huang, Huang, & August, 2012). When the TCR is 

activated a secondary signal is provided by the CD4 or CD8 receptor which recruits lymphocyte-specific 

protein tyrosine kinase to the site of activation. lymphocyte-specific protein tyrosine kinase will phosphorylate 

the immunoreceptor tyrosine-based activation motifs on the intracellular domain of the TCR/CD3 complex. 

The phosphorylated immunoreceptor tyrosine-based activation motifs act as a docking site for scaffolding 

protein Zeta-chain-associated protein kinase 70. At the same time CD28 is recruited by interaction to 

CD80/86. The recruitment of CD28 brings scaffolding proteins Lymphocyte cytosolic protein 2 and Linker of 

Activated T cells. Upon arrival Lymphocyte cytosolic protein 2 and Linker of activated T cells are 

phosphorylated by Zeta-chain-associated protein kinase 70 and in turn will recruit Vav1 and Phospholipase 

C-ɣ (Dustin & Groves, 2012; Yu, Smoligovets, & Groves, 2013). Vav1 activates Wiskott–Aldrich Syndrome 

protein and leads to actin remodelling which is important for the formation of the mature synapse and T cell 

priming (Bouma et al., 2011). Phospholipase C-ɣ will cleave PIP2 to diacyl-glycerol and IP3. The formation of 

IP3 leads to the release of Ca2+ from intracellular calcium stores. The formation of diacyl-glycerol leads to the 

activation of PKC and RAS and their respective pathways. Together with increased Ca2+ this will lead to 

activation of the T cell and induction of specific gene transcription, proliferation and differentiation of T cells ( 

Dustin & Groves, 2012; Yu et al., 2013) (Figure 1.4). In the late phase of T cell activation CD152 competes 

with CD28 for interaction with CD80/86. This removes the signalling molecules associated with CD28 from 

the synapse and extinguishes signalling (Klammt & Lillemeier, 2012).  

1.1.10  T cell activation requires an immunological synapse 

Stable interactions between immune cells require a synapse, a molecular structure that facilitates cell-cell 

communication (Delon & Germain, 2000). The synapse is important for the regulation of T cell activation 

(Dustin, 2008; Hashimoto-Tane et al., 2011). A synapse allows cells to pass on signals to other cells in close 

proximity. Synapses are essential structures in cell-cell communication in the nervous system and in the 

immune system. Both sides of the synapse contain extensive arrays of molecular machinery that link the two 

membranes together and carry out the signalling process (Delon & Germain, 2000; Dustin, 2008). 
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Figure 1.4: The major signalling pathways in T cell activation. SLP76 (Lymphocyte cytosolic protein 2), 
LAT (Linker for Activation of T cells), ZAP70 (Zeta-chain-associated protein kinase 70), ITAM 
(immunoreceptor tyrosine-based activation motif), PLCɣ (Phospholipase C), WASp (Wiskott–Aldrich 
Syndrome protein), DAG (diacyl-glycerol) 

 

In a chemical synapse molecules are secreted in a site-directed manner as a means of communication. The 

secreted molecule binds to a receptor on the receiving cell and may induce a series of intracellularsignalling 

pathways that can lead to activation, differentiation, induction (or repression) of gene expression, release of 

molecules stored in the receiving cell or propagation of the signal. During the activation of naïve T cells, the 

formation of a synapse depends on stimulation strength. Upon contact between a T cell with an APC, 
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molecules that are involved in synapse formation are recruited to the contact site. Synapse formation is 

initiated by interaction of the TCR (also referred to as CD3) and the MHC/peptide (pMHC) complex on the 

APC. A co-stimulatory signal provided by CD4 or CD8 interaction with the pMHC is crucial for maturation of 

the synapse. A second signal is provided by CD28 on the T cell and its interaction with CD80 or CD86 on the 

APC. The recruitment of CD28 to the immunological synapse is important for the translocation of signalling 

molecules involved in the activation of the T cell. Upon antigen recognition the TCRs form microclusters that 

are transported to the centre of the synapse by dynein moving along the microtubules  (Dustin & Groves, 

2012; Klammt & Lillemeier, 2012) (Figure 1.5A, B and C).  During the maturation of the synapse, different 

regions are formed - the supramolecular activation clusters (SMACs). The mature synapse consists of a 

central SMAC (cSMAC), a peripheral SMAC (pSMAC) and a distal SMAC (dSMAC) (Delon & Germain, 2000; 

Dustin & Groves, 2012; Dustin, 2008; Hashimoto-Tane et al., 2011; Klammt & Lillemeier, 2012; Yu et al., 

2013). In the cSMAC there is a TCR-low and a TCR-high domain (Figure 1.5C and D). In the TCR-high 

domain there is very little CD28 present and low signalling activity. These areas are most likely used for TCR 

endocytosis. In the TCR-low domain more CD28 with active signalling complexes is present. This part is also 

called the signalling cSMAC. These are dynamic regions with high exchange rates for signalling molecules 

(Klammt & Lillemeier, 2012).  

In the final stages of the synapse formation, CD28 is replaced by co-inhibitory CD152. This leads to 

downregulation of the CD28 signalling and its endocytosis. One of the major CD152 mechanisms is 

suggested to be the competition with CD28 for CD80 and CD86 (Klammt & Lillemeier, 2012; Yu et al., 2013). 

The cSMAC is surrounded by the pSMAC, a ring of adhesion molecules containing ICAM-1 and LFA-1. In 

the outer ring, the dSMAC, CD43 and CD45 are present. CD43/45 function through either direct interaction 

with components of the antigen receptor complexes, or by activating various Src family kinases required for 

the antigen receptor signalling (Delon & Germain, 2000; Dustin & Groves, 2012; Dustin, 2008; Hashimoto-

Tane et al., 2011; Klammt & Lillemeier, 2012; Yu et al., 2013). 

1.2  Different synapses in T cell biology 

In T cell biology the synapse is used for communication and exchange of information through the use of 

cytokines or cytotoxic molecules such as granzymes (Angus & Griffiths, 2013). In naïve T cell-APC 
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interactions cytokines are secreted into the synapse as well into the local environment (Batista & Dustin, 

2013). Naïve T cells that have been activated will form synapses with other activated T cells as part of the 

activation and differentiation process (Gérard et al., 2013; Sabatos et al., 2008). Activated CD4+ T cells can 

communicate with other immune cells such as B cells while CTLs form synapses with abnormal and infected 

cells and release molecules that kill the target cells. 

  

Figure 1.5: Cross-sections of the synapse during different stages of activation. A) the pre-contact 
stage. B) Initial contact stage where the TCR is activated by the cognate antigen presented on the MHC by 
the APC. C) The reorganisation of surface molecules in the mature synapse. D) En face view of the different 
domains of the mature synapse. 
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1.2.1  Activation synapse  

The formation of an activation synapse between a naïve T cell and an APC has previously been discussed in 

section 1.1.10. The TCR will recognise its cognate antigen on the MHC of the APC (mainly DCs) and the 

synapse will be formed. An activated T cell will release cytokines in a paracrine and autocrine fashion 

(Batista & Dustin, 2013). The cytokines are also released in the local environment activating nearby T cells 

(Doh & Krummel, 2010).  

1.2.2  T cell-T cell synapse 

Homotypic synapses between T cells have been described in CD8+ and CD4+ T cells after activation 

(Gérard et al., 2013; Sabatos et al., 2008). These synapses are suggested to have a role in the formation of 

central memory T cells providing long lasting protection. Another possible role could be to achieve a uniform 

response from different T cell clones to the same antigen. It has been shown that during these homotypic 

cell-cell interactions that CD4+ T cells secrete IL-2 and CD8+ T cells secrete IFNɣ in the synapse formed 

with neighbouring cells. Both IL-2 and IFN are important cytokines in regulation of T cell responses and 

differentiation. 

1.2.3  Cytotoxic T lymphocyte synapse 

Activated CTLs will recognise their cognate antigen on non-specialised APCs (Andersen & Schrama, 2006; 

Van Parijs & Abbas, 1996). These non-specialised APCs are abnormal cells such as tumour cells or infected 

cells. Upon recognition they will form a specialised synapse. An important part of the synapse is the directed 

secretion of granzymes (Angus & Griffiths, 2013; Lieberman, 2003). The granzymes will enter the target cell 

and lead it into apoptosis. Granzymes are very effective molecules and must be contained to the cell that 

needs to be killed so that neighbouring cells are not affected. 

1.2.4  T helper cell synapse 

T helper cells will from synapses with B cells (Batista & Dustin, 2013; Isakson, Ellen, Vitetta, & Krammer, 

1982). Th cells will recognise their cognate antigen on the MHC II on B cells. Th cells use the synapse to 
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communicate B cells and induce antibody class switching and promote germinal centre responses. The 

secretion of different cytokines is responsible for inducing antibody class switching. 

1.3   Serpin biology 

Serine protease inhibitors or serpins form a large superfamily of proteins that are found in all life forms, 

metazoan, plants and some viruses (Silverman et al., 2001). Most serpins inhibit serine proteases but there 

are serpins known that inhibit cysteine proteases or have functions that are independent of their inhibitory 

capabilities. Non-inhibitory functions include functions as chaperone proteins, tumour suppression and 

transport. Compared to other protease inhibitors, such as the basic pancreative trypsin inhibitor, serpins are 

relatively large, containing 250 to 500 amino acids (Law et al., 2006; Silverman et al., 2001). Serpins have 

been grouped into those that function inside the cell (intracellular serpins) and serpins that function outside 

the cell (extracellular serpins). Extracellular serpins have a sorting signal that directs them to vesicles for 

secretion (Law et al., 2006)  

1.4   Neuroserpin 

Neuroserpin is an secreted serpin that has been reported to have both inhibitory and non-inhibitory functions 

in neuronal models (Lee, Coates, & Birch, 2008; Lee, Tsang, et al., 2015; Miranda & Lomas, 2006; Manuel 

Yepes & Lawrence, 2004). 

1.4.1  Classification 

In 2001 a serpin nomenclature was established (Silverman et al., 2001). The eukaryotic serpins are divided 

into phylogenetic clades that are termed A to P. The naming of the protein is “SERPINXy” where X is the 

clade the serpin is in and the y is the number of serpin in that clade. Many older serpins have alternative 

names from before this classification (Law et al., 2006). While neuroserpin was initially named based on its 

broad expression in the nervous system, it is more formally known serpinI1 – i.e. in Clade I, member 1. The 

only other serpin in this clade is pancpin and is the closest related serpin to neuroserpin. Pancpin expression 

and function is limited to the pancreas (Loftus et al., 2005; Ozaki et al., 1998). The resemblance in gene 

sequence between pancpin and neuroserpin is about 40% which is considered to be quite low. The serpins 

from clade E, Plasminogen activator inhibitor-1 (PAI-1) and Protease nexin-1 (PN1) are the second closest 
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related serpins (Ozaki et al., 1998). Neuroserpin has a similar inhibitory specificity to PAI-1 and PN1 from the 

clade E serpins with all having an arginine residue as their P1 position.  The P1 residue is a major 

determinant of inhibitory specificity and all three inhibitors inhibit trypsin-like serine proteases. PAI-1 is 

weakly expressed in the brain (Masos & Miskin, 1996). PN1 is strongly expressed in neurons and glial cells 

but, unlike neuroserpin, mainly inhibits thrombin (Reinhard, Suidan, Pavlik, & Monard, 1994). 

1.4.2  Distribution of neuroserpin in brain 

Neuroserpin was first discovered as an axonally secreted glycoprotein of 55 kDa and was called axonin 2 

(Stoeckli et al., 1989). Later, several peptides of this protein were micro-sequenced and it was discovered 

based on the deduced amino acid sequence that the 55 kDa glycoprotein was a novel member of the serpin 

super family of serine protease inhibitors, and the protein was renamed neuroserpin (Osterwalder, 

Contartese, Stoeckli, Kuhn, & Sonderegger, 1996). 

Analyses of neuroserpin expression in chicken, mouse and human indicated that neuroserpin is mainly 

expressed in the nervous system. Expression was detected in early development and increases to the 

highest level perinatally before declining to a moderate level in adult organisms with highest levels of 

expression in brain regions that exhibit synaptic plasticity (Hastings et al., 1997; Krueger et al., 1997; 

Osterwalder et al., 1996). In the adult rat neuroserpin expression was found in the dendate gyrus 

subgranular zone, a site of adult neurogenesis, in post-mitotic immature neurons but not in mature neurons 

(Yamada et al., 2010). 

1.4.3  Neuroserpin structure and inhibitory mechanism 

A defining feature of serpins, which also leads to their name, is their ability to inhibit serine proteases through 

a unique inhibitory mechanism (Potempa, Korzus, & Travis, 1994).  This involves a conformational change in 

the structure of the molecule and the formation of a binary covalent complex between the serpin and its 

target protease 

The serpin superfamily share a universal conformation, the serpin fold, - a core of three β-sheets that are 

surrounded by a number of α-helices (8–9 being the most common) (Law et al., 2006; Potempa et al., 1994; 
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Silverman et al., 2001). Serpins deploy a unique suicide substrate-like inhibitory mechanism, meaning that 

they are single-use inhibitors (Law et al., 2006). For their inhibitory function serpins display a reactive centre 

loop (RCL) which is a pseudo-substrate for proteases. For some serpins, the RCL can insert into the middle 

of beta sheet A to give a fully antiparallel beta sheet abolishing serpin inhibitory function (Figure 1.6A). This 

state is called the latent state and is reversible (Silverman et al., 2001). 

 

Figure 1.6: Mechanism and possible outcomes of serpin and protease complex formation. (A) The 
native structure with the A sheet in red, the B sheet in green and the C sheet in in yellow; the helices are in 
blue. The position of the RCL in the latent form is depicted with a magenta dashed line. (B) The complex of 
the serpin with its target protease during docking phase (the Michaelis complex). (C) After docking the serpin 
undergoes the stressed to relaxed transition after which the protease hangs distorted under the serpin. (D) 
Alternatively the serpin gets cleaved by the protease leaving behind an inactive serpin and the active 
protease. (Reproduced with permission from (Law et al., 2006),Copyright BioMed Central). 

 

The RCL in the serpin acts as ‘bait’ for a target protease and is the main determinant of its inhibitory 

specificity. The RCL forms an extended exposed conformation above the serpin body (Figure 1.6A) and is 
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the initial docking site for the target protease forming a Michaelis complex (Figure 1.6B) (Harper & Berger, 

1967).The residue in the RCL that is recognised by the target is called the P1 residue. The P1 residue fits in 

the specificity pocket of the target enzyme (Ye et al., 2001).  

Other parts of the serpin may be involved and may affect affinity (Gettins & Olson, 2009). The RCL is 

cleaved by the protease and the amino-terminal end of the RCL loop inserts into the centre of beta sheet A 

to form an additional strand. This conformational transition is termed the stressed to relaxed transition and 

this transition is a key process to achieve inhibition of target proteases (Figure 1.6C). During this transition 

the protease is moved to the bottom position of the serpin (Law et al., 2006). 

In the final stage the protease is crushed against the body of the serpin and its structure distorted 

(Huntington JA, 2001). The serpin will eventually release the protease, but this normally takes weeks (A 

Zhou, Carrell, & Huntington, 2001) and in that time the complex will be internalised and degraded removing 

the protease in its entirety (Mast, Enghild, Pizzo, & Salvesen, 1991). In some cases it is possible that the 

protease remains active and can cleave itself from the serpin, leaving an inactive serpin with the cleaved 

RCL inserting itself in the serpin body forming the fourth beta sheet A and in the release of the active 

protease (Figure 1.6D) (Law et al., 2006).  

The primary structure determined for neuroserpin was homologous to the members of the serine protease 

inhibitors of the serpin family (Ricagno, Caccia, Sorrentino, Antonini, & Bolognesi, 2009). Neuroserpin 

contains the standard serpin fold, with three beta sheets and nine alpha helices (Figure 1.7). Just like other 

serpins the RCL is highly flexible (Ricagno et al., 2009; Takehara et al., 2009).  

Negative charges on one side of β-sheet A and flexibility in the helix C and D region suggests possible sites 

for intermolecular interactions (Ricagno et al., 2009; Takehara et al., 2009). Increased flexibility in these 

regions of neuroserpin is supported by biophysical data (Sarkar, Zhou, Meklemburg, & Wintrode, 2011). As 

suggested by previous immunoprecipitation experiments, the C-terminus of neuroserpin, which extends 13-

residues beyond the final consensus serpin residue is exposed to the surface of the molecule (Ricagno et 

al., 2009).  
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Figure 1.7: Native conformation of neuroserpin. Cartoon representation of native human neuroserpin 
(PDB 3F5N; Ricagno et al., 2009). In red the RCL, beta sheet A in orange, beta sheet B in blue and beta 
sheet C in purple. The alpha helices are depicted in green. (Image courtesy of Tet Woo Lee, Birch 
laboratory, University of Auckland). 

 

Neuroserpin strongly inhibits tPA. uPA, trypsin, and nerve growth factor ɣ are also inhibited by neuroserpin 

but with a 1-2 order magnitude lower efficiency. Thrombin and plasmin were not inhibited by neuroserpin 

(Hastings et al., 1997; Osterwalder et al., 1998). 

The tissue distribution of tPA and neuroserpin coincide to a large extent (Hastings et al., 1997; Krueger et 

al., 1997; Teesalu et al., 2004). This further increases the likelihood of neuroserpin playing an important role 

as an inhibitor of tPA.  

As previously mentioned most serpin-protease complexes are highly stable. This is not the case for 

neuroserpin-tPA complexes, neuroserpin-tPA complexes were shown to be unstable and dissociate with a 

time-scale of minutes (half-life about 10 minutes) instead of weeks, no clear structural reason for the 
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instability of neuroserpin-tPA complexes was apparent  (Barker-Carlson, Lawrence, & Schwartz, 2002; Lee, 

Yang, Brittain, & Birch, 2015; Ricagno et al., 2009). Complex dissociation occurs by deacylation of the 

neuroserpin-tPA complex, resulting in the release of cleaved neuroserpin as well as functionally active tPA, 

and is predicted to occur more rapidly than the complexes can be cleared by internalisation (Barker-Carlson 

et al., 2002). There is no evidence for cleaved neuroserpin forming prior to complex formation, indicating that 

neuroserpin does not act as a pure substrate of tPA and instead neuroserpin-tPA interactions proceed 

through this inhibition/dissociation pathway. This has led to inhibition of tPA by neuroserpin to be described 

as a kinetic ‘stutter-step’, that is, a detectable intermediate step in the process of the cleavage of neuroserpin 

that causes a transient inhibition of tPA (Barker-Carlson et al., 2002). This means that neuroserpin neither 

acts as a pure inhibitor nor as a pure substrate of tPA.  This could be an indication the inhibition of tPA is not 

the main function of neuroserpin. On the other hand, it has been shown that kainic acid-induced seizures 

were reduced in tPA-deficient mice, and knock out of neuroserpin had no further effect suggesting that,in this 

model, tPA is the primary target of neuroserpin (Yepes et al. 2002). 

1.4.4  Neuroserpin in neuronal systems 

Neuroserpin expression is associated with synaptic plasticity and learning processes. It was first suggested 

that neuroserpin may regulate the delicate balance between proteolytic and anti-proteolytic activities at the 

synapse, important for the formation synaptic connections (Osterwalder et al., 1996). This idea was further 

strengthened in a later study where the expression of neuroserpin was shown during migration, axon 

outgrowth and synaptogenesis, processes that involve serine proteases (Krueger et al., 1997), and the 

upregulation of neuroserpin mRNA in cultured hippocampal neurons upon depolarization with KCL (Berger, 

Kozlov, Cinelli, & Kru, 1999). In vitro it was shown that overexpression of neuroserpin reduced neurite length 

and number in PC12 cells (Parmar, Coates, Pearson, Hill, & Birch, 2002).  

1.4.5  Functions of neuroserpin and its target protease tPA in synaptic plasticity, cell migration and 

axonal growth 

Several papers on regulation, possible function and role of neuroserpin have been published, mainly based 

on studies done in neuronal models (Hastings et al., 1997; Lee, Tsang, & Birch, 2008; Lee, Tsang, et al., 
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2015; Miranda & Lomas, 2006; Manuel Yepes & Lawrence, 2004). Neuroserpin is mainly secreted upon 

stimulation (Ishigami et al., 2007). Cloning and sequencing showed a 13 amino acid sorting signal located at 

the C-terminal of neuroserpin and was found to be responsible for the localization of neuroserpin to the 

secretory pathway (Ishigami et al., 2007). In PC12 cells neuroserpin is co-localized with secretogranin-I in 

dense-cored secretory vesicles (Parmar et al., 2002) and in AtT-20 immunoreactive neuroserpin was located 

at the neurite like tips consistent with the location of dense core secretory granules (Hill et al., 2000). 

Neuroserpin has been shown to be highly stable in its native conformation at acidic conditions such as 

secretory vesicles (Belorgey, Hägglöf, Onda, & Lomas, 2010). Under these conditions neuroserpin is more 

thermo-stable and does not polymerize. 

1.4.6 Neuroserpin and behaviour in animal models 

Two different mouse models have been created to study the function of neuroserpin in vivo. The first is the 

ThycNS mouse model that overexpresses neuroserpin and showed an overall reduction in tPA activity 

(Cinelli et al., 2001). The neuroserpin expression in this mouse model is several times higher than normal. 

The second mouse model is a neuroserpin knockout mouse (Madani et al., 2003). Both mouse models were 

viable and healthy. No major changes in brain histology, anatomy or the distribution of tPA were found in 

either mouse model. A more interesting effect of overexpressing or knocking-out neuroserpin was found 

when the behaviour of the mice was investigated. Both increase of neuroserpin and the knockout of 

neuroserpin produced phobic and anxiety responses when the mice were placed in forced exploration tests 

such as the open-field, O-maze and light-dark box (Madani et al., 2003). The mechanism responsible for the 

altered behaviour could not be determined but the activity of tPA in the neuroserpin knockout model 

appeared to be unaffected. This raises the possibility that it is a function of neuroserpin not related to the 

regulation of the proteolytic activity of tPA. These behavioural effects suggest that neuroserpin may play a 

role in synaptic plasticity. 

1.4.7 Neuroserpin and schizophrenia 

Neuroserpin expression was also found to be altered in human patients with schizophrenia. Two different 

studies showed opposite results that could be due to the difference in patient groups and different 
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experimental methods. In the first study neuroserpin was found to be 1.52x upregulated in the prefrontal 

cortex of schizophrenia patients (Hakak et al., 2001). In the second study neuroserpin was downregulated 2x 

in male patients compared to healthy males and no difference was found in the female study groups (Vawter 

et al., 2004). A recent study shows that pluripotent stem cells derived from schizophrenia patients have an 

5.6-fold increased neuroserpin expression compared to pluripotent stem cells derived from control patients 

(Brennand et al., 2011). 

These studies may be an indication that neuroserpin plays an important role in behaviour. Yet the underlying 

mechanism is unknown. It could involve a role for neuroserpin in regulating synapse connectivity, possibly by 

regulating the proteolytic balance in the synapse or neuroserpin may be acting as a signalling molecule.  

1.4.8 Non-inhibitory functions of neuroserpin 

Several studies suggested that it is likely that neuroserpin has functions independently from tPA (Hill et al., 

2000; Lee, Coates, et al., 2008; Lee, Montgomery, & Birch, 2012; Wu, Echeverry, Guzman, & Yepes, 2010). 

However it is not uncommon that inhibitory activity of serpins is altered by cofactors and it is a possibility that 

neuroserpin-tPA complexes are stabilized in vivo by an unknown cofactor (Barker-Carlson et al., 2002).  

Another possibility is that neuroserpin has a function that is not related to its inhibitory function (Barker-

Carlson et al., 2002). As discussed previously not all serpins function as an inhibitor or have functions beside 

their inhibitory function. It is worth considering that the relatively quick cleavage of neuroserpin is important 

for activating or deactivating neuroserpin for a function that is not related to inhibition of tPA.  

In 2000 Hill and her colleagues described that in AtT-20 cells, a mouse anterior pituitary cell line, that 

increased expression of neuroserpin leads to extension of neurite like processes. But while tPA activity 

levels in AtT-20 cells overexpressing neuroserpin were much lower than neuroserpin levels and no 

accumulation of neuroserpin-tPA complexes were detected. This suggests that neuroserpin might play a role 

in neurite extension that is independent of tPA (Hill et al., 2000). Another example is a study that shows the 

involvement of neuroserpin and cell-cell adhesion in vitro in PC12 cells. PC12 cells that were exposed to 

neuroserpin or to a neuroserpin mutant lacking the tPA inhibitory function both showed increased cell-cell 

adhesion in response (Lee, Coates, et al., 2008). In primary hippocampal cultures mutant forms of 
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neuroserpin lacking the tPA inhibitory function had the same effect on neuronal growth as wild type 

neuroserpin. It was suggested that neuroserpin was acting through cell surface signalling receptor 

Lipoprotein receptor-related protein (LRP). This is supported by altered responses to neuroserpin in the 

presence of RAP a LRP antagonist, suggesting that neuroserpin may act through different pathways when 

neuroserpin signalling through the LRP receptor is blocked (Lee et al., 2012).  

1.4.9  Neuroserpin as an inhibitor of tPA activity and activation of downstream proteases 

Notwithstanding possible non-inhibitory roles for neuroserpin, neuroserpin has also been shown to regulate 

tPA-mediated proteolytic activity and activation of proteases downstream of tPA. Yepes and colleagues 

(2000) found that administration of recombinant neuroserpin into the brain reduced infarct size in a rat middle 

cerebral artery occlusion model of cerebral ischaemia, while RCL-cleaved neuroserpin which lacks tPA-

inhibitory activity had no effect. Further experimentation suggested that neuroserpin might act to protect 

against extracellular matrix (ECM) degradation mediated by the tPA/plasmin system and thereby promote 

neuronal survival. In addition, mice with neuron-specific over-expression of neuroserpin (ThycNS mice) had 

smaller infarcts following middle cerebral artery occlusion compared to wild-type mice (Cinelli et al., 2001). 

Again, tPA and uPA activity were found to be reduced in the neuroserpin-over-expressors. Completing these 

results is a study on middle cerebral artery occlusion in neuroserpin-knockout mice (Gelderblom et al., 2013). 

These mice were found to have increased infarct size and worse neurological scores. In addition to effects 

on infarct size, tPA has been shown to contribute to the opening of the blood-brain barrier following 

ischemia, and exogenously administered neuroserpin could also block this effect of tPA (Manuel Yepes et 

al., 2003). These effects on the neurovascular unit were found to be mediated by increased  platelet-derived 

growth factor receptor alpha signalling  (Fredriksson et al., 2015), likely due to proteolytic activation of 

platelet-derived growth factor-CC by tPA (Su et al., 2008). 

Excitotoxicity is one of the main mechanisms responsible for neuronal cell death after stroke/cerebral 

ischemia and is mediated by a calcium influx in the cell via the N-methyl-D-aspartate receptor that is 

triggered by plasmin. The addition of neuroserpin or a N-methyl-D-aspartate receptor receptor antagonist 

alleviates this effect (Wu et al., 2010). It is not clear if neuroserpins alleviating effect is due to inhibition of 

plasmin or by another mechanism preventing N-methyl-D-aspartate receptor-mediated calcium influx. It is 
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known that tPA and plasmin are involved in activation of the N-methyl-D-aspartate receptor through 

proteolytic cleavage (Ng, Leung, Wong, & Low, 2012; Samson et al., 2008; Yuan et al., 2009). tPA directly 

cleaves the N-methyl D-aspartatereceptor subtype 2B subunit (Ng et al., 2012) and is indirectly involved via 

activation of plasmin in the cleavage of the the N-methyl D-aspartatereceptor subtype 1 and the N-methyl D-

aspartatereceptor subtype 2A subunits (Samson et al., 2008; Yuan et al., 2009). 

Other than receptor activation, activation of growth factors by proteases from precursors plays an important 

part in synapse biology (Lee, Tsang, et al., 2015; Sonderegger & Matsumoto-Miyai, 2014; Tsilibary et al., 

2014). Two examples are nerve growth factor and brain derived neurotropic factor. tPA can activate brain 

derived neurotropic factor from its precursor by cleavage (Pang 2004). Neuroserpin modulates proteolytic 

processing of the precursor of nerve growth factor, which is as likely to be through a through a tPA-mediated 

mechanism (Bruno & Cuello, 2006).   

Another function of tPA and plasmin is the activation of downstream proteases such as metalloproteinases 

(MMPs). It is known that plasmin can activate MMP-9 via the activation of MMP-3 and that neuroserpin can 

decrease the MMP-9 activity via inhibiton of this cascade (Ramos-desimone et al., 1999; Van den Steen et 

al., 2002). MMP-9 is involved in cleavage of several ECM components, maturation of pro-forms of growth 

hormones and processing of membrane proteins (Sonderegger & Matsumoto-Miyai, 2014). MMP-9 affects 

adhesion molecules that are important in synapse stability by cleavage of ICAM-5 (Conant et al., 2011; Tian 

et al., 2007). The shedding of the ICAM-5 ectodomain stimulates β1 integrins (Conant et al., 2011).  

Proteolysis of ECM components by proteases such as plasmin and MMPs can create channels for neurites 

to extend through (Pittman & DiBenedetto, 1995). A similar mechanism may be involved for creating 

channels in ECM for immune cell migration. 

1.5  Serpins in the immune system 

Serpins play important roles in the immune system (Ashton-Rickardt, 2012; Baldzizhar et al., 2013; Byrne et 

al., 2012; Cao et al., 2006; Clayton et al., 2015; Degryse et al., 2004; Law et al., 2006; Lovo, Zhang, Wang, 

& Ashton-Rickardt, 2012; Silverman et al., 2001; Villano et al., 2012; M. Zhang et al., 2006). Different studies 

describe protective roles for serpins, and regulation of the T cell response, from an inflammatory response to 
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a protective role. The mechanism behind the regulation is not always known but in some cases it involves 

the regulation of the proteolytic balance of the T cell environment which is typical for serpins. 

1.5.1  Intracellular serpins 

Intracellular serpins have distinctive protective roles in T lymphocyte biology. Cytotoxic T lymphocytes 

(CTLs) produce and release granzyme B to kill their target cell (Lieberman, 2003).  When a CTL targets a 

cell it releases granzyme B in the synaptic cleft between the CTL and the target cell. Once granzyme B is in 

the cell it travels to the cell nucleus and initiates death (Angus & Griffiths, 2013; Jenkins & Griffiths, 2010; 

Lieberman, 2003). CTLs themselves are susceptible to self-inflicted damage from secreted granzymes 

(Ashton-Rickardt, 2012). The serpin Spi6 specifically inhibits granzyme B and in mice where Spi6 was 

knocked out there was an impairment of CTLs. The CTLs showed decreased viability that resulted in a 

compromised immunity in the knockout mice (M. Zhang et al., 2006). Spi6 is also important for controlling 

clonal bursts of pathogen-specific CTLs. In Spi6 knockout mice a 80-90% reduction in the CTL pool was 

observed but no change in memory T lymphocyte development. This indicates that memory T lymphocyte 

formation is independent from Spi6, probably because memory T lymphocyte precursors have low levels of 

granzyme B (M. Zhang et al., 2006). A third role for Spi6 in the immune system is to provide a protective 

function for DCs (Lovo et al., 2012). DCs are killed by cognate CTLs as a negative feedback mechanism. 

DCs are however very effective in priming CTLs which suggests that they have a protection mechanism. It 

was shown that upregulation of Spi6 in DCs by maturation or trans-expression protects DCs from granzyme 

B.  

After an infection has been cleared most of the effector T lymphocytes die by programmed cell death. Some 

effector cells differentiate into memory cells and require escape. The serpin Spi2A is upregulated in memory 

T cells and memory T cell precursors. Overexpression of Spi2A results in increased numbers of memory T 

lymphocytes. Cathepsin B was found to be the responsible physiological target of Spi2A in maintaining 

memory T lymphocytes (Byrne et al., 2012).  

A recent study showed that transgenic SERPINB3 mice have an enhanced inflammatory response after 

acute liver failure (Villano et al., 2012). In serum Th1 pro inflammatory cytokines were increased compared to 



1.5 Serpins in the immune system 

29 
 

wild type mice. This effect was especially pronounced on cytokine IL-1β. This indicates that expression of 

SERPINB3 determines an enhanced inflammatory background although the mechanism behind this 

response is unknown. 

1.5.2  Extracellular serpins 

Recently an extracellular rolefor SERPINB13 has been suggested (Baldzizhar et al., 2013). In a mouse 

autoimmune diabetes model, expression of antibodies against SERPINB13 is known to offer protection 

against the onset of autoimmune diabetes. This protection is correlated to reduced inflammation in the 

pancreatic islets which slows down the progression of the disease. The researchers show that the inhibition 

of SERPINB13 leads to increased cleavage of T lymphocyte surface molecules CD4 and CD19 on T 

lymphocytes present in the pancreatic islets and pancreatic lymph nodes but not on T lymphocytes present 

in inguinal lymph nodes. The cleavage of CD4 leads to a decreased secretion of IFNɣ upon T cell activation. 

When the T cells were activated in an alternative way that did not require CD4, there was no difference in the 

IFNɣ secretion between T lymphocytes presenting normal CD4 versus T lymphocytes presenting truncated 

CD4.  

1.5.3  PAI-1 and cell attachment 

A non-inhibitory function for the extracellular serpin PAI-1 has been described in cell adhesion (Aiwu Zhou, 

Huntington, Pannu, Carrell, & Read, 2003).  Active PAI-1 can bind to the somatomedin B domain of 

vitronectin. Vitronectin plays an important role in cell adhesion via interactions  with integrins and/or the 

urokinase plasminogen activator receptor (UPAR). PAI-1 can prevent integrins and the UPAR creating 

adhesion connections to vitronectin. Macrophages make cell-cell connections with apoptotic neutrophils to 

phagocytose them and clear them from the system. These cell-cell interactions require integrins and the 

UPAR and can be inhibited by vitronectin. PAI-1 competes for binding to vitronectin with integrins and the 

UPAR and can thus increase the available integrin and UPARs for cell-cell connections (Bae et al., 2013) 

(Figure 1.8). 
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Figure 1.8: Proposed role for PAI-1 in cell-cell connectivity. PAI-1 can have an important role in cell-cell 
interaction. The uPAR bind integrins which can be inhibited by vitronectin. PAI-1 can bind vitronectin and 
prevent vitronectin-mediated inhibition of uPAR interaction with integrins. (Reproduced from Bae et al., 2013, 
Copyright 2013 The American Association of Immunologists, Inc). 

 

Another non-inhibitory function for PAI-1 could be for signalling via receptors. This is based on research 

involving PAI-1 and macrophage migration. Studies suggest that PAI-1 interacting with LRP can be a potent 

chemoattractant molecule, which induces cell migration via regulating morphological attachment/detachment 

changes (Figure 1.9) (Cao et al., 2006; Degryse et al., 2004). Interaction of PAI-1 with the low density 

lipoprotein receptor (LRP) has been shown to stimulate macrophage migration. A PAI-1 mutant that did not 

interact with tPA, and thus did not bind LRP, did not stimulate migration, showing that the effect is dependent 

on the ability of PAI-1 to bind tPA. Similarly the inactivation of tPA prevented macrophage migration. The 

PAI-1-tPA interaction with the LRP leads to receptor internalisation, resulting in cell detachement which is a 

crucial step in cell migration. The effect of PAI-1 on macrophage migration could also be inhibited by a small 

molecule inhibitor of PAI-1 (Ichimura et al., 2013). 
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Figure 1.9: Molecular interactions of PAI-1 in cell attachment. 1) Macrophages attach to tPA/fibrin on the 
extracellular matrix via integrins which facilitates forwards movement. 2) Engagement of LRP with the 
tPA/PAI-1 complex induces a switch from cell adhesion to detachment and 3) integrin internalisation. 4) The 
internalised complex separated and returned to the cell surface and the cycle starts over again. (Reproduced 
from Cao et al., 2006, with permission) 

 

1.6  Neuroserpin - possible immune system functions based on its functions at neuronal synapses 

It is known that in neuronal synapses the regulation of proteases by serpins play key roles in the formation 

and maintenance of synaptic connections (Lee, Coates, et al., 2008; Lee, Tsang, et al., 2015; Sonderegger 

& Matsumoto-Miyai, 2014; Tsilibary et al., 2014). Interestingly, neuroserpin is also expressed in immune cells 

from the myeloid lineage such as DCs and macrophages (Kennedy et al., 2007) and T cells (Lorenz et al., 

2015) 

Both neuronal and immunological synapses share several features that are crucial for the function of 

synapses. The structure of the synapse is very important for its function. The common themes are adhesion, 
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stability and site directed secretion. The structure makes adhesion, stability and site directed secretion of 

neurotransmitters, interleukins or granzymes possible. The cells are kept together by adhesion molecules 

that also function in containing the signalling molecules by forming a closed ring around the communication 

domain of the synapse (Bromley & Dustin, 2002; Dustin & Colman, 2002) (Figure 1.10). 

In order for two or more cells to share specific information they need to be tightly adhered to each other in a 

manner that is stable for the period required for effective communication. The structure of the synapse must 

allow for Polarised secretion of communication molecules to avoid cross talk to other cells that are excluded 

from the specific interaction (Dustin & Colman, 2002).  

Comparisons between the neuronal synapse and the immunological synapse were first suggested in 1968 

and are still made today (Dustin, 2012; Edelman, 1968; Steinman, 2012). The similarities between the two 

systems may allow for better understanding of the immunological synapse by looking at the neuronal 

synapse and vice versa. 

In both immunological and neuronal synapse formation there is target selection followed by synapse 

assembly, resulting in maturation and stabilization of the synapse. The neuronal synapse and the 

immunological synapses are both highly stable connections that can last for hours and in the case of 

neuronal synapses sometimes even years. Adhesion complexes play a very important role in the maturation 

of the synapse in both systems. The cell adhesion molecules are found in both systems. In the neuronal 

system these are synaptic cell adhesion molecules, neural cell adhesion molecules (Dalva, McClelland, & 

Kayser, 2007). In the immune synapse there are very important roles for  ICAM-1 and LFA-1 (Bromley & 

Dustin, 2002).  

It has been shown that proteases modulate immune cell responses, including cell adhesion, cytokine 

degradation and T cell activation (Gundersen, Tran-Thang, Sordat, Mourali, & Ruegg, 1997; Obermajer et 

al., 2008). The activity of many of these proteases could potentially be controlled by serpins such as 

neuroserpin. 
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Figure 1.10: Comparison between the neuronal and immunological synapse. The T cell in this picture is 
depicted as presynaptic and the APC as postsynaptic. In red is the ring of adhesion molecules that 
surrounds the secretion domain in blue. T cells have an additional interaction between the TCR and the 
MHC/peptide domain of the APC. In the neuronal synapse neurotransmitters are secreted. In the 
immunological synapse granzymes (CTLs) or interleukins are secreted (T helper cells). 

 

In 2007 a paper was published by our group describing the expression and secretion of neuroserpin in 

macrophages and DCs (S. a Kennedy et al., 2007). In macrophages endogenous neuroserpin expression is 

upregulated upon their differentiation from monocytes. A second group later described a role for neuroserpin 

in the T cell response in a mouse allograft transplantation model (Munuswamy-Ramanujam et al., 2010). 

They reported an anti-inflammatory effect of neuroserpin by reducing invasiveness of macrophages and 

switch of T helper cell subsets, reducing pro-inflammatory Th1 and Th17 cells without affecting anti-

inflammatory Th2 cells. The mechanism responsible is not known but recently the same group published a 

similar effect induced by peptides that were derived from neuroserpin that had no inhibitory activity 

(Ambadapadi et al., 2015). Recent data from Birch and Dunbar laboratories, reported in this thesis, has 

shown that neuroserpin is also expressed in T cells (Lorenz et al., 2015). The expression of neuroserpin in T 
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cells and in APCs, such as macrophages and DCs, places neuroserpin in cells on both sides of an 

immunological synapse. It is possible that neuroserpin regulates the proteolytic balance in the immunological 

synapse similarly to the neuronal synapse.  

Having neuroserpin expression in APCs and T cells raises the interesting possibility that neuroserpin plays a 

role in regulating the proteolytic balance of the T cell environment during activation or migration. Neuroserpin 

may influence synaptic connectivity between T cells and APCs following T cell activation, similarly to what is 

observed in neuronal systems, given the similarities between the neuronal and immunological synapse. tPA 

may directly cleave synaptic substrates or activate plasmin from the inactive zymogen plasminogen. Plasmin 

has been shown to process a number of proteins associated with T cells, APCs and the immunological 

synapse, including the pro-apoptotic cytokine Fas ligand (FasL); adhesion molecules, such as L1 cell 

adhesion molecule and tenascin C; and MMP precursors, such as pro-MMP9 (Gundersen et al., 1997; 

Valiente et al., 2014; Van Lint & Libert, 2007). Activated MMPs can process a range of ECM, as well as non-

matrix substrates, including cytokines and chemokines (Van Lint & Libert, 2007). 

Many studies support a role for the plasminogen activators tPA and plasmin in mediating cell migration in 

physiological conditions through cleavage of coagulation factors, hormones, activation of MMPs, growth 

factors, complement zymogens and matrix proteins (Plow, Ploplis, Carmeliet, & Coilen, 1999; Syrovets, 

Lunov, & Simmet, 2012; Werb, 1997). It is also known that plasmin plays a role in migration and to cleave 

other chemokines and cytokine precursors. Plasmin can cleave the constitutively expressed chemokine 

CCL14 to activate broad spectrum activity (Vakili et al., 2001). Plasmin also regulates chemokine-mediated 

neutrophil transendothelial migration by regulating levels of surface-bound IL-8 through cleavage of 

syndecan-1, a proteoglycan that complexes with IL-8 (Marshall, Ramdin, Brooks, DPhil, & Shute, 2003).  

Other than regulation by neuroserpin, plasmin can also be inhibited by the serpin α2-antiplasmin. The 

reaction between α2-antiplasmin and plasmin is one of the fastest known protein-protein interactions (Wiman, 

Boman, & Collen, 1978). Fibrin can compete with α2-antiplasmin for binding making plasmin very specific for 

fibrinonolisis in the presence of α2-antiplasmin. α2-Antiplasmin expression is mainly found in the liver in 

human but also in moderate amounts in muscle, intestine, central nervous system and placenta 
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(Menoud, Sappino, Boudal-Khoshbeen, Vassalli, & Sappino, 1996). This suggests a regulation of plasmin by 

cells from these tissues in distal parts of the body. In this thesis α2-antiplasmin is used for experiments as an 

additional serpin to distinguish between the effects induced by plasmin and tPA on T cell activation and 

migration. 

1.7  Aims of this thesis 

A considerable amount of research has been undertaken on the serine protease inhibitor neuroserpin since 

its discovery in 1989. Neuroserpin has been linked to many different roles in the nervous system and may 

play an important role in the formation and maintenance of neuronal synapses. Recently neuroserpin has 

been discovered in cells of myeloid lineage the immune system (Kennedy et al., 2007). 

The aim of this thesis is to investigate expression of neuroserpin in human T cells and search for new 

functions for neuroserpin in T cell activation and migration. The thesis is divided into the following chapters: a 

Materials and methods chapter (Chapter 2) and three results chapters that focus on the expression and 

subcellular location of neuroserpin (Chapter 3), the regulation and function of neuroserpin during T cell 

activation (Chapter 4) and the regulation of CCL21-mediated migration of T cells and DCs by neuroserpin 

(Chapter 5). Each of these chapters contains a short specific introduction followed by results and an in-depth 

discussion. The final chapter highlights the significance of this study in understanding the function of 

neuroserpin and the proteolytic balance in T cell biology and explores potential for future research. Finally 

there will be a discussion of the experimental methods used in this thesis and other studies.
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2.1  Reagents 

Table 2.1: Reagents 

Reagents formulation 

RS5 
RPMI- 1640 medium containing 5% human serum, 100 U/ml penicillin, 100 µg/ml 
streptomycin, and 2 mMGlutaMAX-1 (Life Technologies). 

RS2 
RPMI- 1640 medium containing 2% human serum, 100 U/ml penicillin, 100 µg/ml 
streptomycin, and 2 mMGlutaMAX-1 

RS5-IL7 
RPMI- 1640 medium containing 5% human serum, 100 U/ml penicillin, 100 µg/ml 
streptomycin, and 2 mMGlutaMAX-1 supplemented with 5 ng/ml IL-7 

RS5 activation 
medium 

RPMI- 1640 medium containing 5% human serum, 100 U/ml penicillin, 100 µg/ml 
streptomycin, and 2 mMGlutaMAX-1 supplemented with 5 ng/ml IL-7, 10 ng/ml IL-
12, 10 ng/ml IL-21 

Accell-G7 
Accell siRNA transfection medium supplemented with 10 ng/ml IL-7 and 2mM 
GlutaMAX-1. 

Cryopreservation 
medium 

50% RS5, 40% Foetal bovine serum and 10% DMSO with 10 ng/ml IL-7 

Anti-CD3/CD28 
beads 

Dynabeads® human T-activator anti-CD3/CD28 beads (Life Technologies) 

DMEM complete 
PC12 medium 

DMEM with 10% horse serum, 5% foetal bovine serum, 100 U/ml penicillin, 100 
µg/ml streptomycin, and 4mM L-glutamine (Life Technologies). 

radio- 
immunoprecipitation 
assay buffer (RIPA) 

1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM Tris, 
pH 7.5 

4x reducing loading 
buffer (RLB) 

0.25 mM Tris-HCl pH 6.8, 8% SDS, 40% glycerol, 20% β-mercaptoethanol, 0.008% 
bromophenol blue 

PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 , 1.8 mM KH2PO4 , pH 7.4 
TBS 20 mM Tris HCl pH7.4, 0.15M NaCl 
MACS buffer 5% fetal bovine serum, 2 mM EDTA in PBS 
5x siRNA buffer 300 mM KCl, 30 mM HEPES pH 7.5, 1.0 mM MgCl2 
FACS buffer PBS, 1% Foetal bovine serum, 2 mM EDTA 
 

2.2  Antibodies 

Table 2.2: Antibodies 

antibody 
Clone or 
catalogu
e # 

supplier 
antibody 
type 

Concent
ration 

Immunogen 

western blotting - primary antibodies 

K53   in-house 
Rabbit 
polyclon
al 

0.1 
µg/ml 

Neuroserpin C-terminal a.a. 301-410 

K54   in-house 
Rabbit 
polyclon
al 

0.1 
µg/ml 

Neuroserpin C-terminal a.a. 301-410 

D17   in-house 
Rabbit 
polyclon
al 

0.1 
µg/ml 

Neuroserpin C-terminal a.a. 301-410 

D18   in-house 
Rabbit 
polyclon
al 

0.1 
µg/ml 

Neuroserpin C-terminal a.a. 301-410 

N-terminal ab46761 Abcam Rabbit 1 µg/ml Synthetic peptide based on the amino terminus of human 
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polyclon
al 

Neuroserpin 

Pepr. 
500-
P271 

PeproTech 
Rabbit 
polyclon
al 

0.1 
µg/ml 

Full length human neuroserpin 

I56  - in-house 
Rabbit 
polyclon
al 

0.1 
µg/ml 

Full length rat neuroserpin 

CAM-1  - Cambridge 
Rabbit 
polyclon
al 

0.1 
µg/ml 

Full length human neuroserpin 

1D10 
H000052
74-M01 

Abnova 
Mouse 
IgG1 

0.4 
µg/ml 

Full length human neuroserpin 

1A10  - Cambridge 
Mouse 
IgG1 

0.4 
µg/ml 

Full length human neuroserpin 

10B18  - Cambridge 
Mouse 
IgG1 

0.4 
µg/ml 

Full length human neuroserpin 

10G12  - Cambridge 
Mouse 
IgG1 

0.4 
µg/ml 

Full length human neuroserpin 

ab55587 ab55587 Abcam 
Mouse 
IgG1 

0.4 
µg/ml 

Full length human neuroserpin 

Beta-Actin 
A00702-
100 

GenScript 
Mouse 
IgG2A 

0.1 
µg/ml 

A synthetic peptide DDDIAALVVDNGSG coupled to KLH 

Beta-Actin ab8227 Abcam 
Rabbit 
polyclon
al 

0.12 
µg/ml 

Synthetic peptide derived from within residues 1 - 100 of Human 
beta Actin. 

Annexin A2 ab41803 Abcam 
Rabbit 
polyclon
al 

0.2 
µg/ml 

Synthetic peptide conjugated to KLH derived from within residues 
150 - 250 of Human annexin A2. 

Anti-human 
CCL19 

500-
P95B 

PeproTech 
Rabbit 
polyclon
al 

0.2 
µg/ml 

 E.coli derived Recombinant Human MIP-3β (CCL19) 

Anti-human 
CCL21 

500-p109 PeproTech 
Rabbit 
polyclon
al 

0.2 
µg/ml 

 E.coli derived Recombinant Human Exodus-2 (CCL21) 

western blotting - secondary antibodies 

anti-rabbit 
HRP 

111-035-
045 

Jackson 
Immuno-
Research 

Goat 
0.04 
µg/ml 

 - 

anti-mouse 
HRP 

115-035-
174 

Jackson 
Immuno-
Research 

Goat 
0.08 
µg/ml 

 - 

anti-rabbit 
680RD 

926-
68073 

LI-COR 
Biosciences 

Donkey 
0.1 
µg/ml 

 - 

anti-mouse 
IgG1 680LT 

926-
68050 

LI-COR 
Biosciences 

Goat 
0.1 
µg/ml 

 - 

anti-mouse 
IgG2a 
800CW 

926-
32352 

LI-COR 
Biosciences 

Goat 
0.1 
µg/ml 

 - 

Donkey anti-
mouse800 
CW 

926-
32212 

LI-COR 
Biosciences 

Donkey 
0.1 
µg/ml 

 - 

Donkey anti-
rabbit680 RD 

926-
68073 

LI-COR 
Biosciences 

Donkey 
0.1 
µg/ml 

 - 

Donkey anti-
rabbit800 CW 

926-
32213 

LI-COR Donkey 
0.1 
µg/ml 

 - 

Immunocytochemistry - primary antibodies  

neuroserpin 
1D10 

1D10 
AbD 
Serotech 

IgG1 25 µg/ml  Full length human neuroserpin 

neuroserpin 
D17  

 - in-house 
Rabbit 
polyclon
al 

37.8 
µg/ml 

Neuroserpin C-terminal a.a. 301-410 

CD3 MQR-39 CellMarque 
Rabbit 
polyclon

33.3 
µg/ml 

 Unknown 
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al 

alpha-tubulin 10D8 Biolegend 
Mouse 
IgM 

12.5 
µg/ml 

 Recombinant full length human α-tubulin 

Granzyme B 262A-14 CellMarque 
Rabbit 
polyclon
al 

1:200  The details of the immunogen for this antibody are not available. 

LAMP1 H4A3 
BD 
Bioscience 

Mouse 
IgG1 

25 µg/ml  Human Adult Adherent Peripheral Blood Cells 

trans-Golgi 
network 
protein 38 

2F7.1 
Affinity 
Bioreagents 

Mouse 
IgG1 

1:200 
Seventeen residue synthetic peptide corresponding  to the N-
terminus of the luminal domain of rat TGN38 

cis-Golgi 
matrix protein 
130 

35/GM13
0 

BD 
Bioscience 

Mouse 
IgG1 

12.5 
µg/ml 

 Rat GM130 aa. 869-982 

Rab7 R4779 
Sigma-
Aldrich 

Rabbit 
polyclon
al 

50 µg/ml 
Synthetic peptide corresponding to amino acid residues 163-177 
of human Rab7 with C-terminal added cysteine, conjugated to 
KLH, as immunogen 

LFA1 ab34214 Abcam IgG2A 50 µg/ml The details of the immunogen for this antibody are not available. 

Pericentrin ab4448 Abcam 
Rabbit 
polyclon
al 

1:800 
The pericentrin clone used is 1.7 kb in size and is derived from 
within residues 100-600 of mouse pericentrin 1. It was expressed 
as a fusion protein. 

Actin C4 

BD 
Transductio
n 
Laboratories 

Mouse 
IgG1 

0.18055
56 

 Chicken gizzard muscle Actin 

pMLC 3671 
Cell 
Signaling 

Rabbit 
polyclon
al 

1:50 
Synthetic phosphopeptide corresponding to residues surrounding 
Ser19 of human myosin light chain 2 

Immunocytochemistry secondary antibodies 

anti-mouse 
IgM:Alexa 
488 

A-21042 
Molecular 
probes 

Goat 
100 
µg/ml 

 - 

anti-mouse 
IgG1:Alexa 
555 

A-21127 
Molecular 
probes 

Goat 
100 
µg/ml 

 - 

anti-mouse 
IgG:Alexa 
555 

A-21429 
Molecular 
probes 

Goat 
100 
µg/ml 

 - 

anti-mouse 
IgG2a:Alexa 
647 

A-21241 
Molecular 
probes 

Goat 
100 
µg/ml 

 - 

anti-rabbit 
IgG:Alexa555 

 A21428 
 Molecular 
probes 

 Goat 
 100 
µg/ml 

 - 

Polychromatic flow cytometry  

CD4:PE RPA-T4 Biolegend 
Mouse 
IgG1 

 Quarter 
dose 

 - 

CD8:Alexa 
700 

RPA-T8 Biolegend 
Mouse 
IgG1 

 Half 
dose 

 - 

CD14: FITC HCD14 Biolegend 
Mouse 
IgG1 

 Full 
dose 

 - 

CD56:PE-
Cy7 

HCD5 Biolegend 
Mouse 
IgG1 

Quarter 
dose 

 - 

CD20:PE-
CF594 

2H7 Biolegend 
Mouse 
IgG1 

 Quarter 
dose 

 - 

CD11a + 
CD18 (LFA-
1):FITC 

24 Abcam 
Mouse 
IgG1 

10 µg/ml  - 

CD25:PE-
CF594 

562525 BD 
Mouse 
IgG1 

 Quarter 
dose 

 - 

CD69:BV421 FN50 BioLegend 
Mouse 
IgG1 

 Quarter 
dose 

 - 

CD54 (ICAM-
1) 

559771 BD 
Mouse 
IgG1 

 Quarter 
dose 

 - 
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CD197:BV60
5 

353224 Biolegend 
Mouse 
IgG1 

Quarter 
dose 

- 

CD45RA:PE-
CF594 

562326 
BD 
Bioscience 

Mouse 
IgG1 

Quarter 
dose 

- 

CDRO:PE-
Cy7 

304230 Biolegend 
Mouse 
IgG1 

Half 
dose 

- 

 

2.3  Recombinant proteins 

Wild type and mutant (R362A) neuroserpin were produced in our laboratory by Dr. Natalie Lorenz and Dr. 

Moyra Black. The wild type and mutant (R362A) neuroserpin were expressed in E.coli BL21(DE3) pRIL cells 

(Stratagene, San Diego, California) followed by Talon affinity chromatography (Clontech, Mountain View, 

California, USA) (Lorenz et al. 2016 submitted). Human Glu-plasminogen, Human Lys-plasmin used for 

western blotting experiments and α2-antiplasmin were purchased from Molecular Innovations. Plasmin used 

for LC-MS/MS and SDS-PAGE experiments and was purchased from Sigma. All cytokines were purchased 

from PeproTech (Rocky Hill, New Jersey, USA) and have endotoxin levels less than 0.1 <EU/µg of protein. 

2.4  Cell culture 

All media, sera, penicillin/streptomycin, and GlutaMAX-1 was purchased from Life Technologies (Carlsbad, 

California, USA). All peripheral blood monocytes (PBMCs), T cells and PAN T cells were cultured in RS5-IL7 

unless stated otherwise. PBMCs, T cells and PAN T cells were cryopreserved in cryopreservation medium. 

Upon defrosting, cryopreserved cells were allowed to recover for at least 24 hours in 2 ml of RS5-IL7 (20 

ng/ml) in a well of 24 well plate at 2.5 - 5x106 cells/ml before experimental use. 

2.5  PBMC isolation 

Human blood was obtained from healthy volunteers after informed consent and with approval by the 

University of Auckland Human Participant Ethics Committee (Ethics Approval 010558). PBMCs were 

prepared by density gradient centrifugation (BOYUM 1976) using Lymphoprep (Axis-Shield, Dundee, 

Scotland). Typically 50 ml of blood was heparinised with 100 µg/ml heparin and diluted 1:1 with RPMI-1640 

medium. For each 15 ml heparinised blood sample 16 ml of lymphoprep was added to leucosep tubes and 

centrifuged briefly to transfer the lymphoprep across the membrane. The diluted blood sample (30 ml for 

each leucosep tube) was added on top of the membrane, centrifuged at 800 g for 15 min, and then allowed 
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to stop without braking. The PBMC interface that formed (visible as a thin cloudy layer above the membrane 

of leucosep tube) following centrifugation was transferred to new 50 ml Falcon tubes using a sterile Pasteur 

pipette. The PBMCs were then topped up to 50 ml with RPMI-1640 and centrifuged at 400 g for 10 min to 

remove platelets. The supernatant was discarded and the cells washed one more time with 50 ml RPMI-

1640 and centrifuged at 400 g for 10 min. Following the wash steps, PBMCs were resuspended in RS5, 

counted, then plated allowed to recover overnight in 24 well plates at 1 - 2.5x106 cells/ml at 2 ml per well. 

2.6  PAN T cell enrichment 

PAN T cells were enriched from isolated PBMCs by negative magnetic bead selection using a MACS human 

Pan T Cell Isolation Kit (Miltenyi Biotec, Cologne, Germany) as described by the manufacturer. Negative 

selection is advantageous, in that there are no antibodies attached to the cells that can interfere with 

subsequent experimental procedures. Briefly, 40µl of MACS buffer was added per 107 PBMCs isolated as 

described above, with 10 l biotin-antibody cocktail and incubated for 10min at 4°C. Following this 

incubation, 30 l of MACS buffer and 20 l of anti-biotin microbeads per 107 cells was added, mixed and 

incubated for 15 min at 4°C. The cells were then washed with MACS buffer (10-20x labelling volume) and 

centrifuged at 420 g for 5 min. The pellet (up to 108 cells) were resuspended in 500 l MACS buffer and 

applied to an LS magnetic column on a MACS multi stand with the µMACS separation unit. The column was 

washed three times with MACS buffer and all fractions collected in a 15 ml Falcon tube. The cells were 

washed twice in RPMI-1640 medium followed by recovery overnight in RS5-IL7 (10 ng/ml). Usually ~40x106  

T cells were isolated from 50 ml of donated blood. 

2.7  T cell expansion 

Expanded T cells (referred to in this thesis as T cells) were polyclonally expanded from freshly isolated 

PBMCs using Dynabeads® human T-activator anti-CD3/CD28 beads (Life Technologies). For expansion 

1x106 PBMCs were activated with Dynabeads® at a bead-cell ratio of 1:1 for 3 days in RS5-IL7, 

supplemented with 10 ng/ml IL-12 and 10 ng/ml IL-21. Following magnetic removal of the beads, the cells 

were cultured for a further four days using the same medium, followed by seven days in the presence of IL-7 

(5 ng/ml) and IL-21 (10 ng/ml). Cells were examined daily, and cultures were split once cells were confluent, 
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or the medium showed signs of acidification (usually every 2-3 days). Cells were rested for a further 7-10 

days in RS5-IL7 then used immediately or cryopreserved. 

2.8  M31-LCL B cell line 

The M31-LCL B cell line was generated by Daniel Verdon at Rod Dunbar’s laboratory, School of Biological 

Sciences, University of Auckland. The M31-LCL B cell line was derived from an HLA-A2+ HLA-DP4+ patient 

with melanoma. PBMCs were treated with a filtered B95-8 cell-culture supernatant for 2 h, followed by 

stimulation with 1% (v/v) phytohaemagglutinin and expansion for 4–6 weeks in RPMI 1640 supplemented 

with 10% FBS, 1% penicillin/streptomycin and 2 mM GlutaMAX-1. M31-LCL cells were cryopreserved or 

maintained in this medium before use in experiments (Lorenz et al., 2015). 

2.9  T cell clones 

The T cell clones were generated by Daniel Verdon at Rod Dunbar’s laboratory, School of Biological 

Sciences, University of Auckland. The CD8+ clone U22-1G11 recognizes the HLA-A2-restricted epitope 

Melan-A/melanoma antigen recognized by T cells 126–35 and was generated by cell sorting using a BD SORP 

FACSAria II (BD Biosciences, San Jose, CA, USA). Individual CD8+ /Melan-A26–35 (A27L) pentamer-PE+ 

(ProImmune, Sarasota, FL, USA) cells were sorted into a 96-well plate containing 5x105 irradiated allogeneic 

feeder cells (LG2-LCL) and stimulated with 0.5% (v/v) PHA in RS5 containing: IL-2, -7, -12, and -21 

(PeproTech). Expanded clones were validated by pentamer staining. To create working stocks, U22-1G11 

was restimulated and expanded with 2x106 irradiated feeder cells and 0.5% PHA as above using IL-2 only. 

Working stocks were maintained in RS5 containing IL-2 and IL-15 until use (Lorenz et al., 2015).  

The CD4+ clone M31-1F3 recognizes the HLA-DP4-restricted epitope. NY-ESO157–170 and was derived from 

PBMCs of a melanoma patient by stimulating with 10 mM synthetic 18-mer peptides. Stimulated cultures 

were maintained for 14 days, after which, cultures were restimulated with 10 mM peptide for 24 h and 

stained with anti-CD4, -CD8, -CD134, and -CD69. Individual responsive cells (CD82/CD4+/CD69+/CD134+) 

were sorted and expanded, as described for U22-1G11. Expanded clones were validated by IFN-g ELISPOT 

(Becton Dickinson, Franklin Lakes, NJ, USA) using peptide- pulsed M31-LCL cells. To create working stocks, 
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clone M31-1F3 was restimulated and expanded as above. Working stocks were maintained in RS5-IL7 until 

use (Lorenz et al., 2015). 

2.10  Generation of dendritic cells from monocytes 

Dendritic cells were generated by Dr. Natalie Lorenz in our laboratory. All monocytes and Dendritic cells 

(DCs) experiments were done in RS2 medium. DCs were differentiated from monocytes as previously 

described (Dauer et al., 2003). Monocytes were enriched from isolated PBMCs by negative magnetic bead 

selection using a MACS human Pan Monocyte Isolation Kit (Miltenyi Biotec). Monocytes were differentiated 

by 24 hour incubation with 100 ng/ml Granulocyte macrophage colony-stimulating factor (GM-CSF) and 100 

ng/ml IL-4 followed by 24 hour incubation with 50 ng/ml tumour necrosis factor alpha (TNFα), 10 ng/ml IL-1β, 

10 ng/ml IL-6 and 1 µM prostaglandin E2 (PGE2).  

2.11  RNA extraction, cDNA synthesis and qPCR 

RNA was isolated from 500,000 cells in a well of a 96 cell culture plate using RNeasyMini Columns (Qiagen, 

Hilden, Germany) as described by the manufacturer which resulted in typically in total ~400 ng of RNA. 

Approximately 150 ng RNA was used for cDNA synthesis. cDNA was synthesized using both oligo(dT) and 

random hexamer primers and Moloney murine leukaemia virus reverse transcriptase with the Tetro cDNA 

synthesis kit (Bioline, London, UK) exactly as described by the manufacturer. Following cDNA synthesis the 

samples were diluted 1:10 with Ultrapure water (Life technologies) before continuing with qPCR analysis.  

RT-qPCR was performed using the Kapa Probe Fast kit (Kapa Biosystems, Wilmington, Massachusetts, 

USA) and PrimeTime qPCR Assays (Integrated DNA Technologies, Coralville, IA, USA) or TaqMan®  primer 

probe assays (Applied Biosystems, Foster city, California), neuroserpin (PrimeTime Assay 

Hs.PT.53a.15719168), OAS1 (TaqMan® assay Hs00973637_m1), EIF2AK2 (TaqMan® assay 

Hs00169345_m1), cyclophilin A (PrimeTime assay Hs.PT.939a.22214851), and TATA box binding protein 

(PrimeTime assay Hs.PT.53a20105486). The reactions were set up in triplicates in a total volume of 12 µl 

per well in 384 well plates with each reaction containing 2 µl 1:10 diluted cDNA sample (prepared as 

described above), 6 µl 2x Kapa buffer, 0.6 µl 20x PrimeTime qPCR assay. 0.24 µl 50x Rox high, 0.24 µl 50x 

Rox low and 2.92 µl Ultrapure water. No-template controls were included for each assay.  
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Levels of neuroserpin, cyclophilin A, and TATA box binding protein transcripts were quantified by RT-qPCR 

using the Applied Biosystems 7900HT Fast Real-Time PCR system. The following thermal cycler protocol as 

follows: 50 min at 50oC (UDG stage, although Uracil-DNA Glycosylase was not used in the reaction mix, the 

UDG stage was not removed from the thermal protocol), 3 min at 95oC (enzyme activation), and 40 cycles of 

3 sec at 95oC (denature) and 30 s at 60oC (anneal/extension/acquire). Threshold cycles (Ct) were 

determined using RQ manager 1.2.1 (Applied Biosystems). The data was then exported to qBase 

(Biogazelle, Gent, Belgium) for further analysis. In qBase replicates were compared and any large outliers 

(>0.5 CT) were excluded. No-template controls were checked to ensure there was no (or only very late) 

amplification. Expression levels of neuroserpin, EIF2AK2 and OAS1 were normalised against cyclophilin A 

and TATA box binding protein. The stability of reference genes across the different samples was determined 

using the quality control node in the qbase software and was found to match the predefined quality control 

settings. The reference gene stability is based on the geNorm expression stability value of the reference 

gene and the coefficient of variation of the normalized reference gene relative quantities (Hellemans, Mortier, 

De Paepe, Speleman, & Vandesompele, 2007; Vandesompele et al., 2002). Both parameters are 

automatically calculated by qbase+ during the analysis. Relative mRNA quantities were calculated using the 

∆∆ CT method (Applied Biosystems User Bulletin No. 2 P/N 4303859) by use of qbase software (Biogazelle).  

The size of the neuroserpin qPCR amplicon was analysed by electrophoretic separation on a 4% NuSieve 

agarose (Lonza, Basel , Switzerland) gel. 

2.12  Neuroserpin protein isolation and western blotting 

Protein extracts were prepared from 1x106 cells in 25 µl RIPA buffer with 1x Complete protease inhibitors 

(Roche, Basel, Switzerland). Protein levels were determined using the Bio-Rad DC Protein Assay (Bio-Rad 

Laboratories, Hercules, California, USA). Bovine serum albumin (BSA) standard (0.2, 0.3, 0.5, 0.8, 1.2, 1.6 

and 2.0 mg/ml) were prepared in RIPA buffer. Protein samples were prepared at a 1:5 dilution in RIPA 

buffer. The standards (5 µl) and samples (5 µl) were added to a 96 well plate in triplicate, followed by 

addition of 25 µl Reagent A’ (20 µl of Reagent S for each 1ml of reagent A) and 200 µl reagent B. The plate 

was incubated in the dark at room temperature for 15 min followed by absorbance measurement at 750 nm 

using a Ultramark microplate reader (Bio-Rad). Protein concentrations were calculated using a standard 
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curve generated using the BSA standards. Usually ~50 µg of total protein was isolated per sample. Protein 

lysate was reduced by adding 4x (RLB) to a final concentration of 1x and heating at 95oC for 5 min. The 

sample cooled on ice and immediately used for western blotting or stored at -20oC until further use. 

2.12.1  Western blotting (chemiluminescent detection) 

For western blot 50 µg lysate per lane was fractionated on 10% SDS-PAGE gels. Following fractionation on 

SDS-PAGE gels proteins were transferred on nitrocellulose membrane using the Hoefer TE77XP semi dry 

blotter (Hoefer Inc., Holliston, Massachusetts) at 2 mA x 1 cm2 for 1 hour. The membranes were then 

blocked in 5% non-fat milk in PBS/0.1% Tween-20. Primary antibodies were incubated overnight at 4˚C in 

blocking buffer. The following day blots were washed three times 10 min with PBS/0.1% tween. The western 

blots were then incubated with anti-rabbit or anti-mouse specific secondary antibodies coupled to 

horseradish peroxidase (HRP) (Jackson Immunoresearch Laboratories, West Grove, Pennsylvania, USA) in 

blocking buffer for 1 hour at room temperature and then washed three times 10 min with PBS/0.1% tween. 

For detection WesternBright sirus ECL substrate (Advanstra, San Francisco, California) was used.  

2.12.2  Western blotting (near infrared fluorescence detection) 

For fluorescent detection Western blotting the following modifications/changes were made:  blocking of the 

nitrocellulose membrane was done in Odyssey blocking buffer (LI-COR Biosciences, Lincon, Nebraska, 

USA) diluted 1:1 with PBS for one hour and antibody incubations were done in odyssey blocking buffer 1:1 

PBS/0.1% Tween-20 unless otherwise stated for the specific experiment. Western blots were visualised 

using fluorescent secondary antibodies and the Odyssey CLx  dual-colour imaging system (LI-COR 

Biosciences). 

2.13  Annexin A2 protein isolation and western blotting 

Protein extracts were prepared from 500,000 T cells from three different donors in RIPA buffer with 1x 

Complete protease inhibitors (Roche). Protein lysate was directly reduced by adding 4x RLB to a final 

concentration of 1x and heating at 95oC for 5 min. For western blotting the total cell lysate of each sample 

(500,000 T cells) was fractionated on 10% SDS-PAGE gels and further processed as described in section 
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2.12.2. Quantitation was done by normalisation of cleaved to non-cleaved annexin A2 using image studio 

light 5.2 (LI-COR Biosciences) and normalised to relative cleavage observed in non-targeting control. 

2.14  Western blot analysis of CCL21 cleavage 

CCL21 (25 ng starting material) was loaded and fractionated on 16.5% tris-tricine SDS-PAGE gels (Bio-

Rad). Transfer was done on nitrocellulose (Amersham) with the Trans-Blot® Turbo™ Transfer System (Bio-

Rad) and the Trans-Blot® Turbo™ RTA Transfer Kit (Bio-Rad) according to the instructions of the 

manufacturer with the predefined low molecular weight transfer program. Following transfer, blots were 

processed as described in section 2.12.2. 

2.15  Neuroserpin deglycosylation 

As an internal control 100 ng glycosylated recombinant rat neuroserpin purified from the Drosophila 

melanogaster S2 cell line (Hill, Brennan, & Birch, 2001) was added to 50 µg T cell lysate prepared in RIPA 

buffer and incubated at 95oC for 3 min and then cooled on ice. 6.62 µg PNGase F (Loo, Patchett, Norris, & 

Lott, 2002) was added and the sample incubated at 37oC for 60 min. To stop the reaction RLB was added to 

a final concentration of 1x and the sample incubated at 95o C for 5 min. Samples were analysed using 

chemiluminescent western blotting as described in section 2.12.1 and detected using anti-neuroserpin K53 

antibody and an anti-rabbit secondary antibody coupled to HRP (Jackson Immunoresearch Laboratories). 

2.16  Accell siRNA transfection 

Accell siRNAs (Dharmacon, Lafayette, Colorado, USA) stocks (100 µM) were made in 1x siRNA buffer. For 

transfection of T cells, PAN T cells, T cell clones or the M31-LCL B cell line, the cells were incubated at a 

density between 1x106 to 2106 cells/ml in Accell-G7 medium for three days with siRNAs prior to any 

experimental manipulation. Mock transfection was done in Accell-G7 medium without any siRNAs present. 

As a transfection control a non-targeting siRNA pool, (Accell Non-targeting Pool, Dharmacon) to 1 µM final 

concentration was added. A neuroserpin siRNA pool (SMARTpool: Accell SERPINI1, Dharmacon) to a 1 µM 

final concentrion was added to achieve neuroserpin mRNA knockdown. 
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2.17  T cell subset analysis 

For identification of CD4+ naïve and memory T cells and CD8+ naïve and memory T cells, cells were 

labelled with fluorophore conjugated antibodies against CD4, CD8, CD45RO (memory T cell) and CD45RA 

(naïve T cell) for 30 min in ice-cold staining buffer (PBS, pH 7.4, 1% FBS). Labelled T cells were analysed on 

a BD SORP FACSAria II machine. Flow cytometry data were analysed with FlowJo 10.0.7 (TreeStar, 

Ashland, Oregon, USA). 

2.18  Flow cytometry 

T cells were transfected with non-targeting siRNAs or neuroserpin-targeting siRNAs as described in section 

2.16. Following transfection T cells in Accell-G7 were transferred to 96 well U-bottom cell culture plates at 

200,000 cells per well and then activated with beads in a 1:1 ratio or 5 ng/ml phorbol 12-myristate 13-acetate 

(PMA) and 100 ng/ml ionomycin for 24 hours. The activated T cells were stained for activated LFA-1 (CD11 

+ CD18), CD4, CD8, CD25, CD69 and ICAM-1 (CD54).  

For LFA-1 staining, EGTA was added directly to the medium to a final concentration of 5 mM, followed by 

addition of anti-CD11a + CD18:FITC antibody to a final concentration of 10 µg/ml and incubated at 37oC for 

20 minutes. The cells were then centrifuged at 420 g for 5 min and the supernatant discarded. The cell pellet 

was resuspended in 50 µl FACS buffer and stained with anti-CD4:PE and anti-CD8:Alexa700 for 30 min on 

ice. 

For analysis of CD25, CD69 and CD54 expression following activation, T cells were centrifuged for 5 min at 

420 g, resuspened in 50 µl FACS buffer followed by staining with anti-CD4:PE, anti-CD8:Alexa700, anti-

CD25:PE-CF594, anti-CD69:BV421 and anti-CD54:APC for 30 min on ice. 

Before analysis the cells were washed three times with 200 µl FACS buffer and centrifuged at 420 g  before 

resuspending the cells in 100 µl FACS buffer. Analysis was done on a BD SORP FACSAria II machine.  

To minimise fluorescent spill into adjacent channels, single-fluorophore controls for each channel were 

sequentially run to perform compensations using CompBead Plus beads (BD Biosciences, San Jose, 

California, USA). Compensations were performed for each fluorophore using the FACSdiva (BD Bioscience) 
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software Create Compensations Controls node. The collected flow cytometry data were analysed with 

FlowJo 10.0.7 (TreeStar). 

2.19  Comparison of CFSE, and CytoTrackTM green full dose and half dose 

PBMCs were stained with CytoTrackTM green (Bio-Rad) in RS5 according to the manufacturer’s protocol 

either at the full or half the recommended dose as indicated. For the CFSE staining PBMCs were centrifuged 

and resuspended at 1x106
 cells/ml in prewarmed PBS containing 0.125 µM CFSE and incubated at 37˚C for 

10 min. In total 1 x106 cells were labelled for each experiment. The reaction was then quenched by adding 

10x volume of ice-cold RS5 and incubation on ice for 5 min. The cells were subsequently centrifuged at 420 

g for 5 min and washed three times with 37oC RPMI containing 1% human serum. For all staining protocols 

following the last centrifugation step the PBMCs were resuspended in fresh pre-warmed RS5-IL7 medium 

and allowed to recover overnight. The next day, PBMCs for proliferation analysis were transferred to a 96 

well flat-bottom plate. Non-activated control cells were incubated in 200 µl RS5-IL-7 at 100,000 cells per well. 

PBMCs for cell proliferation analysis were incubated at 50,000 cells per well in 200 µl RS5 activation medium 

and activated with Dynabeads® anti-CD3/CD28 activator beads (Life Technologies) in a 1:1 ratio for 72 

hours. After 72 hours the anti-CD3/CD28 beads were removed using a magnet and half the medium 

replaced with fresh RS5 activation medium. At five days the PBMCs were centrifuged at 420 g the 

supernatant discarded and the cell pellet resuspended in PBS with 1% FBS and 2 mM EDTA followed by 

analysis on the BD Accuri C6. Flow cytometry data was analysed with FlowJo 10.0.7 and cell proliferation 

was determined using the proliferation module in FlowJo 7.6.5. 

2.20  PAN T Cell proliferation and cytokine detection 

PAN T cells were stained with CytoTrackTM green (Bio-Rad) in RS5 according to the manufactures protocol. 

1x106 PAN T cells were resuspended in 500 µl RS5 with 1 µl dye stock solution and incubated for 15 min at 

room temperature in the dark. The cells were then pelleted by centrifugation at 420g for 5 min, the 

supernatant removed and the cell pellet suspended in fresh 37oC RS5. The cells were then centrifuged at 

420 g for 5 min and the supernatant removed. Following the last centrifugation step the PAN T cells were 

immediately resuspened in Accell-G7 and transfected with Accell siRNAs as described in section 2.15. 

Following transfection, the cells were counted, centrifuged and resuspended in fresh RS5-IL7 medium (non-
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activated control) or RS5 activation medium. Non-activated control cells were incubated at 100,000 cells per 

well in 200 µl in a 96 well flat bottom plate. For activation cells were incubated at 50,000 cells per well of a 96 

well flat bottom plate in 200 µl and activated with Dynabeads® anti-CD3/CD28 activator beads (Life 

Technologies) in a 1:1 ratio for 48 hours. Before analysis on the BD Accuri C6 the cells were centrifuged at 

420 g for 5 min and resuspended in PBS with 1% FBS and 2 mM EDTA. Cell medium supernatant was 

collected and stored at -80˚C for cytokine analysis using the cytometric bead array (CBA) assays (BD).  

Pan T cell proliferation was analysed based on work by Hawkins et al. (2007). Proliferation profiles obtained 

with the Accuri C6 were plotted in FlowJo 10.0.7 and proliferation statistics were analysed with the 

proliferation module in FlowJo 7.6.5. Lymphocytes were gated based on forward area scatter and side area 

scatter. Single cells were defined based on forward area scatter and forward height scatter. Dead cells were 

excluded based on staining with propidium iodine (BD Bioscience). For proliferation the peak of undivided 

cells was defined by the non-activated control. In every generation the dye is progressively diluted reducing 

the intensity of the dye per cell. In theory the ratio of the dye intensity between the different generations is 

0.5. The best peak fit between generations was determined using FlowJo 7.6.5 and was found to be a 0.54 

ratio based on peak Root Mean Square. Based on the determined peak fit the ratio between different 

generations for proliferation analysis was fixed on 0.54 for subsequent analysis. The percentage of divided 

cells that was plotted shows the percentage of the total cells that underwent at least one cell division. The 

proportion of the cells shows the number of cells in each generation based on the CytoTrackTM profiles and 

was plotted against division number after normalisation against the total number of cells that were analysed. 

PAN T cells for RNA analysis were lysed following mRNA knockdown (500,000 cells) or were activated in a 

48 well plate in 1 ml RS5 activation medium at 500,000 cells per well as described earlier for 24 and 48 

hours before lysis. RNA analysis was done as described in section 2.11. 

Cytokine detection was performed on the Accuri C6 flow cytometer using the CBA assays (BD Bioscience) in 

combination with the CBA Human Soluble Protein Master Buffer Kit (BD Bioscience). The standard curve 

was generated by diluting 5 µl of each of the cytokine standards (10,000 pg/ml) into at total volume of 100 µl 

with Assay Diluent (standard 1). This was used to make a serial dilution (50µl of mixed standards + 50µl of 

Assay Diluent) for an additional 10 standards (standards 2-10) as presented in Table 2.3. The final standard 
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(11) was a blank consisting of only Assay Diluent. For detection cell culture supernatant or standard (25 µl) 

was incubated with 0.25 µl capture beads of each cytokine made to a final volume of 50 µl with capture bead 

diluent and incubated for 1.5 hours at room temperature. Following the initial incubation, 0.25 µl of each 

detection reagent was added for each of the cytokine assays and made to a final volume of 75 µl with 

detection reagent diluent, then incubated at room temperature for two more hours before analysis. 

Table 2.3: Serial dilution for CBA standard curves.  

Standard Dilution concentration (pg/ml) 
1 - 5000 
2 1:2 2500 
3 1:4 1250 
4 1:8 625 
5 1:16 312.5 
6 1:32 156 
7 1:64 80 
8 1:128 40 
9 1:256 20 
10 1:512 10 
11 - 0 

 

2.21  Plasmin activity in serum-free T cell culture supernatants 

T cells from three different donors were cultured in RS5-IL7 at 3 x106 – 5x106 cells/ml in 2 ml in a well of 24 

well plate for 48 hours. Following initial incubation T cells in RS-IL7 or RS5-IL7 without cells was transferred 

to 15 ml falcon tubes and centrifuged at 420 g for 5 min to pellet the cells and the supernatant removed, 

leaving ~50 µl RS4-IL7 in the tube to avoid disturbing the cell pellet. The cells or control tube were washed 

with 1 ml pre-warmed Accell-G7 (Dharmacon) and centrifuged at 420 g prior to resuspension in fresh Accell-

G7 at 2.5x106 cells/ml. The cells were seeded at 500,000 cells per well in 96 well plate in 200 µl Accell-G7 

medium and incubated for 96 hours. For the chromogenic plasmin activity assay the plate with cells was 

centrifuged at 420 g for 5 min and 95 µl cell culture supernatant of each sample was transferred to a new 96 

well plate. Plasmin activity was measured in the medium by adding 5 µl chromogenic plasmin substrate 

S2251 (Chromogenix, Florham Park, New Jersey) to each 95 µl cell culture supernatant to a final 

concentration of 170 µM. pNA release as a result of substrate cleavage was quantitated by measuring 

absorbance at 405 nm on an EnVision multilabel reader (Perkin Elmer) continuously for 15 hours at 37oC. 

Values were corrected for background measured in fresh Accell-G7 medium with substrate alone. 
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2.22  Immunocytochemistry of resting T cells 

T cells were transferred to 8 well chamber slides at a density of 200,000 cell per chamber and cultured for 

one hour to allow attachment. Each chamber of an 8 well chamber slide (Falcon, BD Bioscience) pre-coated 

was coated with 200 µl 10 µg/ml fibronectin in PBS at room temperature for one hour and washed with 200 

µl of PBS before use. T cells were fixed with 3% paraformaldehyde in PBS for 20 min at room temperature 

before permeabilization with methanol for 10 min at -20°C. Following permeabilization the cells were blocked 

with 0.25% casein in TBS for 10 min at room temperature and incubated overnight at 4°C with a combination 

of antibodies specific for neuroserpin and established subcellular compartment-specific markers (see section 

2.2). After four PBS washes for 5 min, primary antibodies were detected using appropriate anti-rabbit and 

anti-mouse subtype-specific secondary antibodies (see section 2.2). Slides were washed four times for 5 min 

with PBS and then mounted in ProLong Gold (Life Technologies). Images were captured on a Nikon Ti-E 

inverted microscope with a Plan Apo 100x/1.40 oil immersion objective. For confocal immunofluorescence, 

microscopy images were captured using a Zeiss LSM710 confocal laser-scanning microscope (Carl Zeiss, 

Jena, Germany) with a Plan Apo BL 60x/1.4 NA oil-immersion objective. Stacks were captured with 0.37 µm 

z-step and then restored using ZEN 2011 software (Carl Zeiss). Confocal images were processed with Imaris 

7.7 (Bitplane, Zurich, Switzerland). Exposure was optimised for each image to visualise the proteins of 

interest. Incubations with secondary antibodies only yielded no specific labelling. 

2.23  Immunocytochemistry of activated T cells 

T cells were cultured in 8 well chamber slides. The chamber slides (Falcon, BD Bioscience) were pre-coated 

with 200 µl 10 µg/ml fibronectin in PBS at room temperature for one hour and washed with 200 µl of PBS 

before use. T cells were fixed with 4% paraformaldehyde/PBS (10 min at room temperature) before 

permeabilization with methanol for 10 min at -20°C or acetone for 4 min at -20˚C (for actin staining). Cells 

were blocked with 0.25% casein in PBS (10 min at room temperature) or with 10% FBS in PBS for 30 min at 

room temperature (for phospho-myosin light chain staining). The slides were incubated overnight at 4°C with 

a combination of antibodies specific for neuroserpin (ab 55587), TGN38, LFA-1, phospho-myosin light chain 

(pMLC) or actin (Ab-5, BD Transduction Laboratories). After four 5 min washes with PBS, primary antibodies 

were detected using appropriate anti-rabbit and anti-mouse subtype-specific secondary antibodies coupled 
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to Alexa 488, 555 and 647 (Molecular probes). Slides were washed four times 5 min with PBS and then 

mounted with ProLong Gold containing DAPI (Life Technologies), cured overnight in the dark and sealed 

with nail varnish. Images were captured on a Nikon Ti-E inverted microscope with a Plan Apo 100x/1.40 oil 

immersion objective. For confocal immunofluorescence, microscopy images were captured using a Zeiss 

LSM710 confocal laser scanning microscope (Carl Zeiss) with a Plan Apo BL 60x/1.4 NA oil-immersion 

objective. Stacks were captured with 0.37 µm z-step and restored using ZEN 2011 software (Carl Zeiss). 

Exposure was optimised for each image to visualise the proteins of interest. Incubations with secondary 

antibodies only yielded no specific labelling. 

2.24  Determination of co-localisation with the ImarisColoc module 

Confocal images were processed with Imaris 7.7 (Bitplane, Zurich, Switzerland), and Pearson’s coefficient in 

a co-localized volume was quantified with ImarisColoc module in Imaris 7.7 (Bitplane, Zürich, Switzerland) on 

the recorded z-stacks. To calculate the Pearson’s coefficient the pixel grey values of two fluorescent 

channels are plotted against each other in a distribution diagram (Costes et al., 2004). Complete co-

localisation will appear in this diagram as cloud centred on a line, whereas partial co-localisation will result in 

a uniform cloud. Mutual exclusion of the two signals results in a scattered distribution of the pixels close to 

the axis of the distribution diagram. The Pearson’s coefficient can calculate the distribution with respect to a 

fitted line, with correlation value ranges from 1 to -1. A value of 1 represents perfect correlation; 0, no 

correlation; and -1, perfect inverse correlation. Values between -0.5 and 0.5 are considered not significant 

(Bolte & Cordelières, 2006). The D17 and ab55587 anti-neuroserpin antibodies that were used for 

colocalisation studies were compared using this method and found to co-localise with a Pearson’s coefficient 

of 0.9. 

2.25  Phospho-Myosin light chain quantification 

Immunohistochemistry (ICC) quantification of pMLC was done on T cells activated for 45 min with 5 ng/ml 

PMA and 100 ng/ml ionomycin and with or without 1 µM PAN ROCK inhibitor Y-27632 (Sigma, St. Louis, 

Missouri, USA). Analysis of the pMLC fluorescent signal was done as previously described (McCloy et al., 

2014). Images were captured on a Nikon Ti-E inverted microscope with a Plan Apo 40x/1.40 objective.The 

same exposure was used for each image within an experiment. Using ImageJ (v1.47), a circular selection of 
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40x40 pixels was drawn around 10 single cells along with five background readings in each recorded 

monochrome image. The mean grey value and integrated density was recorded. The cellular fluorescence 

was calculated by subtracting the mean grey value (background readings) from the measured integrated 

density (single cells). 

2.26  Analysis of neuroserpin polarization and subcellular localization 

T cell-bead conjugates were prepared by incubating 200,000 T cells on poly-D-lysine (Sigma) coated 8-well 

chamber slides (Falcon, BD Bioscience) (10 µg/ml for 1 h at room temperature , molecular weight 70,000–

150,000;) with Dynabeads® human T-activator anti-CD3/CD28 beads (Life Technologies) at a 1:1 bead to 

cell ratio for one hour. Cells were then processed for immunocytochemistry, as outlined in section 2.22, to 

investigate neuroserpin polarization at the cell-bead interface. Cell-cell conjugates were prepared between 

M31-LCL B cells and the CD4+ or CD8+ T cell clones. Before co-incubation with CD8+ and CD4+ T cell 

clones, M31-LCL B cells were pulsed overnight with 10 mM cognate or unspecific control peptide.M31-LCL B 

cells were washed three times, combined with T cell clones at a 1:2 M31-LCL to T cell, cell ratio, and 

transferred immediately to poly-D-lysine-coated chamber slides (150,000 cells/ chamber) and incubated for 

30–60 min or four hours before fixation and processing for immunocytochemistry, as outlined in section 2.22. 

2.27  Neuroserpin co-localisation with LRP antagonist receptor associated protein 

Receptor associated protein (RAP) was kindly provided by David Christie (University of Auckland) and was 

produced as described previously (Robinson, Lee, Christie, & Birch, 2015). RAP was coupled to a Alexa488 

fluorophore using the Alexa488 labelling kit (Life Technologies) according to the manufactures instructions. 

Functionality of the Alexa488-labelled RAP was tested in PC12 cells that were differentiated with 50 ng/ml 

nerve growth factor for three days. All PC12 experiments were done in DMEM complete PC12 medium. The 

differentiated PC12 cells were washed twice with warm DMEM containing 0.1% BSA (DMEM/BSA) and then 

incubated with DMEM/BSA at 37oC. The cells were then washed once with warm DMEM/BSA and once with 

ice cold DMEM/BSA. After washing the cells were incubated with ice cold DMEM/BSA containing 3 µM 

Alexa488-labelled RAP or no RAP for 30 min on ice. The cells were then washed three times with ice cold 

DMEM/BSA before 37oC DMEM/BSA was added followed by incubation for 30 min at 37oC. The cells were 

then fixed with 3% PFA in PBS for 10 min and washed three times with PBS/0.1% glycine and mounted with 
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prolong gold with DAPI. For the analysis of uptake of RAP in T cells the same protocol was used replacing 

the DMEM medium with RPMI-1640 medium. 

2.28  T cell activation for analysis of temporal neuroserpin regulation 

For analysis of neuroserpin and tPA expression, between 0.5x106 and 1x106 T cells were resuspended in 80 

µl RS5 containing 7.2 µg anti-CD3 antibody and 3.6 µg anti-CD28 antibody and incubated at 37°C for 5 min 

in a 96-well plate. The cells were then centrifuged at 220 g for 3 min and the volume reduced to 40 µl before 

addition of anti-mouse IgG (final concentration of 0.1 mg/ml) for 5 min at 37°C to cross-link anti-CD3 and 

anti- CD28 and achieve full T cell activation. Levels of neuroserpin and tPA transcripts were determined up 

to 72 h post activation by real-time qPCR, as described in section 2.11. 

2.29  T cell cluster analysis 

T cells were incubated in Accell-G7 for 72 hours with siRNAs before transferring to 8 well fibronectin coated 

chamber slides. Each chamber of an 8 well chamber slide (Falcon, BD Bioscience) was coated with 200 µl 

10 µg/ml fibronectin in PBS at room temperature for one hour and washed with 200 µl of PBS before use. 

Cells were seeded in a 200,000 cells/well density and activated with 5 ng/ml PMA and 100 ng/ml ionomycin. 

At the time of activation 0.1 ng/ml neuroserpin, 2.5 ng/ml α2-antiplasmin, 1 µM PAN ROCK inhibitor Y-27632 

(Sigma), 1 µM ROCK II inhibitor KD025 (Assaymatrix, Melbourne, Australia), 640 nM plasmin or 640 M 

plasminogen was added. The cells were fixed 24 hours post-activation with 4% paraformaldehyde in PBS for 

10 min at room temperature. Following fixation the cells were washed twice with PBS before mounting with 

prolong gold with DAPI staining (Life Technologies) and left to cure overnight. Three images per well were 

captured on a Nikon Ti-E inverted microscope with a 10x 3/0.6 NA objective and analysis was done using 

image J with a predefined macro. The macro was programmed to set a threshold for DAPI staining to detect 

the cells. The objects in the captured images were then dilated three times to fill any gaps in the cell clusters 

because DAPI only stains the cell nucleus. The objects were then eroded three times before analysing 

surface areas of the captured and connected objects. Objects with a surface area smaller than 150 µm2 (200 

pixels2) were excluded from analyses to avoid inclusion of events that are not part of the activation clustering 

process such as cell debris, single cells and small groups of cells (Figure 2.1). The average cluster surface 
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area of three independent experiments was plotted and used for statistical analysis. For the determination of 

the distribution of cluster sizes in neuroserpin-mRNA knockdown experiments, the clusters that were 

analysed by the same macro were plotted in binning in steps of 150 µm2 without exclusion of any captured 

objects. 

 

Figure 2.1: T cell activation cluster analysis. Images of DAPI stained fixed T cells on fibronectin coated 
chamber slides were taken at 24 hours post activation. Using a predefined macro in ImageJ a threshold was 
set and T cells in clusters connected using the dilation function with three iterations followed by three times 
dilation. The surface area of the particles was then analysed with particle analysis function and particles 
below 150 µm2 excluded for cluster analysis. 

 

2.30 Live cell imaging 

T cells were plated at 200,000 cells/well on 8 well µ-slides (iBidi) coated with fibronectin. Each chamber of an 

8 well chamber slide was coated with 200 µl 10 µg/ml fibronectin in PBS at room temperature for 1 hour and 

washed with 200 µl of PBS before use. T cells were activated with Dynabeads® human T-activator 

CD3/CD28 beads (Life Technologies) at a 1:1 bead to cell ratio or with 5 ng/ml PMA and 100 ng/ml 

ionomycin for up to 22 hours. Videos of activated T cells were captured using a Nikon TE2000E inverted 

fluorescence microscope with a 20x/0.40 NA CFI Hoffman Modulation Contrast LWD objective lens at 37oC 

with 5% CO2. Videos were recorded with Nikon Elements software at one frame each minute for each 

predefined location for up to 22 hours. The videos were subsequently processed and images captured using 

Imaris 7.7. 
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2.31  Statistics 

IMB SPSS Statistics 20 (IBM, Armonk, North Castle, New York, United States) was used for all statistical 

analysis. General linear univariate model with Bonferroni correction or independent samples T-test were 

performed as indicated, with p-value indicated in the figure legend. For the independent samples T-test, 

Levene’s test was used to assess the assumption if population variances are equal. If the resulting p-value of 

Levene’s test is less than 0.05, the obtained differences in sample variances are unlikely to have occurred 

based on random sampling from a population with equal variances. Thus, the null hypothesis of equal 

variances is rejected and it is concluded that there is a difference between the variances in the population. 

This was followed by a T-test for the equality of the means with a 2-tailed significance with either equal 

variance assumed or not assumed based on Levene’s test. 

2.32  CCL21 cleavage experiments 

Cleavage of CCL21 was analysed by incubating CCL21 with plasmin in different ratio’s or a fixed ratio for 

different amounts of time. Human CCL21 (PeproTech) was incubated in PBS at 125 nM with plasmin in 

molar ratios of CCL21:plasmin of 1:0 to 1:0.16 for 4 hours at 37oC. For the time dependent cleavage of 

CCL21, CCL21 was incubated at 125 nM in PBS with plasmin in a 1:0.08 molar ratio for up to four hours at 

37oC.  

The effect of tPA, plasminogen and neuroserpin on CCL21 cleavage was performed by incubating CCL21 

with tPA and plasminogen. CCL21 (125 nM) was incubated in PBS with 10 nM tPA and/or 10 nM 

Plasminogen or 10 nM plasmin for up to four hours at 37oC. In experiments where inhibition of cleavage of 

CCL21 by tPA and plasminogen by neuroserpin was studied, 1.5 µM neuroserpin was added 15 min before 

addition of tPA and plasminogen and incubation for up to four hours at 37oC.  

Cell-induced cleavage of CCL21 was examined by adding CCL21 to T cells in RS5-IL7 or DCs in RS2. A 

final concentration of 125 nM CCL21 was added to 100 µl medium with 500,000 cells for 3 hours at 37oC. 

Cleavage was inhibited by adding either 22 µM neuroserpin or 14 µM α2-antiplasmin to the cells 15 min 

before adding the CCL21 and further incubation for 3 hours at 37oC. Following incubation of CCL21 with 
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cells, the medium and cells were transferred to 1.5 ml Eppendorf tubes and the cells pelleted by 

centrifugation at 500 g for 3 min, the medium collected and the cleavage reaction stopped.  

The cleavage reactions in all experiments were stopped by adding reducing tricine sample loading buffer 

(Bio-Rad) with 2% β-mercaptoethanol and heating to 95oC for 5 min. Analysis was done by western blotting 

as described in section 2.13.  

2.33  LC-MS/MS 

LC-MS/MS data was obtained and analysed as described by Lorenz et al (2016, submitted) as follows. 

CCL21 (15.35 µM) and plasmin (62 nM) were incubated in 20 mM ammonium acetate buffer (pH 7.2) for up 

to 90 min at 37 °C. The reaction was stopped with 10 mM dithiothreitol (15 min at 56 C) and the reaction 

quenched by alkylation with iodoacetamide for 20 min at RT in the dark. For the time zero sample, 

dithiothreitol was added and the sample heated to 56oC which will inactivate plasmin activity, then purified 

plasmin was added and processed in the same way as described for the other samples. Prior to analysis, the 

dithiothreitol concentration was increased to 40 mM, formic acid was added to a final concentration of 0.5% 

and samples were placed on ice. Half of each sample (5 µg CCL21) was mixed with reducing tricine sample 

loading buffer before separation on 16.5% Tris-tricine SDS-PAGE gels and stained with Coomassie R250 

(Sigma). The other half of the samples were processed for LC-MS/MS by Dr. Martin Middleditch from the 

Auckland Science Analytical Services, University of Auckland. The samples were diluted 100-fold in 0.1% 

formic acid, and 10 µl injected onto a 150 µm diameter Protocol C8 H trap column (SGE) at 7.5 l/min. After 

5 min of desalting, the flow rate was dropped to 700 nl/min and the following gradient was applied: 0-2 min 

10% B, 20 min 60% B, 21 min 90% B, 24 min 90% B, 26 min 10% B and 30 min 10% B, where mobile phase 

A was 0.1 % formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile. The column 

effluent was directed into the nanospray source of a TripleTOF 6600 mass spectrometer (Sciex, Foster City, 

California, USA) operating in positive ionisation mode using a spray voltage of 2300 V. For the time-course 

measurements of intact molecular weights a TOF-MS scan was performed from m/z 350-2000 for 250 ms. 

The collected data was analysed in collaboration with Martin Middleditch. The resulting TOF-MS data were 

deconvoluted into intact molecular weight profiles using the Reconstruct Protein Tool within the BioTool kit 

add-on to PeakView version 2.1 (Sciex, Framingham, Massachusetts, USA) and theoretical molecular 
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masses calculated using the ExPASy Compute pI/MW tool. The cleavage products for each observed mass 

were validated by MS/MS with limited sequence specific ions were generated from the termini. MS/MS data 

was acquired from one representative multiply-charged peak from each CCL21 product as follows, CCL211-11 

(12,592 Da) m/z 741, CCL211-104 (11,896 Da) m/z 1322, CCL211-92 (10,422 Da) m/z 695.8, CCL211-88 

(10,135 Da) m/z 725.1, CCL211-82 (9,522 Da) m/z 681. The resulting fragment ion patterns were compared to 

those predicted for each proposed sequence by the Peptide Fragments tool in the Bio Tool Kit add on to 

PeakView 2.1 (Sciex) and mass errors for matching peaks were calculated manually. Only those b- and y-

type fragment ions with mass errors of 10 ppm or better were reported. 
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3.1  Introduction 

T cells play a key role in mounting an immune response. CD8+ T cells can directly kill infected cells or 

mutated cells such as cancer cells. The main role of CD4+ T cells is to help other immune cells during the 

immune response (Luckheeram, Zhou, Verma, & Xia, 2012; Rothstein, Mage, Jones, & McHugh, 1978; 

Sanderson & Glauert, 1979). Following activation T cells form a synapse with the target cells which leads to 

polarisation of the microtubule cytoskeleton to facilitate directed secretion of molecules into the presynaptic 

space (Angus & Griffiths, 2013; Bertrand et al., 2013; Jenkins & Griffiths, 2010; Kloc, Kubiak, Li, & Ghobrial, 

2013; Ritter et al., 2015). It is known from neuronal systems that activation induced secretion of proteases 

and inhibitors such as neuroserpin play an important role in regulating the formation of the synapse (Lee, 

Tsang, et al., 2015; Sonderegger & Matsumoto-Miyai, 2014; Tsilibary et al., 2014). In this chapter the 

expression of neuroserpin in T cells and other immune cells from the lymphoid lineage is studied, as well as 

location of neuroserpin in resting T cells and during T cell synapse formation. 

3.1.1  T cell activation and synapse formation 

T cell activation is induced when T cells encounter their cognate antigen presented on an MHC II class 

molecule by antigen presenting cells (APCs). The activation of T cells requires the formation of an 

immunological synapse (Dustin, 2008). Upon recognition of their cognate antigen with the TCR (CD3) T cells 

will form a stable contact with the APC, during this contact a synapse between the T cell and the APC is 

formed. The synapse is used for specific and directed cell-cell communication and induces changes in gene 

expression and differentiation of the T cell.  

During the formation of the synapse the microtubule cytoskeletion of the T cells is reorganised (Figure 3.1) 

(Angus & Griffiths, 2013; Bertrand et al., 2013; Jenkins & Griffiths, 2010; Kloc et al., 2013; Ritter et al., 2015).  

In the first stage the T cell recognises its cognate peptide presented on the MHC. Following recognition of its 

cognate antigen TCR signalling will induce the relocation of the microtubule organising centre to the synapse 

at the cell-cell interaction site. The polarised microtubule cytoskeleton enables secretory vesicles in the cell 

to migrate to the synapse, enabling secretion into the pericellular synaptic space. 



Chapter 3 Expression and location of neuroserpin in human T cells 

64 
 

 
Figure 3.1: T cell polarity in a CTL following synapse formation. A) The CTL recognises its cognate 
antigen presented on the MHC of a target cell. B) Following recognition TCR signalling induces the formation 
of the immunological synapse (IS) and polarisation of the T cell. C) The microtubule organising centre 
relocates to the cell-cell contact site in the T cell. This allows for secretory vesicles to travel toward the 
synapse. D) Relocation of the secretory vesicles to the synapse enables secretion into perisynaptic space. 
The release of cytotoxic granules by CTLs induces cell death of the target cell. E) Zoom-in on showing 
dynein moving vesicles in a minus-end direction along the microtubules toward the microtubule organising 
centre at the synapse. (Reproduced from Angus & Griffiths, 2013 with permission). 

 

3.1.2  Neuroserpin 

In neuronal models neuroserpin has been linked to synaptic secretion and pericellular regulation of cell-cell 

contacts. Neuroserpin has been localized to neurite tips of differentiated PC12 cells and axons, dendrites 

and presynaptic terminals of cultured neurons and has been shows to be sorted to dense core secretory 

granules from which they are release upon neuronal stimulation (Borges, Lee, Christie, & Birch, 2010; Hill et 

al., 2000; Ishigami et al., 2007; Parmar et al., 2002). Secreted neuroserpin or neuroserpin-tPA complexes 

can be endocytosed by the LRP (Makarova et al., 2003). It has been suggested that the uptake of 
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neuroserpin can alter tPA induced signalling via the LRP receptor (Lee, Coates, et al., 2008; Makarova et al., 

2003).  

Recently neuroserpin expression was shown in immune cells from the myeloid lineage. Neuroserpin mRNA 

expression was found in monocytes although no protein was detected, upon activation of the monocytes, 

and differentiation to DCs, the neuroserpin expression was increased, indicating that regulation of 

neuroserpin expression depends on the differentiation state of immune cells (Kennedy et al., 2007). In 

macrophages and DCs neuroserpin was found to be concentrated in vesicles close to the plasma 

membrane. In LPS activated macrophages a proportion of the neuroserpin also co-localised with the 

lysosomal/late endosomal marker LAMP-1. The location of neuroserpin vesicles in the cell fits with 

neuroserpin as a secreted protein. Secretion of neuroserpin was shown in conditioned medium from DCs 

and macrophages by ELISA. Furthermore, preliminary data from the Birch laboratory showed that 

neuroserpin is also expressed by T cells, showing that neuroserpin is expressed by cells on both sides of the 

immunological synapse.  

The expression of neuroserpin by immune cells on both sides of immunological synapse and regulation of 

neuroserpin based on activation state of the cell is very similar to what has been shown in neuronal models 

(Borges et al., 2010; Hill et al., 2000; Ishigami et al., 2007; Parmar et al., 2002).  

3.1.3 Hypothesis and aims 

Based on the molecular similarities of the immunological synapse and the neuronal synapse ( Dustin & 

Colman, 2002; Dustin, 2012; Steinman, 2012), the presence of neuroserpin in cells on both sides of the 

immunological synapse would suggest a function for neuroserpin in the regulation of immunological synapse 

formation and regulation of its plasticity similar to what has been shown for the neuronal synapse. 

The aim of the research presented in this chapter is to establish the cellular location of neuroserpin in resting 

T cells and the location of neuroserpin at the T cell synapse following activation with anti-CD3/CD28 beads 

or activation of T cell clones with their cognate peptide presented by the M31-LCL B cell line. Finally the 

effect of neuroserpin mRNA knockdown on the polarisation of the microtubule organising centre and 

neuroserpin is assessed during synapse formation.  
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3.2 Results 

3.2.1  Comparison of neuroserpin antibodies for western blot detection 

For the analysis of neuroserpin protein expression, 12 different antibodies were tested on T cell lysate (see 

Chapter 2, Table 2.2, page 39). These included five in-house generated antibodies that were generated 

before commercial neuroserpin antibodies were available, as well as more recently commercially available 

anti-neuroserpin rabbit polyclonal and mouse monoclonal antibodies. Four antibodies, K53, K54, D17, D18, 

were raised against the C-terminus of neuroserpin (amino acids 301-410).  The in-house generated 

antibodies were purified against their respective antigen containing a N-terminal cysteine for directional 

coupling to beads for affinity chromatography. Both the D17 and K53 show a band at ~50 kDa which is close 

to the expected size for neuroserpin (Figure 3.2A). All four antibodies detected a double immunoreactive 

band at ~80 kDa (Figure 3.2A). With the K53 antibody the ~50 kDa band was more intense than the double 

~80 kDa band while detection with the D17 antibody showed an opposite result. The fifth in-house antibody, 

I56, was raised against the full length recombinant rat neuroserpin protein expressed in E.coli. Because the 

D17 and K53 antibodies showed a ~50 kDa band that is likely to be neuroserpin, they were compared to the 

I56 antibody and several commercial rabbit polyclonal antibodies; an antibody from Abcam that was raised 

against the N-terminal of human neuroserpin, an antibody from PeproTech raised against full length human 

neuroserpin and Cam-1, an antibody generated by the David Lomas group at the University of Cambridge 

(Figure 3.2B). Only the K53, D17, I56 and Cam-1 antibodies show an immunoreactive band at ~50 kDa, with 

K53 and Cam-1 showing the strongest detection and K53 with the least amount of non-specific 

immunoreactive bands. All of the antibodies show multiple, likely non-specific, bands. 

In addition to the polyclonal rabbit antibodies a series of monoclonal antibodies against neuroserpin were 

tested. The main advantage of monoclonal antibodies is that monoclonal antibodies can be more specific for 

their target because they consist of the same clone (Kohler & Milstein, 1975; Lipman, Jackson, Weis-Garcia, 

& Trudel, 2005).  In total five mouse monoclonal antibodies were tested on T cell lysate. These included two 

commercial monoclonal antibodies, 1D10 and ab55587 and three monoclonal antibodies from collaborators 

at the University Cambridge, 1A10, 10B18, 10G12 (Figure 3.2B). Both the 1D10 and ab55587 antibodies 

show a major immunoreactive band at ~50 kDa in T cell lysates, while the other antibodies showed no band 
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(Figure 3.2C). The 1A10, 10B18, 10G12 were also tested on recombinant human neuroserpin and compared 

to 1D10 to confirm lack of neuroserpin detection by western blotting. A very faint band could be seen for 

1A10 and 10B18 (Figure 3.2D). Both the 1D10 and ab55587 also detected a faint band at ~42 kDa 

consistent with RCL-cleaved neuroserpin (Figure 3.2C and D).  

To assess the detection efficiency of 1D10 and ab55587 directly they were compared by western blotting of 

HEK293 cell lysates from cells that were transfected with human neuroserpin. The ab55587 antibody 

displayed the strongest detection signal of the two antibodies (Figure 3.2E).  

3.2.2  Odyssey dual colour western blot detection 

All the western blots presented in Figure 3.2 used chemiluminescent detection. A new Odyssey CLx dual 

colour western blot imager became available in the School of Biological Sciences. This instrument enabled 

fluorescent detection of two target antigens and is a more accurate way to quantify relative protein amounts 

by western blotting (Eaton et al., 2014). The neuroserpin antibody ab55587 was tested in combination with 

different antibodies detecting the housekeeping gene beta-actin and several fluorescently labelled secondary 

antibodies (Table 3.1). Then the ab55587 antibody was used in combination with anti-beta-actin IgG2A 

mouse monoclonal antibody using anti-mouse IgG1 680LT and anti-mouse IgG2A 800CW secondary 

antibodies on T cell lysate. This combination of antibodies resulted in non-specific staining of the beta-actin 

band on the western blot by the IgG1 680 LT secondary antibody as can be seen by the beta-actin signal in 

both the 700 and 800 nm channels (Figure 3.3A, left panel). When the rabbit K53 anti-neuroserpin antibody 

was used in combination with the same anti-beta-actin antibody and an alternative secondary anti-rabbit 680 

RD antibody and the secondary anti-mouse 800 CW antibody no cross-reactivity was observed (Figure 3.3A 

right panel). Because different blocking buffers can change the detection of non-specific bands (Johnson, 

Gautsch, Sportsman, & Elder, 1984) the standard Odyssey blocking buffer was compared to the Bløk-FL 

buffer for fluorescence detection in their capability to reduce the cross-reactivity of the anti-mouse IgG1 680 

LT secondary antibody. Bløk-FL buffer resulted in many more non-specific bands than the Odyssey blocking 

buffer (Figure 3.3B). When the anti-neuroserpin primary ab55587 antibody was used in combination with a 

rabbit anti-beta-actin antibody with anti-mouse 800CW and an anti-rabbit 680 RD secondary antibodies no 

cross-reactivity from the secondary antibodies was observed (Figure 3.3C). A titration series was done for  
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◄Figure 3.2 (opposite page): Comparison of anti-neuroserpin antibodies for western blot detection. 
A) Comparison of four in-house produced affinity purified anti-neuroserpin antibodies raised against the C-
terminal fragment of neuroserpin with 50 µg T cell lysate using chemiluminescent detection. All samples 
were run on the same gel and the western blot was divided post-blotting for neuroserpin detection with K53, 
K54, D17 and D18. B) Comparison of affinity-purified rabbit polyclonal anti-neuroserpin antibodies with 50 µg 
T cell lysate. C) Comparison of mouse monoclonal anti-neuroserpin antibodies raised against full length 
neuroserpin. D) Comparison of sensitivity of 1D10, 1A10, 10B18 and 10G12 on western blot using 100 ng 
recombinant human neuroserpin expressed and purified from E.coli. E) Comparison of ab55587 and 1D10 
antibodies against 50 µg HEK 293 cell lysate transfected with recombinant human neuroserpin or a control 
plasmid.  

 

The anti-neuroserpin ab55587 antibody and the rabbit anti-beta-actin antibody to determine the optimal 

concentration for experimental use. The ab55587 antibody was tested at 0.8 µg/ml, 0.4 µg/ml, 0.2 µg/ml, 0.1 

µg/ml and 0.05 µg/ml, together with the rabbit anti-beta actin at 0.24 µg/ml, 0.12 µg/ml, 0.06 µg/ml, 0.03 

µg/ml and 0.015 µg/ml. The strongest staining was seen for both antibodies with the two highest 

concentrations, (0.8 µg/ml and 0.4 µg/ml for ab55587 and 0.24 µg/ml and 0.12 µg/ml for beta-actin). The 

highest concentration showed a small amount of bleed-trough from the 800 to 700 channel, indicating that 

the combination of the second highest concentration of antibodies is likely the best for future experiments 

(Figure 3.3C).  

Table 3.1: Antibody combinations used for Odyssey dual colour western blot detection 

Primary 
antibodies 

Blocking 
buffer 

Secondary 
antibodies 

Result Figure 

ab55587 
(mouse IgG1) 

Odyssey 
blocking 
buffer 

anti-mouse 
IgG1 680LT 

Cross-reactivity 3.3A Left panel 

Beta-actin 
(mouse IgG2A) 

anti-mouse 
IgG2A 800CW 

K53  
(Rabbit IgG) 

Odyssey 
blocking 
buffer 

anti-rabbit IgG 
680RD 

Good 3.3A Right panel 

Beta-actin 
(mouse IgG2A) 

anti-mouse IgG 
800CW 

ab55587 
(mouse IgG1) 

Bløck-FL anti-mouse 
IgG1 680LT 

Cross-reactivity 
Unspecific immunoreactive bands 

3.3B 

Beta-actin 
(mouse IgG2A) 

anti-mouse 
IgG2A 800CW 

ab55587 
(mouse IgG1) 

Odyssey 
blocking 
buffer 

anti-mouse IgG 
800CW 

Good (minimal bleed-through from 
the beta-actin immunoreactive band 
when the primary antibody is used 
at a high concentration) 

3.3C and D 

Beta-actin 
(Rabbit IgG) 

anti-rabbit IgG 
680RD 
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Figure 3.3: Dual colour western blot imaging of neuroserpin and beta-actin on the Odyssey CLx 
imaging system. A) Western blot with 50 µg T cell lysate with primary antibodies ab55587 against 
neuroserpin and IgG2a mouse antibody against beta actin (left). The right lane on the blot shows the 
polyclonal rabbit anti-neuroserpin K53 antibody in combination with mouse IgG2a anti-beta-actin antibody. B) 
Western blots of 50 µg T cell lysate blocked with two different blocking buffers, the odyssey blocking buffer 
(left) and Bløk-FL buffer from Millipore (right). Neuroserpin and beta-actin were detected using mouse-anti 
neuroserpin IgG1 ab55587 antibody and mouse anti-beta-actin IgG2a in combination with the anti-mouse IgG1 
680LT and the anti-mouse IgG2a 800CW secondary antibodies. C) Western blot showing the detection of 
neuroserpin and beta-actin on 50 µg T cell lysate with the primary mouse IgG1 anti-neuroserpin antibody 
ab55587 and a polyclonal rabbit anti-beta-actin antibody. The 800CW anti mouse antibody the 680RD anti 
rabbit antibody were used for detection. D) Dilution series of primary anti-neuroserpin antibody (mouse IgG1, 
ab55587) left to right: 0.8 µg/ml, 0.4 µg/ml, 0.2 µg/ml, 0.1 µg/ml and 0.05 µg/ml. Combined with anti-beta-
actin (rabbit polyclonal) dilution series from left to right: 0.24 µg/ml, 0.12 µg/ml, 0.06 µg/ml, 0.03 µg/ml and 
0.015 µg/ml. For detection the  anti-mouse 800CW and  anti-rabbit 680RD antibodies were used. 
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3.2.3  Neuroserpin is expressed in human peripheral blood immune cells 

Neuroserpin expression in CD4+ and CD8+ T cells from peripheral blood was first confirmed by sorting T 

cells and other cells from the lymphoid lineage and monocytes for comparison. mRNA and protein 

expression was analysed by qPCR and western blotting. To study mRNA expression of neuroserpin in 

human peripheral blood immune cells, cells from three healthy donors were sorted using flow cytometry by 

Dr Anna Brooks from Rod Dunbar’s laboratory at the School of Biological Sciences, University of Auckland. 

CD4+ and CD8+ T cells were sorted based on CD4 and CD8 expression. Monocytes were sorted based on 

CD14 expression, B cells on CD20 expression and NK cells on CD56 expression. The highest neuroserpin 

mRNA expression was detected in B cells and the lowest in monocytes. CD4+ and CD8+ T cells and NK 

cells expressed intermediate levels of neuroserpin mRNA (Figure 3.4A). The amplicon size of the 

neuroserpin primer probes used for neuroserpin mRNA analysis was confirmed by analysing the qPCR 

product by electrophoresis on a 4% NuSieve agarose gel (Figure 3.4B).  

Neuroserpin protein expression was analysed in combined CD4+ and CD8+ T cells and monocytes. Other 

immune cell subsets were not analysed because the cell yield was too low for protein isolation. Western blot 

detection with the primary anti-neuroserpin antibody ab55587 resulted in detection of a single 

immunoreactive band at ~50kDa for both T cells and monocytes (Figure 3.4C). In contrast with the mRNA 

data, protein expression was higher in monocytes compared to T cells (Figure 3.4D). When the rabbit 

polyclonal anti-neuroserpin antibody K53 was tested on the same cell lysates no neuroserpin was detected 

in monocytes (Figure 3.4E) suggesting a difference in monocyte and T cell intracellular protein processing of 

neuroserpin. 
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Figure 3.4: Neuroserpin is expressed by immune cells from the lymphoid lineage. A) mRNA 
expression of monocytes, CD4+ T cells, CD8+ T cells, B cells and NK cells sorted on the FACS sorb Aria II. 
500,000 cells per sample were lysed for mRNA isolation and processed for qPCR. The expression was 
calculated using the ∆∆CT method and normalized to housekeeping genes TBP and PPIA. The presented 
data is relative to the mean expression in monocytes across the 3 donors. Mean and SEM of three technical 
replicates is shown. B) Electrophoretogram of the PCR generated with the qPCR analysis confirming the 
specificity of the neuroserpin qPCR primers. C) A representative western blot showing the neuroserpin 
protein level in 50 µg monocyte and T cell lysate detected with the anti-neuroserpin ab55587 primary 
antibody on the Odyssey CLx imaging system. D) Quantified neuroserpin protein levels in T cells and 
monocytes, normalized to beta-actin protein. Data are combined from three independent donors and are 
presented as mean +/- SEM. Results were analysed using an independent sample T-test. *P<0.05. E) A 
representative western blot showing the neuroserpin protein level in 50 µg monocyte and T cell lysate 
detected with the anti-neuroserpin K53 primary antibody on the Odyssey CLx imaging system. 

 

3.2.4  Endogenous neuroserpin from human T cells does not deglycosylate upon PNGase F 

treatment 

The predicted size for endogenous human neuroserpin is ~46.5 kDa. Using western blotting with anti-

neuroserpin antibodies a ~50 kDa immunoreactive band is detected in T cell lysate which is different from 

recombinant human neuroserpin produced in E.coli (Appendix A). It has been shown in cultured rat 

hippocampal neurons that neuroserpin is modified by N-linked glycosylation and that upon treatment with 

PNGase F (Loo et al., 2002) the molecular weight of rat neuroserpin reduces to the predicted size (Borges et 
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al., 2010). To test if human neuroserpin expressed by T cells is similarly glycosylated, T cell lysate was 

incubated with PNGase F. Rat-neuroserpin that was produced by the rat-neuroserpin transfected S2 cell line 

(referred to as S2 rat-neuroserpin) is similarly glycosylated (Hill et al., 2001) and was added as an internal 

control the T cell lysate to confirm that the deglycosylation procedure was working. Similarly a sample spiked 

with S2 rat-neuroserpin was run without the treatment of PNGase F. The samples were then analysed by 

western blotting with chemiluminescent detection. PNGaseF treated and untreated S2-purified rat-

neuroserpin was also detected by western blotting to identify the S2 rat-neuroserpin and endogenous 

neuroserpin in the spiked T cell lysate. When treated with PNGase F, the molecular weight of the S2 rat-

neuroserpin was reduced both in the T cell lysate and the separate sample when compared to the control 

sample (Figure 3.5). The molecular weight of the endogenous neuroserpin in T cell lysates was unaffected 

by PNGase F treatment (Figure 3.5). 

 
Figure 3.5: Endogenous neuroserpin from human T cells does not deglycosylate upon treatment with 
PNGase F. Western blot with chemiluminescent detection using the K53 anti-neuroserpin antibody of 
recombinant S2 rat-neuroserpin (~46 kDa),  human neuroserpin from the T cell lysate (~50 kDa) and 
deglycosylated S2 rat-neuroserpin (~44 kDa). S2 recombinant was also incubated with and without PNGase 
F separately as a reference for S2 rat-neuroserpin detection in the T cell lysate (right two lanes). 
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3.2.5  Neuroserpin co-localises with TGN38 and LFA-1 

The subcellular distribution of neuroserpin was analysed using immunocytochemistry and confocal 

microscopy. Cross-sections of 0.37 µM were taken through the middle of the cell to analyse the location of 

neuroserpin in T cells. Co-localisation was investigated using markers for different cell organelles. In total six 

markers for different organelles were co-stained with neuroserpin. These were GM130 (cis-Golgi), TGN38 

(trans-Golgi network integral protein 38), LAMP-1 (secretory compartments), Granzyme B (lytic granules), 

Rab7 (early and late endosomes) and LFA-1 (lymphocyte adhesion molecule). Neuroserpin was stained with 

either the 1D10 mouse monoclonal antibody or the rabbit polyclonal D17 antibody depending on the antibody 

isotype of the available organelle marker. Both the 1D10 and the D17 showed highly similar staining patterns 

(Figure 3.6). Neuroserpin showed a punctate staining pattern in resting T cells close to the plasma 

membrane suggesting localization with cytoplasmic vesicular structures. Visually neuroserpin staining 

overlapped with TGN38 and LFA-1 (Figure 3.6B and F). The Pearson co-efficient was established from the 

distribution diagram (Appendix B) across all the cross-sections taken through the cells to determine the 

degree of overlap using the co-localization tool in Imaris 7.7 which uses the Costes method, using automatic 

thresholding. Significant co-localisation, with 74% (SEM +/-2.0) of neuroserpin co-localising with TGN38 with 

a Pearsons co-efficient of 0.54 (SEM +/-0.023) and 90% (SEM +/-2.2) of neuroserpin co-localising with LFA-

1 with a Pearson’s co-efficent of 0.79 (SEM +/-0.084) were determined.  
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Figure 3.6: Subcellular distribution of neuroserpin in T cells. Resting T cells were transferred and 
allowed to adhere to poly-D- lysine-coated chamber slides followed by fixation with 3% paraformaldehyde for 
20 min permeabilised with methanol, and then processed for immunocytochemistry. The T cells were stained 
with antibodies specific for neuroserpin (A–C) affinity-purified polyclonal D17 and (D–F) mAb 1D10, 
depending on co-staining antibody. T cells were co-labelled with markers specific for (A) the cis-Golgi 
(GM130), the TGN, and (B) exocytotic/endocytotic vesicles (TGN38), (C) lysosomes, and secretory 
compartments (LAMP-1), (D) lytic granules (granzyme B), I early and late endosomes (Rab 7), and (F) the 
adhesion molecule LFA-1. Optical sectioning was done by using confocal microscopy, and data are 
presented from a single section through the centre of each cell. Images are representative from at least two 
independent experiments. DIC, Differential interference contrast microscopy. 
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3.2.6  RAP-1, a marker of the endocytotic pathway internalizing neuroserpin-tPA complexes, is not 

endocytosed in human T cells 

Neuroserpin-tPA complexes can be endocytosed by the LRP receptor, similarly the LRP antagonist RAP can 

be taken up by the LRP receptor (Makarova et al., 2003). To determine if neuroserpin is endocytosed by T 

cells, co-localisation of neuroserpin and fluorescently labelled RAP was investigated. If neuroserpin or 

neuroserpin-tPA complexes are endocytosed by LRP in the presence of RAP, these proteins will co-localise 

in the same endocytotic vesicles. In this study, RAP was labelled with an Alexa488 fluorophore to visualise 

its uptake in T cells. Before investigating the uptake of RAP by T cells, I looked at its uptake in nerve growth 

factor-differentiated PC12 cells to confirm functionality of the RAP-Alexa488 protein. When the differentiated 

PC12 cells were imaged without the addition of RAP, minimal background fluorescence was observed 

(Figure 3.7A). With the addition of the Alexa 488-labelled RAP it was clear that RAP was taken up into 

vesicles in the cell (Figure 3.7B). When the same protocol was used to analyse uptake of RAP by LRP in T 

cells, no uptake of RAP-Alexa488 was observed (Figure 3.7C). 

3.2.7  Neuroserpin translocates to the immunological synapse following T cell activation and 

synapse formation 

The subcellular location of neuroserpin was analysed in T cells following their activation. T cells were 

activated either by surrogate APCs (anti-CD3/CD28 beads) or antigen-specific T cells clones in a mixed 

leukocyte reaction (MLR) with M31-LCL B cells loaded with their respective cognate peptide. T cells with 

beads or T cell clones with M31-LCL B cells were co-incubated for one hour.  The cells were then fixed with 

PFA and the subcellular location of neuroserpin determined using ICC (Figure 3.8A). T cells in contact with 

beads were compared to T cells that did not make contact. Where the T cells contacted beads, neuroserpin 

polarised toward the T cell-bead interface (Figure 3.8A top panel). Similarly, the microtubule organising 

centre, as shown by the α-tubulin staining, also polarised to the T cell-bead interface as expected during T 

cell synapse formation following T cell activation. Both neuroserpin and α-tubulin did not polarise in T cells 

that did not make contact with anti-CD3/CD28 beads (Figure 3.8A bottom panel). 
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Figure 3.7: RAP labelled with Alexa488 is taken up by differentiated PC12 cells but not T cells. A) 
PC12 cells that were differentiated with nerve growth factor for three days and then incubated without RAP 
show minimal background fluorescence. B) PC12 cells incubated with RAP-Alexa488 for 30 min show a 
punctate pattern in the processes and the cell body. C) Neuroserpin labelling in T cell incubated with RAP-
Alexa488 for 30 min show no uptake of fluorescently labelled RAP. Differential interference contrast 
microscopy (DIC) pictures were taken as a reference for the cell location. 

 

T cell activation in a MLR was used to study the polarisation of neuroserpin to the immunological synapse in 

a more physiological setting (Figure 3.8B and 3.9). Antigen-specific CD4+ and CD8+ T cell clones were 

activated with the M31-LCL B cell line loaded with their respective cognate antigen. TCR (CD3) staining was 

used to distinguish the T cells from the M31-LCL B cells and the location of the cSMAC in the synapse. Upon 

activation of the CD8+ and CD4+ T cells clones, with antigen-loaded M31-LCL B cells, neuroserpin and α-

tubulin in the T cells translocated to the cell-cell contact site (Figure 3.8B). M31-LCL B cells loaded with an 
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unspecific peptide or no peptide were used as a control and showed no evidence of polarisation (Figure 

3.8B). 

 

Figure 3.8: Neuroserpin translocates to the T cell APC contact site following T cell activation. T cells 
were activated with anti-CD3/CD28 beads for one hour, or CD8+ or CD4+ clonal T cells lines were incubated 
for one hour with M31-LCL B cells pulsed with the respective cognate peptide, control peptide, or no peptide 
on poly-D- lysine-coated chamber slides. Following fixation and staining with antibodies specific for 
neuroserpin, α-tubulin and CD3, cells were optically sectioned using confocal microscopy. Images are a 
single section through the middle of each cell. A) Representative image of a T cell in contact (upper) or not in 
contact (lower) with a bead (b). B) M31-LCL B cells presenting cognate peptide, unspecific control peptide, 
or no peptide to the CD8+ clone. Images are representative from three independent experiments. DIC, 
Differential interference contrast microscopy. 
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Neuroserpin translocation was further studied in combination with LFA-1 and CD3 using 3D slice confocal 

microscopy by generating Z-stacks to reconstruct a 3D image of the immunological synapse. These images 

show an enrichment of neuroserpin at the immunological synapse together with LFA-1 and CD3 (Figure 3.9) 

in cross-section and En face view reconstructions of the T cell-B cell interactions. There was enrichment of 

neuroserpin at the synapse in both CD4+ and CD8+ T cells, with stronger polarisation in the CD8+ T cells.  

A 3D volumetric model was recreated using the volumes tool in Imaris 7.7 that allows of clear visualisation of 

neuroserpin, LFA-1 and CD3 staining and free rotation of the structures. This model shows strong 

neuroserpin presence flanked by CD3 and was surrounded by LFA-1 at the T cell side of the synapse at the 

T cell-B cell contact site (Figure 3.10). This indicates the presence of neuroserpin in close proximity the 

cSMAC which is the right position for neuroserpin secretion into the synapse. 
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Figure 3.9: Neuroserpin is enriched at the immunological synapse. CD8+ (A–E) or CD4+ (F–J) clonal 
cell lines were activated with M31-LCL B cells pulsed with the respective cognate peptide for one hour and 
stained for neuroserpin, CD3 (marker of cSMAC), and LFA-1 (marker of pSMAC). Images of CD8+ and 
CD4+ clones in contact with the M31-LCL B cell line were collected using confocal microscopy. Images of 
the cross- sections (x/y plane; top view) show single sections that were collected through each cell, as 
indicated by the position of the yellow line in the En face view (y/z plane). The yellow line (cross-section 
images) identifies the plane of the interface of the immunological synapse that was then rotated to visualize 
protein expression in the En face view. (E and J) Combined DIC/fluorescence images. Contrast was 
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adjusted in Imaris 7.7 to highlight proteins in synapse. Images are representative from at least two 
independent experiments. 

 
Figure 3.10: Neuroserpin Polarises to the cSMAC in immunological synapse with CD3 and LFA-1. 
Using the Imaris 7.7 software, the fluorescent signal for the neuroserpin, LFA-1 and CD3 staining of the 
CD8+- M31-LCL B cell synapse (Fig 3.9A-E) was transformed into a volumetric representation. The 
fluorescent signal was thresholded to visualize the volume of all three markers optimally in the synapse 
region. A) Shows the synapse from the top. B) The synapse rotated to the right (as indicated by the arrow) to 
visualize the synapse from the M31-LCL B cell point of view. C) Close up of the synapse from the M31-LCL 
B cell side. D) The synapse rotated to the left (indicated by the arrow) to visualize the synapse from the 

Neuroserpin 

CD3 

LFA-1 
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CD8+ T cell point of view. E) Shows a close up of the synapse from the T cell side. The cell body is shown in 
grey as imaged by the Zeiss LSM 710 confocal microscope using the transmitted light function and 
brightness and contrast was adjusted in Imaris 7.7. 

3.2.8  siRNA-mediated knockdown of neuroserpin for functional studies 

To investigate the possibility for in vitro loss of function experiments to study the function of neuroserpin in T 

cells RNAi-mediated knockdown of neuroserpin was analysed. Transfection of classical siRNAs using 

nucleofection in PAN T cells and lentiviral transduction of shRNAs was compared to Accell siRNA 

transfection.  

The nucleofection was done by Dr. Natalie Lorenz from the Birch Laboratory, School of Biological Sciences, 

University of Auckland. When PAN T cells were transfected with a mock control using nucleofection the 

neuroserpin expression was reduced. A mock transfection is the complete transfection procedure but without 

the presence of siRNAs (Figure 3.11A). Theoretically this should not affect the expression of neuroserpin 

unless the nucleofection procedure induces non-specific effects. When the mock transfection was compared 

to transfection of non-targeting siRNAs no difference was seen as expected. However, no difference was 

detected between the neuroserpin-targeting, the mock transfection and non-targeting siRNAs.  

Because lentiviral transfection is a well-established T cell transfection method (Verhoeyen, Costa, & Cosset, 

2009) it was trialed in the Jurkat T cell line in collaboration with Dr. Carol Wang from John Taylor’s laboratory 

at the School of Biological Sciences at the University of Auckland. Dr. Wang generated lentiviral particles 

containing the plasmid with the shRNA sequences and transduced the cells. In total three different plasmids 

with different shRNA sequences were generated and one control plasmid containing a non-targeting 

sequence was made. Up to ~60% mRNA knockdown of neuroserpin was seen with shRNA 2 while shRNA 1 

and 3 showed ~ 40% knockdown of neuroserpin mRNA (Figure 3.11B).  

The necessity to activate the T cells for lentiviral transfection limits the study of neuroserpin function in 

resting and migrating T cells since T cell activation will activate numerous pathways that will induce 

expression of genes that are important in the activation process. It also limits studying the function of 

neuroserpin during the activation process since neuroserpin cannot be knocked-down prior to activation. 

Because of these reasons no further optimisation was undertaken but an alternative approach was 
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investigated. Accell siRNA’s use a different method of transfection and have been developed to transfect 

difficult to transfect cell types. Accell siRNA’s are dsRNA molecules that are modified with a proprietary 

moiety to make  

 

Figure 3.11: Neuroserpin mRNA knockdown with nucleofection in PAN T cells and lentivirus in Jurkat 
T cells. qPCR detection of relative neuroserpin mRNA expression. A) Relative neuroserpin mRNA 
expression in PAN T cells 48 hours post-nucleofection with non-targeting siRNAs, neuroserpin-targeting 
siRNAs and compared with cells that were “transfected” without the presence of siRNAs (Mock) and 
untreated cells (Ctrl). B) Relative neuroserpin mRNA expression in Jurkat T cells 48 hours post-transduction 
with three different vectors expressing neuroserpin-targeting shRNAs or a non-targeting sequence for 48 
hours using lentiviral particles containing (Ctrl).  Data are combined from two independent experiments and 
are presented as mean +/- the range.  

 

them more stable and to allow slow diffusion of the siRNA into the cells over time instead of active 

transfection by endocytosis. Accordingly the Accell siRNA’s can be added to serum free Accell siRNA 

delivery medium directly without any transfection reagent. This is a very gentle way of transfection and the 

siRNA’s can be kept in the medium with the cells or added back to the medium when feeding the cells to 

maintain long term mRNA knockdown. 

Neuroserpin mRNA expression was analysed in PAN T cells and T cells cultured under standard culturing 

conditions in RS5-IL7 medium (control) and compared to cells cultured in Accell siRNA delivery medium 

(mock transfection) and cells treated with either a non-targeting control siRNA pool or a neuroserpin-

targeting siRNA pool. Culturing either T cells or PAN T cells for up to 7 days in Accell-IL7 medium (Mock 

transfection) showed no difference in neuroserpin expression compared to culturing the cells in RS5-IL7 

medium (Figure 3.12A and B). Similarly the transfection of the non-targeting siRNAs had no effect on the 
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neuroserpin expression. When T cell where transfected with a pool of 4 neuroserpin siRNAs a knockdown of 

70-90% was obtained at all time points in both T cells and PAN T cells (Figure 3.12A and B).  

 

 

Figure 3.12: Accell siRNAs successfully knockdown neuroserpin mRNA expression. qPCR detection 
of relative neuroserpin mRNA detection. A) Relative neuroserpin mRNA expression in PAN T cells incubated 
in RS5 medium compared to Mock transfection (Accell siRNA delivery medium only), 1 µM non-targeting 
control siRNA pool transfection (NT) and 1 µM neuroserpin-targeting siRNA pool transfection (NS) at 3, 5 
and 7 days. B) Relative neuroserpin mRNA expression in T cells incubated in RS5 medium compared to 
Mock transfection (Accell siRNA delivery medium only), 1 µM non-targeting control siRNA pool transfection 
(NT) and 1 µM neuroserpin-targeting siRNA pool transfection (NS) at 3, 5 and 7 days. Data shows the mean 
and +/- SEM of three independent donors. All expression data is normalised to RS5 control of each 
respective time point. 

 

The presence of foreign RNA can trigger an interferon response in mammalian cells, which is a defence 

mechanism to protect the cells from viral RNA. Similarly the transfection of double-stranded siRNA into 

human cells can lead to a interferon response, which induces non-specific changes in gene expression and 

cell function (Reynolds et al. 2006). The company states that Accell siRNAs are designed to prevent the 

induction of an interferon response but considering the importance of this method in future functional studies, 

the expression of two interferon response genes, EIF2AK2 and OAS1 (Bridge, Pebernard, Ducraux, 

Nicoulaz, & Iggo, 2003; Reynolds et al., 2006), were analysed. To determine a possible interferon response 

in PAN T cells and T cells following transfection with Accell siRNAs, the expression of EIF2AK2 and OAS1 

were analysed following transfection with non-targeting and neuroserpin-targeting Accell siRNAs and 

compared to normal culturing conditions and mock transfection (Figure 2.13). No significant change in the 
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expression of EIF2AK2 and OAS1 was found upon transfection with siRNAs at any time of analysis in both 

PAN T cells and T cells. 

Based on the results presented here the Accell siRNAs show the best neuroserpin mRNA knockdown.  

 

Figure 3.13: Treatment of PAN T cells and T cells with Accell siRNAs does not induce expression of 
the interferon response genes EIF2AK2 and OAS1. qPCR detection of relative OAS1 and EIF2AK2 
mRNA detection. A) Relative EIF2AK2 mRNA expression and B) OAS1 mRNA expression in PAN T cells 
incubated in RS5 medium compared to Mock transfection (Accell siRNA delivery medium only), 1 µM non-
targeting control siRNA pool transfection (NT) and 1 µM neuroserpin-targeting siRNA pool transfection (NS) 
at 3, 5 and 7 days. C) Relative EIF2AK2 mRNA expression and D) OAS1 mRNA expression in T cells 
incubated in RS5 medium compared to Mock transfection (Accell siRNA delivery medium only), 1 µM non-
targeting control siRNA pool transfection (NT) and 1 µM neuroserpin-targeting siRNA pool transfection (NS) 
at 3, 5 and 7 days. Data shows the mean and +/- SEM of three independent donors. All expression data is 
normalised to RS5 control of each respective time point. 

 

3.2.9  Culturing of T cells and PAN T cells in Accell medium or transfection with siRNAs has no 

effect on the distribution of subsets  

To determine if there was any effect of serum-free Accell delivery medium in the presence or absence of 

siRNAs on T cells subsets, cells were analysed after treatments using flow cytometry. The flow cytometry in 
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this experiment was performed by Dr. Natalie Lorenz. The presence of CD4+ naïve and memory cells and 

CD8+ naïve and memory cells was analysed using specific markers. CD4+, CD8+, memory and naïve cells 

were determined using the T cell markers CD4, CD8 followed analysis for CD45RA and CD45RO to 

determine the percentage of naïve and memory cells within the CD4+ and CD8+ populations (Figure 3.14A). 

T cells cultured in standard culture medium, mock transfection, transfected with non-targeting siRNAs and 

transfected with neuroserpin-targeting siRNAs were analysed at seven days of culture under similar 

conditions as described for mRNA analysis. No significant difference in any of the T cells subsets was found 

between the different treatments in both PAN T cells and T cells (Figure 3.14B and C). 

3.2.10  Knockdown of neuroserpin mRNA expression did not alter polarisation of neuroserpin and α-

tubulin in activated T cells 

To study the possible function of neuroserpin in the early stages of T cell activation, neuroserpin was 

knocked-down using Accell siRNAs prior to activation. Both the polarisation of neuroserpin in T cells 

activated with anti-CD3/CD28 beads and T cells clones in the MLR was analysed at one and four hours of 

incubation following neuroserpin mRNA knockdown or treatment with non-targeting siRNAs. Knockdown of 

neuroserpin mRNA in T cells prior to activation with anti-CD3/CD28 beads did not show any alteration in 

neuroserpin or α-tubulin translocation (Figure 3.15). For the MLR neuroserpin was knocked-down both in 

M31-LCL B cells and the T cell clones prior to co-incubation. No difference in polarisation was seen at either 

one or four hours of incubation between cells treated with non-targeting control siRNAs and neuroserpin-

targeting siRNAs (Figure 3.16A). The knockdown of neuroserpin mRNA in M31-LCL B cells was determined 

in three independent experiments and showed an average mRNA knockdown of ~83% compared to 

neuroserpin expression in M31-LCL B cells treated with non-targeting siRNAs (Figure 3.16B). 
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Figure 3.14: Culturing T cells in serum free Accell medium with or without siRNAs does not affect T 
cell subset distribution. A) Gating strategy shown on T cells for the analysis of T cells CD8+ naïve and 
memory and CD4+ naïve and memory subsets. B) Comparison of T cells and C) PAN T cells incubated in 
RS5-IL-7 medium (control RS5) to Accell siRNA delivery medium only (Accell Mock), 1 µM non-targeting 
control siRNA pool transfection (Accell NT) and 1 µM neuroserpin-targeting siRNA pool transfection (Accell 
NEUROSERPIN) at seven days. The data is a representative of two independent donors. 
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Figure 3.15: Knockdown of neuroserpin mRNA in T cells does not affect polarization towards the T 
cell-beads synapse. T cells were incubated in Accell-G7 medium and non-targeting-siRNAs or neuroserpin-
targeting siRNAs for three days. The T cells were then plated in 8 well chamber slides coated with poly-d-
Lysine and incubated with anti-CD3/CD28 beads in a 1:1 ratio for one and four hours followed by fixation and 
staining for neuroserpin and α-tubulin and imaging by fluorescent microscopy.  

Figure 3.16 (opposite page ►): Knockdown of neuroserpin mRNA does not affect polarization in the 
synapse in a MLR. A) Both T cells and M31-LCL B cells were incubated in Accell medium with 1 µM of 
either non-targeting control siRNAs or neuroserpin-targeting siRNAs for three days to achieve mRNA 
knockdown. The M31-LCL B cells were loaded with the peptide and combined with the T cells as described 
for previous experiments. A) Polarisation of neuroserpin, CD3 and α-tubulin in CD8+ T cells and M31-LCL B 
cells interaction after one and four hours imaged by fluorescent microscopy. B) Neuroserpin mRNA in M31-
LCL B cells following mRNA knockdown with non-targeting siRNAs or neuroserpin-targeting siRNAs. Results 
were analysed using an independent sample T-test using Levene's test to assess population variances. *P < 
0.05  
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3.3  Discussion 

T cell activation is a key response in the regulation of the adaptive immune response. Activation is 

dependent on cell-cell communication and synapses are formed for directed cell-cell interaction. These 

synapse share many molecular similarities with the neuronal synapses ( Dustin & Colman, 2002; Dustin, 

2012; Steinman, 2012). The data presented here is the first time showing the expression of neuroserpin and 

its target tPA in human T cells.  

The role of secreted extracellular proteases and their inhibitors such as neuroserpin has been widely studied 

in synapse formation in neuronal systems (Lee, Tsang, et al., 2008; Liu, Fields, Fitzgerald, Festoff, & Nelson, 

1994; Shiosaka & Yoshida, 2000; Tsilibary et al., 2014) but has received little attention in the immunological 

field. The expression of neuroserpin in the immune cells studied here suggests a similar function for 

extracellular proteases and serpins in the immune system. Neuroserpin has been shown to regulate the 

protease tPA (Osterwalder et al., 1998). By inhibiting tPA neuroserpin and can also indirectly regulate other 

proteases that are activated downstream of tPA. 

Even though it is common knowledge in the neuronal field that proteases and their inhibitors play a key role 

in synaptic plasticity (Lee, Tsang, et al., 2015; Sonderegger & Matsumoto-Miyai, 2014; Tsilibary et al., 2014),  

the proteolytic environment is an understudied aspect in immunology. The data presented in this chapter 

identifies the expression of the protease inhibitor, neuroserpin, in T cells. Moreover, this data provides 

compelling evidence that, upon T cell activation, neuroserpin is translocated to the secretory domain, the 

cSMAC, of the immunological synapse. 

3.3.1  Screening of antibodies for neuroserpin western blot detection 

It is not uncommon for antibodies raised against a specific antigen to cross-react with unrelated targets. 

When these antibodies are used for western blot detection it results in detection of non-specific 

immunoreactive bands. Therefore, it was necessary to screen the available anti-neuroserpin antibodies for 

specificity and ability to detect neuroserpin on western blot. To assess this, 12 different antibodies from 

different sources have been tested on T cell extract using western blot, these included five in-house-

produced polyclonal antibodies that have been generated before commercial neuroserpin antibodies were 
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available. Three polyclonal antibodies detected an immunoreactive band that is likely neuroserpin with K53 

showing the strongest detection with the least amount of background staining. All polyclonal rabbit antibodies 

detected multiple immunoreactive bands in human T cell lysates, which could be due to non-specific binding 

of the antibody to other proteins. It is also possible for an antibody to recognise fragments of partially 

degraded neuroserpin or neuroserpin in complex with other proteins such as tPA. Cleavage of neuroserpin 

results in removal a C-terminal fragment reducing its size to ~40 kDa.  

Several polyclonal antibodies see a high molecular weight immunoreactive double band at ~80 kDa. In the 

case of the PeproTech antibody this could be a potential neuroserpin-enzyme complex. The size is not that 

expected for neuroserpin in complex tPA (~75 kDa or ~100 kDa depending on the two chain or single chain 

from of tPA) or uPA (~100 kDa or ~110 kDa depending on the low or high molecular weight form of uPA), the 

known binding partners of neuroserpin (Hastings et al., 1997). The inhouse generated antibodies that bind to 

the C-terminal of neuroserpin cannot bind neuroserpin-enzyme complexes. The C-terminal of neuroserpin is 

not available for binding by antibodies when in complex and if tPA is released from neuroserpin the C-

terminal is lost under denaturing conditions that are used for western blotting. At this stage it is unknown of 

the immunoreactive bands seen at 80 kDa contain neuroserpin or if it is unspecific detection from the 

antibodies. 

A reactive band close to 42 kDa was detected with the 1D10 and ab55587 monoclonal antibodies indicating 

the presence of C-terminally cleaved neuroserpin in these samples and the ability of these antibodies to bind 

to an antigen in the cleaved neuroserpin. Two monoclonal anti-neuroserpin antibodies detected a major 

single immunoreactive band at the expected size for neuroserpin. Both the 1D10 and ab55587 also detected 

a minor reactive band that is consistent with RCL-cleaved neuroserpin. The affinity and specificity of all 5 

monoclonal anti-neuroserpin antibodies was confirmed on lysates from recombinant human neuroserpin-

transfected HEK293 cells or recombinant neuroserpin purified from E.coli. Because of the strong detection of 

neuroserpin by the ab55587 and its ability to detect RCL-cleaved neuroserpin, this antibody was selected for 

most subsequent neuroserpin western blot experiments. For other experiments that required a rabbit primary 

anti-neuroserpin antibody to be used in combination with a mouse primary antibody targeting a house-
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keeping gene, K53 was selected since the K53 antibody showed the strongest staining for neuroserpin with 

the lowest levels of non-specific staining. 

3.3.2  Odyssey dual colour western blot. 

Western blotting is widely used for the quantitation of protein expression in cell lysates. With classic 

chemiluminescent techniques protein quantitation is often regarded as semi-quantitive. Signal linearity with 

ECL substrate chemiluminescent detection generally occurs at low protein loads and saturation of the signal 

seems directly related to protein expression, which can be a problem when trying the normalise expression 

to ubiquitously expressed housekeeping genes (Eaton et al., 2014; Ferguson et al., 2005). When comparing 

fluorescent detection with chemiluminescent the use of fluorescent antibodies generates a linear detection 

profile over a larger dynamic range (Eaton et al., 2013).  

Recently the Odyssey CLx imaging system for fluorescent detection of proteins on western blot has become 

available in the School of Biological Sciences. Here I developed a method to detect human neuroserpin and 

the housekeeping-gene beta-actin (Ferguson et al., 2005) on the same blot using two different primary and 

fluorescent secondary antibodies using the Odyssey CLx imaging system.  

The use of primary mouse IgG1 antibodies and mouse IgG2A antibodies resulted in cross-reactivity between 

the 700 nm and 800 nm detection channels on the Odyssey CLx imaging system (see results section, table 

3.1). This was not a problem when a primary rabbit antibody was used with a mouse primary antibody. The 

limitation of this is that the preferred mouse anti-neuroserpin ab55587 antibody cannot be used with a mouse 

IgG2A anti-beta-actin antibody.  

The use of different blocking buffers can have a big effect on the specificity of detection of the protein of 

interest on western blot (D. A. Johnson et al., 1984). A different blocking buffer was tested but could not 

improve the cross-reactivity that was observed. When rabbit and mouse primary antibodies were used with 

species specific secondary antibodies no cross-reactivity was detected, indicating a problem with the anti-

mouse IgG1 and anti-mouse IgG2A secondary antibodies, not the blocking buffer. 
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Two different dyes were used for the 700 nm channel, the 680 LT that was coupled to the anti-mouse IgG2A 

and the 680 RD which was coupled to the anti-mouse IgG (Heavy + light chain) secondary antibody. The 680 

RD is a newer type of dye that has as an advantage that it shows less background on the western blot than 

the 680 LT (Alayna Burret, LI-COR sales representative, personal communication). This could potentially 

have an effect on the observed cross-reactivity that was observed but unfortunately an anti-mouse IgG2A 680 

RD antibody was not available at the time and could not be tested. 

Some minimal bleed-trough observed when the mouse anti-neuroserpin and rabbit anti-beta-actin primary 

antibodies where used at the highest concentrations tested. This was solved by using a slightly lower 

concentration of rabbit anti-beta-actin antibody which still gave good detection.  

The rabbit beta-actin antibody was used at a lower concentration than the neuroserpin antibody, which 

reflects differences in the abundance of beta-actin in T cell lysate and differences between the two 

antibodies. Also, the beta-actin is a different antibody which will have a different affinity for its target protein. 

In conclusion, using the mouse IgG1 ab55587 anti-neuroserpin antibody together with a rabbit anti-beta-actin 

primary antibody in combination with the anti-mouse 800CW and the anti-Rabbit 680RD in the concentration 

determined as presented here offers a reliable way to detect and quantify neuroserpin expression in human 

primary T cells. This method can also be used for other targets in combination with beta-actin detection. 

3.3.3  Neuroserpin expression and location in human T cells 

Neuroserpin mRNA expression was detected in CD4+ and CD8+ T cells as well as in monocytes, NK cells 

and B cells isolated from healthy human donors. 

When neuroserpin protein expression was analysed using western blotting, higher protein expression was 

found in monocytes than in T cells which differs from the neuroserpin mRNA data. When the anti-

neuroserpin rabbit polyclonal K53 antibody (Kennedy et al., 2007) was used instead of the ab55587 

antibody, no neuroserpin protein was detected in monocytes. The ab55587 antibody is raised against full 

length neuroserpin while the K53 is raised against the neuroserpin C-terminal amino acids 301-410. The lack 

of neuroserpin detection indicates a difference in neuroserpin protein processing in monocytes compared to 
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T cells which alters the affinity of the epitope of the endogenous monocyte neuroserpin for detection with 

K53 antibody. The K53 antibody is raised against the C-terminal of neuroserpin which is unavailable for 

binding when neuroserpin is complex with tPA, furthermore, the C-terminal is also lost when neuroserpin is 

cleaved following the complex formation (Barker-Carlson et al., 2002). 

All human donors showed the same trend in mRNA expression of the different immune cell subsets that 

were analysed but there were some differences when the expression within each subset was compared 

between the different donors. This observation of variability with the expression within each subset between 

donors is due to the heterogeneity of the human population that exists when compared to almost genetically 

identical animal models. (Churchill et al., 2004). 

The inverse neuroserpin mRNA and protein expression that was observed between T cells and monocytes 

was also observed by Lorenz et al. (2015) using intracellular FACS analysis. In fact, a complete inverse of 

mRNA and protein expression was seen when all immune cell populations, monocytes, T cells, NK cells and 

B cells, were analysed for neuroserpin expression by FACS (Lorenz et al., 2015). Differences between 

protein and mRNA expression are not uncommon (Vogel & Marcotte, 2012). Only about 40% of protein 

expression can be explained by mRNA expression while the other 60% of the protein expression is regulated 

by translation efficiency, post-translational regulation and protein turnover. Moreover, difference between 

mRNA and protein have also been reported for both serpins and immune cells (Ebrahimi et al., 2010; 

Schedel et al., 2004; Vogel & Marcotte, 2012). Thus, it is not surprising to see a similar phenomenon for 

mRNA and protein expression of neuroserpin in the current data presented. 

3.3.4  Human neuroserpin expressed by T cells is not sensitive to deglycosylation by PNGase F 

When compared on western blot neuroserpin in human T cell lysate and recombinant human neuroserpin 

display different molecular weights (Appendix A). It is common for mammalian proteins to undergo post-

translational modification. N-linked glycosylation has for example been reported for rat neuroserpin in 

embryonic rat primary hippocampal neuron cultures (Borges et al., 2010), α1-antitrypsin (Mills, Johnson, 

Clayton, Winchester, & Philippa B. Mills Andrew W. Johnson, Peter T. Clayton, Bryan G. Winchester, 2001) 

and Serp-1 (Nash et al., 2000). It has been shown that rat neuroserpin from cultured hippocampal neurons is 
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sensitive to N-linked deglycosylation by PNGase F (Borges et al., 2010). Recently it has been reported that 

N-linked glycosylation at N157 and N321 in human neuroserpin is important for the prevention of 

polymerisation of neuroserpin (Moriconi et al., 2015). To see if neuroserpin in human T cells was 

glycosylated similar to neuroserpin from embryonic rat primary hippocampal neuron cultures, T cell lysate 

was treated with PNGase F to remove N-linked glycosylation. When T cell lysate was treated with PNGase F 

to remove N-linked glycosylation no effect was seen on the size of endogenous neuroserpin, but the 

recombinant rat-neuroserpin expressed in S2 cells used as an internal control was reduced in molecular 

weight. Similarly the S2 rat-neuroserpin that was treated separately showed a decrease in molecular weight 

following treatment with PNGase F.  

These data indicate that human neuroserpin expressed by T cells is differently glycosylated or modified post-

translationally than rat neuroserpin expressed in cultured rat hippocampal neurons.  

3.3.5  Location of neuroserpin in T cells 

After the expression of neuroserpin mRNA and protein was established in T cells, the location of neuroserpin 

in T cells was investigated. The location of neuroserpin could potentially give important clues about the 

function and a possible indication for the regulation of the secretion of this extracellular serpin. 

In non-activated T cells neuroserpin protein distribution was seen as a punctate expression pattern co-

localising with TGN38 and LFA-1. No co-localisation was found with any of the other sub-cellular markers 

used in this study. The co-localisation with TGN38 is particularly interesting because TGN38 plays an 

essential role in the formation of exocytotic vesicles at the trans-Golgi network and has been proposed as a 

cargo receptor that is involved in the delivery and secretion of proteins that play a role in cell adhesion and/or 

migration (Jones, Crosby, Salamero, & Howell, 1993; Lee & Banting, 2002; Wang & Howell, 2000). For 

example, it has been shown that the glycosylation of TGN38 plays an important role in the secretion of PAI-

1, a serpin related to neuroserpin, in the normal rattus norvegicus kidney cell line (Lee & Banting, 2002). 

Furthermore, another study demonstrated that TGN38 is responsible for the trafficking of integrin α5β1 

through the interaction of TGN38 in Cos-7 cells (Wang & Howell, 2000). This data from Wang & Howell 

(2000) supports the idea thatTGN38 plays a role in the regulation of neuroserpin secretion and the transport 
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of LFA-1 to the cell surface of T cells. This places neuroserpin at a location where it could regulate the 

extracellular proteolytic balance. 

The regulation of the proteolytic balance possibly plays an important role in the modifying cell adhesion and 

cell interactions, either directly to the regulation of LFA-1 or cleavage of other molecules that can affect T cell 

adhesion and cell-cell interactions. For example, it has been shown that proteolytic cleavage of the β2 

cytoplasmic tail of LFA-1 can change the LFA-1affinity state to a higher affinity for LFA-1 target ICAM-1 

(Jevnikar et al., 2011), a key integrin in T cell adhesion for migration and receptor formation migration (Hogg, 

Patzak, & Willenbrock, 2011). 

The secretion of neuroserpin into the pericellular space would suggest a similar role for neuroserpin in T cell 

synapse formation which has already been described for in neuronal models. In neuronal models, it has 

been shown that neuroserpin can alter cell-cell adhesion and synaptic plasticity (Lee, Coates, et al., 2008;  

Lee, Tsang, et al., 2015; Wannier-Morino, Rager, Sonderegger, & Grabs, 2003).  

TGN38 is a protein linked to cellular compartment that shuttles between the cell membrane and the trans-

Golgi (Jones et al., 1993; Lee & Banting, 2002; Wang & Howell, 2000). The possibility of the ability for 

neuroserpin to be endocytosed from outside the cell and the recycling of neuroserpin within the cell cannot 

be excluded from the above presented results. It has been shown that neuroserpin and neuroserpin-tPA 

complexes can be taken up by the LRP receptor (Makarova et al., 2003). Surprisingly, neuroserpin did not 

bind to LRP on its own, suggesting that a co-factor for internalisation of neuroserpin is necessary. It has 

been demonstrated that T cells are able to express the LRP receptor (Bergström, Bergdahl, & Sundqvist, 

2013). Moreover, LRP expression in T cells is thought to play a role in cytokine regulated T cells adhesion 

and T cell motility via the LRP-mediated cleavage of TSP-1 which then activates Janus kinase signalling.  

The uptake of RAP and co-localisation with neuroserpin was analysed by ICC detection of neuroserpin 

following treatment of T cells with fluorescently labelled RAP. RAP is an LRP antagonist that can be 

endocytosed together with LRP (Bu, Geuze, Strous, & Schwartz, 1995). Functional endocytosis of the 

fluorescently labelled RAP was confirmed by uptake of RAP in differentiated PC12 cells by using an inhouse 

developed protocol. The results with PC12 cells showed that the RAP-Alexa488 was fully functional and 
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endocytosed by the PC12 cells. When RAP was added to T cells, no uptake of the RAP could be detected. 

The lack of RAP uptake in T cells suggests no functional endocytosis by the LRP receptor under the 

experimental circumstances that were used in this thesis. Furthermore, the lack of RAP uptake by T cells 

may be an indication that T cells need a specific stimulation that activates endocytosis via the LRP receptor. 

In previously published data, it was shown that cell surface expression of LRP was stimulated by IL-2 via 

TSP-1 (Bergström et al., 2013). Under the experimental conditions that were used in this chapter, no IL-2 

stimulus was given to the T cells and with the culturing conditions used here and it is unlikely that the T cells 

produce IL-2. Thus, it is possible that cell surface expression of LRP was not stimulated to a level to observe 

a functional uptake of RAP by T cells. 

3.3.6  Neuroserpin translocates to the synapse in activated T cells 

The Griffiths group reviewed the polarisation of the immunological synapse and relocation of proteins to the 

synapse via microtubules for directed secretion (Angus & Griffiths, 2013). The location of neuroserpin was 

investigated with anti-CD3/CD28 bead activation and MLR activation to investigate relocation of neuroserpin 

to the immunological synapse for a possible indication of neuroserpin secretion in the synaptic space. This 

phenomena has been previously described for neuroserpin in neuronal models where it can regulate 

perisynaptic proteolysis (Lee, Tsang, et al., 2015; Sonderegger & Matsumoto-Miyai, 2014; Tsilibary et al., 

2014). 

Neuroserpin polarised to the synapse in T cells following T cell activation by anti-CD3/CD28 beads or 

activation of T cell clones with their cognate peptide presented by M31-LCL B cells. The translocation was 

analysed using ICC after one hour of co-incubation and analysis with confocal microscopy. Under these 

conditions I also observed translocation of α-tubulin in T cells.  

The polarisation index of neuroserpin in T cells activated by anti-CD3/CD28 beads and T cells clones 

activated by the M31-LCL B cells was published by Lorenz et al. (2015). The polarisation index was defined 

as the mean fluorescence ratio in two equal-sized reference areas bordering the cell-bead interface and on 

the diametrically opposed region. This data showed that there was significant polarisation of neuroserpin in T 

cells activated by anti-CD3/CD28 beads in both the CD4+ T cell clone and the CD8+ T cell clone activated 



Chapter 3 Expression and location of neuroserpin in human T cells 

98 
 

by M31-LCL B cells presenting their respective cognate antigen. No polarisation of M31-LCL B cells was 

seen in this experimental set up. Polarisation of B cells to T helper cells has previously been reported 

(Duchez, Rodrigues, Bertrand, & Valitutti, 2011). The main difference between the assay presented here and 

the study by Duchez et al. is the type of T cells that has been used in conjunction with primary B cells. The 

study conducted by Duchez has primarily focussed on B cell polarisation and used primary B cells interacting 

with T helper cells. The T helper cell-B cell interaction is known to provide B cell help following T cell 

activation and is likely to further stimulate B cell activation and/or differentiation and stimulate B cell 

polarisation. The T cell clones used in this chapter were generated for different assays such as cancer cell 

killing (CD8+ clone) and assistance of antigen uptake for antigen presenting cells (Daniel Verdon, personal 

communication). Furthermore, the M31-LCL B cells were a continuously dividing cancer cell line which may 

impact their ability to polarise their tubulin cytoskeleton. 

The location of neuroserpin between T cell-APC interactions was analysed in more detail using 3D confocal 

microscopy. Using the CD4+ and CD8+ T cells clones and M31-LCL B cells presenting their cognate 

peptide, a Z-stack of cross-sections thought the synapse was collected. The Z-stack was reconstructed into 

a 3D image that was then rotated to visualise the synapse from an En Face viewpoint for both CD8+ and 

CD4+ T cell clone synapse formation. The 3D image of the CD8+ T cell clone synapse was also used to 

create a 3D “volumetric” reconstruction of the M31-LCL B cell-T cell interaction. This volumetric model allows 

for free rotation which enables us to have a clear study of the locations in CD8+ T cells that display the 

strongest staining. 

These 3D reconstructions showed that neuroserpin is enriched at the synapse flanked by the TCR (CD3) 

and surrounded by LFA-1. This places neuroserpin at or close to the secretory domain (cSMAC) of the 

immunological synapse (Grakoui 1999). The stronger polarisation of neuroserpin to the cSMAC in the CD8+ 

T cell clone which could be explained by its stronger affinity for its cognate peptide (Daniel Verdon, personal 

communication). The proximity of neuroserpin to the secretory domain of the synapse further indicates that 

neuroserpin is likely to be secreted and plays a role in regulating the proteolytic balance in the synapse. 

Further evidence for neuroserpin secretion was presented by Lorenz et al., (2015) where it was shown that 

levels of intracellular neuroserpin drop within minutes following activation of T cells with PMA and ionomycin. 
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This strongly suggests secretion of neuroserpin upon activation and is in line with the results presented in 

this chapter. 

This data in this chapter is consistent with neuroserpin being targeted to a vesicular compartment for 

secretion as has been described for neuroserpin in cultured neurons and AtT-20 cells (Borges et al., 2010; 

Hill et al., 2000; Ishigami et al., 2007). 

3.3.7  Application of RNAi-mediated neuroserpin knockdown in human T cells 

The removal of a gene or reduction of gene expression is a commonly used method to study its function 

(Dorsett & Tuschl, 2004). In animals this can be achieved by, for example, producing knock-out strains. With 

human cell lines or cultured primary cells the application of RNAi has taken an important role in the last two 

decades. Transfection of siRNAs makes it possible to reduce the amount of endogenously expressed 

neuroserpin.  

Human primary T cells are known to be hard to transfect without the use of viral vectors (Liu, Winters, 

Holodniy, & Dai, 2007) although some success has been reported with nucleofection (Novina et al., 2002). 

Accell siRNAs are an alternative that was designed for difficult to transfect cells.  

Nucleofection of siRNAs was investigated for T cell transfection. Nucleofection changed neuroserpin 

expression regardless of the presence of neuroserpin-targeting siRNA, indicating that the procedure affects 

T cells in a way that induces non-specific effects. This something that must be avoided when doing 

functional studies so other methods for RNAi-mediated knockdown of neuroserpin were investigated.  

Lentiviral transfection into the Jurkat T cell line showed up to 60% knockdown of neuroserpin mRNA levels. 

However, because lentiviral knockdown was not as effective as the Accell siRNA transfection and as T cells 

need to be activated for this method to be effective (Verhoeyen et al., 2009) this was not pursued further. 

Accell siRNAs have a proprietary chemically modification so that they can passively diffuse into the cells, 

making it a very gentle transfection method, allowing long incubation periods with the siRNAs and enabling 

maintenance of mRNA knockdown over longer time periods. This makes it possible to knockdown 
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neuroserpin mRNA expression before stimulating T cells to study the effect of reduced neuroserpin 

expression during this crucial process.  

The data presented here show that PAN T cells and T cells can be effectively transfected with Accell siRNA 

and knockdown endogenous neuroserpin mRNA expression up to ~90% when compared to normal culturing 

conditions or control transfection conditions. A transfection resulting in knockdown of  50-90% gene 

expression is normally considered efficient for experimental manipulation (Z. Liu et al., 2007; Novina et al., 

2002), supporting Accell siRNAs as an effective way to knockdown gene expression in primary human T 

cells.  

When the interferon response was analysed in Accell siRNA transfected PAN T cells and T cells no changes 

in mRNA expression of OAS1 or EIF2AK2 in any of the conditions were found when compared to the normal 

culturing conditions in standard R5-IL7 or in plain Accell siRNA delivery medium.  

To ensure optimal transfection with Accell siRNAs serum free medium needed to be used. For the 

experiments in this thesis Accell siRNA delivery medium was used. To ensure that the transfer from serum 

containing medium to serum free medium did not skew specific T cell subsets during culturing, CD4+ 

memory and naïve and CD8+ memory and naïve cells were analysed using flow cytometry. As no significant 

differences were found between the any of the different treatments it is reasonable to conclude that any 

effect in functional experiments done with T cells with neuroserpin knockdown will be a result of the 

reduction in neuroserpin mRNA expression and not an artefact of T cell subset skewing due to culturing the 

T cells in a different manner.  

Taken together, the effective knockdown, lack of interferon response and preservation of T cell subset 

balance, indicate that Accell siRNAs are a good method to specifically knockdown neuroserpin mRNA 

expression.  

We also investigated if knockdown of neuroserpin mRNA levels resulted in decreased protein expression. In 

early western blot experiments, using chemiluminescent detection, we did not see reproducible reduction in 

intracellular neuroserpin protein following mRNA knockdown, in both PAN T cells and T cells. However, 

results presented in chapter 4 indicated increased proteolytic activity following knockdown. This indirectly 
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supports the notion that extracellular neuroserpin levels have decreased. However, prior to publication of the 

results in chapter 4 it will be important to present direct evidence for a reduction in neuroserpin protein. 

Several approaches will be explored to measure levels of intracellular and extracellular neuroserpin in future 

work. I) There are issues with non linear responses of chemiluminescent detection systems, particularly with 

low levels of immunoreactive protein. So western blot analyses of intracellular neuroserpin protein levels will 

be repeated using fluorescent detection on the Licor Odyssey imaging system, which has a more linear 

detection range, as discussed in section 3.3.2 (page 93). This technology was not available at the start of 

this PhD project. II)  As part of the wider research project a monoclonal fluorescently labelled anti-

neuroserpin antibody was characterised (Lorenz et a., 2015l). This antibody will be used to analyse 

intracellular neuroserpin levels using FACS technology. We will analyse resting and activated T cells treated 

with neuroserpin-targeting siRNAs. We will also attempt to analyse levels of secreted neuroserpin following 

knockdown as we have shown that intracellular levels of neuroserpin decrease following stimulation with 

PMA and ionomycin (Lorenz et al., 2015). Previous efforts to measure secreted neuroserpin using 

neuroserpin-specfic ELISAs developed by Dr Natalie Lorenz, a coworker in the laboratory, were 

unsuccessful as she was unable to detect neuroserpin secreted by T cells. In future work secreted 

neuroserpin will be concentrated using affinity columns with a neuroserpin-specific antibody which may 

prove effective.  

3.3.8  Knockdown of neuroserpin mRNA during synapse formation 

Overexpression of neuroserpin in the rat hippocampus led to reduced PSD-95 (an important scaffolding 

protein present in neuronal synapses) protein expression as shown in rat hippocampi lysates that over 

expresses neuroserpin (Tsang, Young, During, & Birch, 2014). This suggests that neuroserpin can have an 

effect on the organisation of the synapse. Translocation of neuroserpin and α-tubulin was analysed following 

knockdown of neuroserpin mRNA with siRNAs. Both translocation of neuroserpin in T cells activated with 

anti-CD3/CD28 beads and CD4+ and CD8+ T cells clones incubated with M31-LCL B cells were analysed 

following neuroserpin mRNA knockdown. Knockdown of neuroserpin mRNA prior to activation did not affect 

translocation of neuroserpin or α-tubulin to the T cells-bead interface. Similarly when neuroserpin was 

knocked-down in M31-LCL B cells and T cell clones, no difference was observed when compared to normal 
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activation conditions. This suggests that the knockdown of neuroserpin mRNA does not lead to altered T 

cell-APC synapse formation in activated T cells. 

Because neuroserpin is located at the synapse during activation and there is evidence of secretion (Lorenz 

et al., 2015), it could play a role in the synapse formation. The number of interactions of T cell clones with 

the M31-LCL B cell was also investigated following knockdown of neuroserpin mRNA and compared to cells 

treated with non-targeting siRNAs. The experiment was performed by Dr. Natalie Lorenz in the Birch 

laboratory at School of Biological Sciences, University of Auckland (unpublished data). The T cells and M31-

LCL B cells were loaded with different colours of intra-cellular dyes (CFSE and cell tracker violet 

respectively) following mRNA knockdown and co-incubated to initiate couple formation for up to 4 hours. At 

15, 30 60, 120 and 240 minutes a proportion of the cells was fixed with 2% paraformaldehyde to preserve 

the formed couples and stop the MLR. The cells were then analysed by flow cytometry and events that 

showed the presence of the two dyes were identified as couples. Following this, T cells that coupled with 

M31-LCL B cells were plotted as percentage of the total T cells. No significant differences between the 

knockdown of neuroserpin mRNA and the control sample were found, showing no effect of decreased 

neuroserpin expression on APC-T cell interactions during the first four hours of T cell activation. 

Taken together this data suggests that the knockdown of neuroserpin mRNA expression does not affect the 

initial stages APC-T cell synapse formation.  

3.3.9  Regulation of neuroserpin in human lymph nodes 

Our laboratory has also reported translocation of neuroserpin to the cell-cell interface in ex vivo human 

lymph node sections (Lorenz et al., 2015). The translocation of neuroserpin between T cells and B cells was 

observed and interestingly, the enrichment of neuroserpin was also seen between T cell-T cell interactions. 

Both B cell-T cell and T cell-T cell interactions normally occur during later stages of T cell activation and 

could be an indication of a role for neuroserpin other than in the initial stages of T cell activation during T 

cell-APC synapse formation. The relocation of neuroserpin to the cell-cell interface places neuroserpin in the 

right position for secretion where it can potentially modulate the proteolytic balance regulating cell-cell 

connections and synaptic plasticity. 
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3.3.10  Summary and conclusion 

In this chapter I have presented the results of western blot analyses with 12 neuroserpin antibodies, 

identifying one monoclonal antibody with superior specificity and strong detection of neuroserpin in human T 

cells and one rabbit polyclonal antibody with strong neuroserpin detection and limited background staining. 

These antibodies have been used to further develop a method for dual colour western blot detected using 

the Odyssey CLx imaging system with beta-actin as a normalising housekeeping gene to accurately quantify 

neuroserpin protein expression. 

Both qPCR and Western blotting showed expression of neuroserpin in T cells. When the location of 

neuroserpin was studied with ICC, it showed that neuroserpin partly co-localised with TGN38 and LFA-1 

which is an indication that neuroserpin is likely sorted to an intracellular compartment for exocytosis. 

Following T cell activation, neuroserpin polarised to the cSMAC of the immunological synapse placing 

neuroserpin in the right location for secretion following T cell-APC synapse formation. Evidence of secretion 

of neuroserpin was also supplied by Lorenz et al. (Lorenz et al., 2015) who showed a drop in intracellular 

neuroserpin following T cell activation.  

A reliable method for knockdown of neuroserpin mRNA in primary human T cells has been developed which 

is an invaluable tool for experiments studying the function of neuroserpin in human T cells 

The knockdown of neuroserpin mRNA did not affect polarisation of the microtubule organising centre or 

neuroserpin during synapse formation or the amount of T cell-APC interactions. This shows that neuroserpin 

mRNA knockdown did not affect the early stages of activation and synapse formation.  

Based on the polarisation of neuroserpin to the cSMAC of immunological synapse following T cell activation 

and the indication of secretion following activation it is likely that neuroserpin plays a role in regulating the 

proteolytic balance during T cell activation. . 
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4.1  Introduction 

When T cells encounter an APC presenting their cognate peptide T cells will enter the first stage of 

activation. In the following stages T cells will form synapses with other activated T cells and finally perform 

their effector functions. This chapter focusses on the function of neuroserpin in T cell activation and 

specifically on T cell-T cell interactions, T cell proliferation and cytokine secretion. 

4.1.1  Cell-cell interactions during T cell activation 

T cell-APC interactions last for about two to eight hours (Blair & Dustin, 2013). Recently it has been shown in 

murine models that following the initial T cell-APC interaction T cells will form synapses with neighbouring T 

cells (Gérard et al., 2013; Sabatos et al., 2008). The secondary T cell-T cell interactions rely on two key 

adhesion molecules, LFA-1 and ICAM-1, which also play key roles in APC-T cell synapse formation. In 

activated T cells from knockout mice that lack either LFA-1 or ICAM-1, T cell clustering is completely 

abolished (Gérard et al., 2013; Sabatos et al., 2008). Similarly to synapses that T cells form with APCs, 

these T cell-T cell synapses lead to polarisation of the T cell cytoskeleton to facilitate directed secretion. This 

was shown by the relocation of pericentrin, a component of the microtubule organising centre, during T cell-T 

cell interactions toward neighbouring T cells. The formation of these so called secondary synapses leads to 

directed secretion of IL-2 and IFNɣ and is followed by T cell proliferation. In CD4+ T cells it was shown that 

within the clusters, upon IL-2 secretion, STAT5 signalling was induced in the receiving T cell, suggesting that 

these secondary synapses are important for regulating the T cell activation response (Sabatos et al., 2008). 

In CD8+ T cells a function for T cell-T cell interactions has been shown to play an important role in T cell 

memory formation (Gérard et al., 2013).  It was shown that if the T cell-T cell interactions were interrupted 

during a critical stage of differentiation (~60 hours post-activation) that the number central memory T cells 

was reduced.  

Another important example of T cell-T cell interactions has been described in human CD4+ T cells. Here the 

CD4+ T cells could be activated by Th1 and Th2 cells in a contact-dependent manner (Ramming, Thümmler, 

Schulze-Koops, & Skapenko, 2009). This further illustrates the important role of T cell-T cell contact-

dependent interactions in T cell biology. 
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4.1.2  The regulation of the actomyosin cytoskeleton in immune cell interactions 

During the formation of an immunological synapse remodelling of the actin cytoskeleton plays an important 

role in T cell polarization and cell-cell adhesion (Bouma et al., 2011; Comrie, Babich, & Burkhardt, 2015; 

Dustin & Cooper, 2000; Ilani, Vasiliver-Shamis, Vardhana, Bretscher, & Dustin, 2009; Le Floc’h & Huse, 

2014; Yu et al., 2013), by  regulating the spatial organisation of adhesion molecule LFA-1 (Comrie et al., 

2015). 

Both Rho-associated protein kinase (ROCK) signalling and cleavage of annexin A2 have been linked to the 

organisation of the cytoskeleton in immune cells (Ilani et al., 2009; Li et al., 2010). Annexin A2 is a plasmin 

receptor that can be cleaved by plasmin, whereupon annexin A2 is internalised and can directly regulate the 

formation of F-actin. Annexin A2 forms a heterotetrameric protein complex consisting of annexin A2 and the 

protein S100A10 and is located at the cell surface (Gong et al., 2001; Miles, Castellino, & Gong, 2003; 

Zhang, Gong, Grella, Castellino, & Miles, 2003). This tetrameric complex can bind tPA, plasminogen and 

plasmin (Kwon, Macleod, Zhang, & Waisman, 2005; MacLeod, Kwon, Filipenko, & Waisman, 2003) and 

operates as a scaffold for plasminogen activation. Following activation of plasminogen, plasmin can cleave 

annexin A2 (Bharadwaj, Bydoun, Holloway, & Waisman, 2013; Grieve, Moss, & Hayes, 2012; Kwon et al., 

2005; Moss & Morgan, 2004).  

ROCK is another key regulator of the actomyosin cytoskeleton and has been linked to the regulation of 

synapse stability (Ilani et al., 2009). ROCK signalling has been described to play an important role in 

maintaining cell-cell connections through an actomyosin regulatory mechanism in pluripotent stem cells 

(Harb 2008), synapse formation in cortical neurons (Maekawa, 1999), reorganisation of the actin 

cytoskeleton in Madin-Darby canine kidney cells (Nakano et al., 1999) and stabilisation of the T cell synapse 

through phosphorylation of the myosin light chain (MLC) (Ilani et al., 2009). The ROCK family consists of two 

members that share 92% identity in the kinase domain (Leung, Chen, Manser, & Lim, 1996). Both ROCK I 

and ROCK II can regulate the actomyosin cytoskeleton via phosphorylation of MLC (Shi et al., 2013; 

Yoneda, Multhaupt, & Couchman, 2005).  
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4.1.3  Aims 

In the previous chapter it was shown that neuroserpin relocated to the synapse in activated T cells. 

Knockdown of neuroserpin mRNA did not alter the location of neuroserpin or the ability of T cells and APCs 

to form synapses (as discussed in Chapter 3, section 3.2.9, page 86). This suggests that the knockdown of 

neuroserpin at mRNA level did not affect the first hours of T cell activation and T cell-APC synapse 

formation. 

In this chapter the aim is to investigate possible functions for neuroserpin in T cell activation. The regulation 

of neuroserpin mRNA expression and that of its target protease tPA are measured following T cell activation 

to see if there is any evidence to support a change in the activation-mediated proteolytic balance. The 

chemicals PMA and ionomycin are used to directly activate the intracellular signalling pathways activated by 

the TCR for the analysis of T cell activation-induced clustering. A second activation method activating the 

TCR and CD28-co-receptor with anti-CD3/CD28 antibodies is used to study PAN T cell proliferation and 

cytokine secretion as this is more similar to physiological activation by APCs and is designed to induce T cell 

proliferation (Trickett & Kwan, 2003). 

Different aspects of T cell activation are analysed following siRNA-mediated knockdown of neuroserpin 

mRNA. This includes the effect of neuroserpin knockdown on T cell-T cell interactions, T cell proliferation 

and cytokine secretion. Analysis is undertaken on the size of T cell activation clusters and the roles of 

plasmin and plasminogen in T cell-T cell clustering. Neuroserpin and the specific plasmin inhibitor α2-

antiplasmin are tested to rescue the effects induced by knockdown of neuroserpin. T cell proliferation and 

cytokine secretion are also measured following activation of the TCR with anti-CD3/CD28 beads. The role of 

possible regulators of the T cell-T cell interactions such as expression of ICAM-1 and activation of LFA-1 are 

investigated using flow cytometry. Live cell imaging is used to study the mechanism of T cell-T cell cluster 

formation.  Finally, the involvement of the actomyosin cytoskeleton and its regulators ROCK and the plasmin 

receptor annexin A2 are studied. 
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4.2 Results 

4.2.1  Neuroserpin and tPA are temporally regulated following PAN T cell activation 

mRNA expression of neuroserpin and its target protease tPA were measured using qPCR following T cell 

activation. Two different activation methods were tested that were used for experiments in this chapter. T 

cells were activated with PMA and ionomycin or soluble anti-CD3 and CD28 antibodies followed by cross-

linking using an anti-mouse IgM antibody to ensure close proximity of CD3 and CD28 on the T cells surface, 

simulating similar activation circumstances as induced by anti-CD3/CD28 bead activation or activation by 

APCs as previously reported in this thesis. The expression of neuroserpin and tPA were analysed at 1, 4, 24 

and 48 hours post-activation and compared to the pre-activation expression levels (Figure 4.1). Both the 

PMA and ionomycin and anti-CD3/CD28 activated T cells show very similar trends in the regulation of 

neuroserpin and tPA expression following activation. The expression of neuroserpin and tPA showed 

differential regulation following T cell activation. Neuroserpin mRNA was similar to the pre-activation levels 1 

hour post-activation but reduced at 4 hours post-activation to <20% of pre-activation levels. The drop in 

neuroserpin expression during activation was followed by a slow increase in expression over the following 

hours (Figure 4.1A). In contrast tPA expression showed a ~8.5 to 18-fold increase in expression at 1 hour 

post-activation and decreased back to almost pre-activation expression levels in the following hours (Figure 

4.1B). 

 

Figure 4.1: mRNA expression of NS and tPA in PAN T cells following activation with anti-CD3/CD28 
antibodies and PMA and ionomycin. Neuroserpin mRNA (A) and tPA mRNA (B) expression in T cells 
following activation with anti-CD3/CD28 antibodies (Abs) or PMA and ionomycin (P/I). Data are combined 
from three different donors and are presented as mean +/- SEM.  
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4.2.2  Activated human T cells form clusters and polarise toward neighbouring cells 

In the previous chapter neuroserpin was found to polarise to T cell-APC interaction sites following the 

activation of human T cells. Here, it is shown that neuroserpin polarises toward neighbouring T cells that are 

in clusters of T cells that were activated with the PMA and ionomycin for 24 hours (Figure 4.2A). T cells 

activation with PMA and ionomycin was chosen because anti-CD3/CD28 beads interfered with the fixation of 

the T cells to the chamber slides for cluster analysis. The T cells formed activation clusters similar to what 

was previously described for murine T cells (Gérard et al., 2013; Sabatos et al., 2008).  

Immunofluorescent staining of pericentrin, a component of the microtubule organising centre, showed 

polarization of the T cells in these clusters. Reorientation of the microtubule organising centre is an important 

step during synapse formation and is necessary for directed secretion in the synapse (Angus & Griffiths, 

2013). In the majority of the T cells that are within T cell clusters, pericentrin was polarised toward 

neighbouring T cells (Figure 4.2B).The position of pericentrin relative to neighbouring T cells is a necessary 

step for directed secretion. 

Previously in chapter 3 (Figure 3.6, page 76) co-localization of neuroserpin with vesicle marker TGN38 and 

LFA-1, a key integrin in T cell-T cell interaction, was reported in non-activated T cells. Here in 24 hour 

activated T cells there was also a partial co-localization of neuroserpin with the vesicle marker TGN38 and 

LFA-1. The degree of co-localisation and the Pearson’s coefficient of neuroserpin with TGN38 and 

neuroserpin with LFA-1 were calculated based on the distribution diagrams in Imaris 7.7 (Appendix B) using 

the Costes method (Bolte & Cordelières, 2006; Costes et al., 2004). The degree of co-localisation of 

neuroserpin with TGN38 was 92% (SEM +/-3.8) with a Pearson’s coefficient of 0.79 (SEM +/-0.084). The 

amount of co-localisation of neuroserpin with LFA-1 was 92% (SEM +/- 2.19) with a Pearson’s coefficient of 

0.77 (SEM +/- 0.111), indicating significant co-localisation (as discussed in chapter 2, section 2.24, page 54).  
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Figure 4.2: Activated T cells form Polarised clusters. A) Confocal image of a single slice through the 
middle of T cells activated for 24 hours showing polarisation of neuroserpin, TGN38 and LFA-1 in T cell 
activation clusters. B) Pericentrin staining in PMA and ionomycin activated polyclonal T cells shows 
polarization of the microtubule organizing centre toward neighbouring T cells. White arrows indicate 
polarization toward other T cells and red arrows shows polarization away from T cells. The image is a 
representative of three independent experiments.  

 

4.2.3  Reduced neuroserpin expression and increased plasmin activity increases T cell activation 

cluster size  

Clustering following T cell activation is thought to be an important step in regulating the T cell activation 

response (Blair & Dustin, 2013). Immunofluorescent staining showed that neuroserpin is at the right location 

in T cell clusters to be secreted in the extracellular space between T cells and alter T cell-T cell interactions. 

If proteolysis plays a role in regulating T cell-T cell activation clusters, loss of neuroserpin expression is 

expected to alter this part of the T cell activation process. Knockdown of neuroserpin mRNA with Accell 

siRNAs was used to study the function of neuroserpin in T cell-T cell interactions following activation. 

Following mRNA knockdown, T cells were activated with PMA and ionomycin in serum free Accell-G7 
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medium in the presence of the neuroserpin-targeting or non-targeting control Accell siRNAs. The use of 

serum-free medium excludes any non-specific effect of plasmin and tPA that is present in human serum. 

mRNA expression of neuroserpin following T cell activation with neuroserpin knockdown or non-targeting 

siRNAs was analysed by qPCR. Similar to PAN T cells (Figure 4.1), expression of neuroserpin in the non-

targeting control was reduced four hours post-activation in T cells and started to increase again at 24 hours 

(Figure 4.3A). The knockdown of neuroserpin expression pre-activation was ~84% compared to the non-

targeting control. At one hour post-activation the neuroserpin mRNA knockdown was ~73% compared to one 

hour non-targeting control. At four hours post-activation, no expression of neuroserpin mRNA could be 

detected with neuroserpin-knockdown while at 24 hours, mRNA knockdown was ~92% of the 24 hour non-

targeting control (Figure 4.3A). Neuroserpin mRNA knockdown during T cell activation resulted in increased 

cluster size (Figure 4.3B). The increase in cluster size was similar in T cells from three different donors in 

blinded experiments and showed a 1.5 to 2-fold increase in cluster size.  

 

Figure 4.3: Neuroserpin mRNA knockdown increases T cell-T cell adhesion. A) Relative neuroserpin 
mRNA expression in cells cultured Accell-G7 medium with control siRNAs or neuroserpin-targeting siRNAs 
following activation with PMA and ionomycin. B) Analysis of cluster size in T cells activated for 24 hours with 
PMA and ionomycin on fibronectin, transfected with control siRNAs or neuroserpin-targeting siRNAs across 
cells from three different human donors. Data are combined from three independent experiments and are 
presented as mean +/- SEM. Results were analysed using an independent sample T-test. *P<0.05.  

 

The distribution of the cluster sizes in the neuroserpin mRNA knockdown experiments was analysed in the T 

cells from three different human donors (Figure 4.3B). The sizes were plotted in a histogram binned in steps 

of 150 µm2. The results between all three different donors show a similar trend that there are less single cells 
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(0-150 µm2) and smaller clusters (<600 µm2) when neuroserpin is knocked-down and more bigger clusters 

(>900 µm2) (Figure 4.4A-C). 
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◄Figure 4.4 (opposite page): Knockdown of neuroserpin mRNA shifts the distribution of the cluster 
size in T cells following activation. Distribution of cluster size in non-targeting vs neuroserpin-targeting 
siRNA treatments in three blinded experiments with T cells activated with PMA and ionomycin for 24 hours 
from three different donors. 

 

To confirm that reduced neuroserpin was directly involved in cell clustering, the ability of added extracellular 

neuroserpin to rescue the neuroserpin mRNA knockdown effect was examined. The increase in cluster size 

that was observed with knockdown of neuroserpin mRNA could be rescued by adding recombinant 

neuroserpin to the T cell media at the time of activation (Figure 4.5A). Addition of neuroserpin did not affect 

cluster size in cell treated with non-targeting control siRNAs. Increased concentrations of neuroserpin to T 

cell did not reduce cluster size any further than the observed “basal” cluster size in the non-targeting control 

sample (Figure 4.5A). To test if the increase in cluster size is dependent on neuroserpin-mediated inhibition 

of tPA, a mutant neuroserpin with an arginine to alanine mutation at amino acid 362 (R362A) which is unable 

to bind and inhibit tPA, was added. Unlike wild type neuroserpin, R362A neuroserpin could not rescue the 

neuroserpin mRNA knockdown effect (Figure 4.5B). This shows that the function of neuroserpin in T cell 

clustering relies on its ability to bind and inhibit tPA.  

 

Figure 4.5: Addition of recombinant neuroserpin blocks clustering induced by neuroserpin mRNA 
knockdown. A) Titration ( 2nM – 200 nM) series for rescue with recombinant human neuroserpin (E.coli) in 
PMA and ionomycin T cells activated for 24 hours. B) Activation cluster size in non-targeting control or 
neuroserpin knockdown conditions following treatment with vehicle control or recombinant neuroserpin (2 
nM) or mutant neuroserpin (2 nM) in T cells activated for 24 hours with PMA and ionomycin. Data are 
combined from three independent experiments and are presented as mean +/- SEM. Results were analysed 
using an independent sample T-test (A) or analysed using a general linear univariate model using Bonferoni 
post-hoc (B). *P<0.05.  
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To investigate whether the increased T cell-T cell adhesion was directly mediated through tPA or 

downstream of tPA, through activation of plasminogen, the plasmin specific inhibitor α2-antiplasmin was 

added to try and rescue the neuroserpin mRNA knockdown-induced clustering. The addition of α2-

antiplasmin prevented the increase in activation cluster size (Figure 4.6A), showing that the observed 

increase in clustering is not mediated directly through tPA since tPA is still active under these experimental 

conditions. A role for plasmin in T cell clustering was further strengthened by addition of plasmin or 

plasminogen to cell culture medium, which also increased the activation cluster size similarly to knockdown 

of neuroserpin mRNA (Fig 6B). Plasminogen is likely to be converted to plasmin during activation by the 

increased tPA expression following T cell activation. 

 

Figure 4.6: Inhibition of plasmin activity blocks neuroserpin mRNA knockdown induced clustering. A) 
Activation cluster size in non-targeting control or neuroserpin knockdown conditions following treatment with 
vehicle control or α2-antiplasmin in T cells activated for 24 hours with PMA and ionomycin. B) Size of the 
surface area of 24 hour PMA and ionomycin activated T cell clusters following treatment with vehicle control, 
Plasmin or Plasminogen. Data are combined from three independent experiments and are presented as 
mean +/- SEM. Results were analysed using a general linear univariate model using Bonferoni post-hoc. 
*P<0.05.  

 

4.2.4  Comparison of CFSE or CytoTrackTM Green for the analysis of T cell proliferation 

Carboxyfluorescein diacetate succinimidyl ester (CFSE), is a cell permeable dye that has been used for over 

a decade to track cell divisions in both human and mice. It was first developed for its use in cell migration 

studies (Weston & Parish, 1990) and it was later discovered that it can be used to monitor lymphocyte 

proliferation (Lyons & Parish, 1994). Recently Bio-Rad Laboratories Inc. has launched the CytoTrackTM 

proliferation dyes, a series of new dyes to study cell proliferation that work in a similar manner as CFSE but 
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with a simplified protocol. This protocol was stated to reduce variation between experiments in part by 

enabling gentle treatment of the cells and reducing cell loss. It is also known that high doses of CFSE can 

reduce T cell health (Hasbold et al., 1999). Both types of dye are cell-permeable and bind covalently to 

intracellular proteins. When the cells undergo division the amount of dye is progressively halved. Using flow 

cytometry the fluorescent intensity of the dye can be measured which is an indication the number of divisions 

for each cell (Figure 4.7). This data can be used to calculate the percentage of cells that have gone into cell 

division and how many rounds of cell division each cell has entered. CFSE and other dyes are still widely 

used for measuring cell proliferation in immunological studies (Quah & Parish, 2010).  

 
Figure 4.7: Schematic representation of cell proliferation analysis using an intracellular fluorescent 
dye and flow cytometry. Cells are loaded with a fluorescent intracellular dye that covalently couples to 
intracellular molecules. Every round of cell division the dye is progressively diluted over the two daughter 
cells, reducing the intensity of the dye per cell every round of cell division. Using flow cytometry the intensity 
of intracellular dye can by analysed and plotted in a flow diagram. This can be used to determine the number 
of cells that went into cell division and number of cells in every generation. 
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For this project the proliferation dye CytoTrackTM Green was in tested in two different concentrations and 

compared to CFSE staining using an in-house established protocol for ease of use, cell health post-staining 

and the ability to separate cell generations by analysis on the BD Accuri Flow cytometer.  

PBMCs were initially stained with CFSE, CytoTrackTM full dose or CytoTrackTM half dose and compared 

using light microscopy 24 hours post-staining. The CFSE staining protocol resulted in fewer cells and more 

flattened “ghost” cells (cells that lack glow from the phase-contrast that can be seen in healthy cells) 

compared to both CytoTrackTM stains (Figure 4.8A), supporting the statements from the company. With the 

current in-house optimised protocol that was used here, CFSE-induced cell death should be minimal, 

suggesting that the improved cell health observed with CytoTrackTM staining is due to the gentler protocol. 

There is no visual difference between cells loaded with CytoTrackTM dye at full or half dose. The majority of 

the cells look healthy and unaffected by the staining at 24 hours after being loaded with the dye. Twenty-four 

hours post-staining cells were activated with anti-CD3/CD28 beads. Activated and non-activated cells were 

analysed for proliferation five days post-activation (Figure 4.8B and C). Some proliferation was observed in 

the non-activated cells as can be seen by the additional peaks in the flow cytometry profile (Figure 4.8B). In 

the activated cells the majority of the cells proliferated (Figure 4.8B and C). The proliferation was very similar 

between the different stains. The cells that were stained with full dose CytoTrackTM showed an additional  

generation (generation 5) compared to CFSE staining or half dose CytoTrackTM staining when analysed 

using the proliferation module in FlowJo 7.6.5. (Figure 4.8C). 
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Figure 4.8: Comparison of CFSE and CytoTrackTM fluorescent intracellular dye in PBMCs for T cell 
proliferation studies. A) Cells stained with CFSE, CytoTrackTM and half dose CytoTrackTM 24 hours post-
staining to visually inspect cell health. B) Proliferation plots of cells stained with CFSE, CytoTrackTM and Half 
dose CytoTrackTM, stimulated with anti-CD3/CD28 beads or unstimulated and allowed to proliferate for five 
days. Unstained cells (No stain) were analysed to determine background fluorescence. C) Analysis of cell 
proliferation of the five day anti-CD3/CD28 bead activated cells from B using the proliferation module in 
FlowJo 7.6.5. Every peak plotted in the flow diagram represents a generation of cells. Depicted in orange 
and indicated with the dotted line is the peak with the fraction of cells showing the highest fluorescent 
staining which represent undivided cells or generation 0. Y-axis was adjusted for every plot to visualise the 
peaks. 
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4.2.5 Neuroserpin mRNA knockdown increases PAN T cell proliferation and cytokine secretion 

To investigate the effects of decreased neuroserpin expression on T cell activation further, neuroserpin 

mRNA was knocked-down in PAN T cells using Accell siRNAs. Following knockdown, the PAN T cells were 

transferred to RS5 activation medium and activated with anti-CD3/CD28 beads. Neuroserpin mRNA 

expression was analysed at 0, 24 and 48 hours following activation. Endogenous neuroserpin expression in 

the PAN T cells treated with non-targeting siRNAs dropped after 24 hours of activation to ~15% of the pre-

activation expression level (Figure 4.9A). At 48 hours post-activation neuroserpin mRNA levels returned to 

~36% of the expression seen at pre-activation. When the cells where treated with the neuroserpin siRNAs, 

neuroserpin expression dropped with ~65% at time 0, ~57% at 24 hours and ~34% at 48 hours when 

compared to the respective time-matched non-targeting controls (Figure 4.9A).  

The effect of neuroserpin mRNA knockdown on T cell proliferation was analysed in neuroserpin knockdown 

and control cells. T cell proliferation was analysed 48 hours post-activation using the intracellular dye 

CytoTrackTM Green and flow cytometry. Every peak on the flow cytometry histogram plot represents a 

generation of cells with the brightest peak representing the undivided cells and referred to as generation 0, 

indicated with the dotted line (Figure 4.9B). The histogram plots show very similar results among the 

biological duplicates and the results present a highly comparable trend between the responses of the PAN T 

cells of different donors (Figure 4.9B). Neuroserpin mRNA knockdown resulted in increased proliferation 

compared to treatment with control siRNAs. When the peaks of the non-targeting control and neuroserpin 

mRNA knockdown are compared in the flow plot, the peak of generation 0 is smaller across all three donors 

when neuroserpin expression was knocked-down. The decrease of the generation 0 peak is an indication 

that the proportion of cells that had divided was increased after 48 hours of stimulation (Figure 4.9B). This 

was also potted for each separate donor after analysis with the proliferation module in FlowJo 7.6.5 (Figure 

4.9C, left panel). When the data of percentage of divided cells was combined, it showed a significant change 

across the three separate donors (Figure 4.9C, right panel). The peaks for generation 3 and 4 were bigger 

when neuroserpin expression was knocked-down, showing that when neuroserpin was knocked-down a 

larger proportion of cells had divided three or four times compared to the non-targeting control (Figure 4.9B). 

The same trend was seen when the proportion of cells in each generation was plotted (Figure 4.9D), the 
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increase of cells that had divided twice when neuroserpin was knocked-down was significant across all three 

donors when compared to the non-targeting controls. Even though it was not significant in all donors, the 

trend also showed fewer cells in generation 0 and increase of cells in generation three and four when 

neuroserpin mRNA knockdown was compared to the non-targeting control. 

The cell culture supernatant of the PAN T cells from the proliferation experiment were analysed for changes 

in cytokine secretion using a cytometric bead array assays (CBAs). In total, nine different cytokines in the cell 

culture medium were analysed, IL-17A, IL-4, IL-2, IL-10, IL-21, IL-6, FasL (FasL), IFNɣ and TNFα. When 

neuroserpin expression was knocked-down, the secretion of both IL-10 and shedding of the FasL were 

increased at 48 hours post-activation, displaying a strikingly similar trend between the three different donors 

(Figure 4.10A, left panel, and B, left panel). The data of the three donors was then normalised, combined 

and analysed and showed a significant increase across the three donors with the knockdown of neuroserpin 

mRNA compared to the non-targeting control (Figure 4.10A, right panel, and B, right panel).  

Very little difference in secretion was detected in the other analysed cytokines (Figure 4.11). When these 

data were normalised and combined, either no convincing change or significant difference between 

neuroserpin mRNA knockdown and non-targeting control samples was found (Appendix F). The amount of 

secretion for each cytokine was different between human donors as is to be expected when working with 

genetically diverse population (Churchill et al., 2004). 
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◄Figure 4.9 (opposite page): Neuroserpin mRNA knockdown increases PAN T cell proliferation. A) 
Neuroserpin expression in PAN T cells after knockdown with neuroserpin siRNAs or control siRNAs during 
activation with anti-CD3/CD28 beads. Data are combined from three different donors and are presented as 
mean +/- SEM. Results were analysed using an independent sample T-test. *P<0.05. B) CytoTrackTM green 
profile T cells activated for 48 hours with anti-CD3/CD28 beads, showing increased proliferation of T cells 
when neuroserpin is knocked-down compared to non-targeting conditions. The dotted line indicates 
generation 0 (non-divided cells). The experiment was performed in duplicate and the duplicates of each 
treatment are indicated with the solid and dotted line and presented in half offset (top) and overlaid (bottom) 
histograms. C) The percentage of T cells that have divided at 48 hour following anti-CD3/CD28 bead 
activation. The graph on the left shows proliferation of T cells from three human donors separately. In the 
panel on the left the proliferation was normalised against the average proliferation within each experiment 
and then combined. Data in the right panel are combined from three different donors and are presented as 
mean +/- SEM. Results were analysed using an independent sample T-test. *P<0.05. D) Graphs showing the 
proportion of cells for each generation at 48 hours post-activation. Data are combined from two independent 
biological replicates and are presented as mean +/- SEM. Results were analysed between non-targeting and 
neuroserpin-targeting at each time point using an independent sample T-test. *P<0.05. 

 

 

Figure 4.10: Increased IL-10 secretion and shedding of FasL with neuroserpin mRNA knockdown. A) 
Graphs showing IL-10 secretion of 24 hour anti-CD3/CD28 bead activated PAN T cells in three different 
donors separately. In the right panel the data from three different donors was combined after normalisation 
against the average IL-10 secretion within each experiment. B) Graphs showing soluble FasL shedding of 24 
hour anti-CD3/CD28 bead activated PAN T cells in three different donors separately. In the right panel the 
data from three different donors was combined after normalisation against the average soluble FasL within 
each experiment. The data in the right panel is from three different donors and are presented as mean +/- 
SEM. Results were analysed using an independent sample T-test. *P<0.05. 
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◄ Figure 4.11 (opposite page): No significant or minimal difference was found with neuroserpin 
mRNA knockdown in the secretion of IL17A, IL-4, IFNɣ, IL-2, IL-21, IL-6, and TNF. PAN T cells were 
treated with non-targeting or neuroserpin-targeting siRNAs for three days. Following knockdown PAN T cells 
were transferred activation medium and activated with anti-CD3/CD28 beads in a 1:1 ratio for 48 hours. 
Medium was collected and cytokine secretion in the medium analysed with CBA assay. Data from each 
donor are combined from two biological replicates and are presented as mean +/- SEM. 

4.2.6  Knockdown of neuroserpin expression does not affect cell-surface levels of the activation 

markers CD25 and CD69 or adhesion molecules LFA-1 and ICAM-1 

To analyse the activation status of T cells 24 hours post-T cell activation following neuroserpin mRNA 

knockdown, expression of early activation markers CD25 and CD69 were analysed by flow cytometry. 

Expression of CD25 and CD69 were used as an indication for T cell activation because they are rapidly 

upregulated upon T cell activation before the start of T cell proliferation (Caruso et al., 1997; Depper et al., 

1984; Maino, Suni, & Ruitenberg, 1995; Simms & Ellis, 1996). Activation markers CD25 and CD69 were 

analysed in resting CD4+ and CD8+ T cells, 24 hours post-activation with anti-CD3/CD28-beads or PMA and 

ionomycin (Figure 4.12). The cells in the analysed sample were first gated based on DAPI staining to 

exclude any dead cells from further analysis (Figure 4.12A). After exclusion of the dead cells, doublets 

(particles detected by the flow cytometer that contain more than one cell) were excluded, based on the 

forward scatter area (FSC-A) and forward scatter height (FSC-H). The lymphocytes in the sample were then 

isolated based on their size using the side scatter area (SSC-A) and forward scatter area (FSC-A). Finally, 

CD4+ and CD8+ were separated using antibody based staining (Figure 4.12A). The CD25 expression 

increased in CD4+ and CD8+ T cells when activated with anti-CD3/CD28 beads or PMA and ionomycin as 

expected (Figure 4.12B). No difference in CD25 expression was seen between neuroserpin mRNA 

knockdown conditions and the control in any of the samples. A small difference was found in the CD69 

expression in non-activated CD4+ and CD8+ T cells with a lower level of CD69 expression seen neuroserpin 

mRNA knockdown cells. When CD4+ and CD8+ T cells were activated with anti-CD3/CD28 beads, a wider 

range of CD69 expression was seen in the neuroserpin mRNA knockdown samples, with the highest CD69 

expressing cells expressing similar amounts of CD69 compared to the non-targeting control sample. 

However, in neuroserpin knocked-down sample, T cells expressing slightly lower levels of CD69 could also 

be observed. This effect was not seen in PMA and ionomycin activated CD4+ and CD8+ T cells. 
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Figure 4.12: Neuroserpin mRNA knockdown does not affect expression of CD25 and CD69 in 
activated T cells. T cells were knocked-down with control siRNAs or neuroserpin siRNAs for three days 
prior to activation with anti-CD3/CD28 beads or PMA and ionomycin, 24 hours post-activation cells were 
analysed by flow cytometry. A) Gating strategy excluding dead cells based on DAPI staining, doublets and 
gating on lymphocytes based on forward and sideward scatter followed by separation of CD4+ and CD8+ T 
cells based on CD4 and CD8 staining.  B) T cells were knocked-down with control siRNAs or neuroserpin 
siRNAs for 3 days prior to activation with anti-CD3/CD28 beads or PMA and ionomycin, 24 hours post-
activation cells were stained on ice and analysed by flow cytometry. The data is a representative of two 
independent experiments performed in duplicate. NA is non-activated control, presented as grey shaded 
histograms in activated samples for comparison. 
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The adhesion molecules LFA-1 and ICAM-1 play a key role in T cell-T cell interactions (Gérard et al., 2013; 

Sabatos et al., 2008). Activation of LFA-1 was studied using a antibody that recognises an epitope on the 

two subunits of LFA-1, CD11a and CD18. The activation state of LFA-1 regulates its affinity for its ligands 

ICAM-1 and can be regulated via intracellular signalling with chemokines (Kinashi, 2005). When LFA-1 

changes to its high affinity conformation for ICAM-1 this epitope becomes available for binding by this 

antibody (DiFranco et al., 2012; Dransfield, Cabañas, Craig, & Hogg, 1992; Dransfield & Hogg, 1989). When 

non-activated T cells were stained, a small increase in fluorescent signal compared to non-stained cells 

could be detected with flow cytometry (Figure 4.13). No difference in LFA-1 affinity states was observed 

between T cells treated with neuroserpin-targeting siRNAs and control samples in non-activated cells. Even 

though T cell activation is associated with LFA-1 activation (Krürzinger et al., 1981), when T cells were 

activated with anti-CD3/CD28 beads for 24 hours no shift of LFA-1 affinity was seen compared to non-

activated CD4+ and CD8+ T cells. A small shift could be detected in CD4+ and CD8+ T cells that were 

activated with PMA and ionomycin, but no difference was seen between neuroserpin mRNA knockdown 

condition and the control sample. The very small shift observed with flow cytometry when the T cells are 

activated shows that the detection of active LFA-1 by this method has a very narrow detection range which 

makes detection of any differences between the different samples very difficult and limits the possibly to 

draw meaningful conclusions from this data. 

ICAM-1 expression was the same in non-activated CD4+ and CD8+ T cells. Following activation of T cells 

with either anti-CD3/CD28 beads or PMA and ionomycin for 24 hours, no difference between neuroserpin 

mRNA knockdown and control samples was seen in any of analysed T cell samples (Figure 4.13). 
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Figure 4.13: Neuroserpin mRNA knockdown does not affect expression of LFA-1 and ICAM-1. T cells 
were knocked-down with control siRNAs or neuroserpin siRNAs for three days prior to activation with anti-
CD3/CD28 beads or PMA and ionomycin, 24 hours post-activation cells were analysed by flow cytometry. T 
cells here are gated as in Figure 4.12A. LFA-1 and ICAM-1 expression in CD4+ and CD8+ T cells. The LFA-
1 targets an epitope in CD11a and CD18 which will become available when LFA-1 is in its high affinity state. 
The data is a representative of two independent experiments performed in duplicate. NA is non-activated 
control, presented as grey shaded histograms in activated samples for comparison. 

 

4.2.7  Activated T cells form protrusions to initiate T cell-T cell contact and from clusters 

Very little, other than the importance of adhesion molecules LFA-1 and ICAM-1 (Gérard et al., 2013; Sabatos 

et al., 2008), has been reported in the literature on the mechanism behind T cell clustering. To get a better 

understanding of the mechanism underlying T cell interactions and how neuroserpin could play a role, live 
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cell imaging was used to study T cell activation over time. T cells were analysed for up to 22 hours post-

activation with anti-CD3/CD28 beads (Figure 4.14A) or PMA and ionomycin (Figure 4.14B). Following 

activation, T cells form small clusters with other T cells in the immediate proximity. Some of the T cells in 

clusters extended protrusions that connect to other T cells. After T cells connected with other T cells or 

clusters of T cells, the connecting T cells seem to use contractile forces to associate and form one bigger 

cluster. The formation of protrusions and connections to other T cells was seen over the whole time frame of 

imaging but the time between the formation of an extension until it connects to another T cells or collapses is 

relatively short (~1 hour, figure 4.14A and B). This mechanism was similar between anti-CD3/CD28 bead-

activated cells and PMA and ionomycin-activated cells suggesting that a similar mechanism is in play with 

both activation methods (Figure 4.14A and B). Because the actomyosin cytoskeleton plays an important role 

in regulating cell shape and polarisation (Li & Gundersen, 2008) the presence of actin and pMLC was 

studied using ICC. Immunofluorescent staining shows the presence of actin and pMLC in cell extensions in 

activated T cells and between T cell-T cell interactions in T cell activation clusters in PMA and ionomycin 

activated T cells (Figure 4.14C and D). In contrast pMLC and actin in non-activated T cells were distributed 

in the cytoplasma of the cell (Figure 4.14E). 
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Figure 4.14: T cells form protrusions with pMLC and actin to form and join clusters. A) Time-lapse of T 
cells activated with anti-CD3/CD28 beads showing clusters joining together forming one bigger cluster. The 
magnified view shows a T cell extending from one cluster to another. B) Time-lapse of T cells activated with 
PMA and ionomycin showing clusters joining together forming one bigger cluster. The magnified view shows 
a T cell extending from one cluster to another. C) ICC showing presence of actin and pMLC in the cell 
extension of a single T cel activated for 24 hours with PMA and ionomycinl. The data is a representative of at 
least three independent experiments performed in duplicate. D) ICC showing presence of F-actin and pMLC 
in T cell clusters of T cells that were activated for 24 hours with PMA and ionomycin. E) ICC showing 
presence of F-actin and pMLC in non-activated T cells. 
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4.2.8  Key regulators of actomyosin skeleton annexin A2 and ROCK are likely to play an important 

role in T cell cluster formation 

Regulation of the actin cytoskeleton also plays an important role in cell-cell adhesion and communication (Li 

& Gundersen, 2008). To investigate the role of the actomyosin cytoskeleton in neuroserpin mRNA 

knockdown-induced T cell clustering, cleavage of plasmin receptor annexin A2 and the role of ROCK 

signalling were analysed after knockdown of neuroserpin mRNA and compared to the non-targeting siRNA 

control. The plasmin receptor annexin A2 has been linked to F-actin formation in many different cell types 

(Grieve et al., 2012; Grindheim et al., 2014; Li, Laumonnier, Syrovets, & Simmet, 2011; Li et al., 2010; Morel, 

Parton, & Gruenberg, 2009; Rescher, Ludwig, Konietzko, Kharitonenkov, & Gerke, 2008). Annexin A2 

expression was detected in T cells using western blotting (Figure 4.15A). A proportion of annexin A2 was 

cleaved when T cells were incubated with plasmin for 15 minutes or when transfected with neuroserpin-

targeting siRNAs (Figure 4.15A). Quantitation of cleavage of annexin A2 induced by neuroserpin mRNA 

knockdown showed that there was about twice the amount of cleaved annexin A2 present under knockdown 

conditions than normal (Figure 4.15B). Similarly when T cells were incubated with plasminogen and tPA for 

15 min, annexin A2 was cleaved but no cleavage of annexin A2 was seen when T cells where incubated with 

either tPA or plasminogen by itself (Figure 4.15C).  

ROCK is another known regulator of the actomyosin cytoskeleton and has been linked to stabilizing cell-cell 

interactions in T cells through regulation of actin and phosphorylation of MLC (Ilani et al., 2009). To study if 

ROCK played a role in the neuroserpin mRNA knockdown induced increase in clustering of T cells, the 

inhibition of ROCK was tested in the clustering assay. When the ROCK inhibitor Y-27632 was used in the 

clustering assay, the inhibitor blocked the increase in clustering that was induced by neuroserpin mRNA 

knockdown during T cell activation (Figure 4.16A). Inhibition of ROCK did not affect clustering in the non-

targeting control sample or reduce the clustering induced by neuroserpin mRNA knockdown beyond basal 

clustering levels. To test the effect of ROCK inhibition on the phosphorylation of the MLC, T cells treated with 

ROCK inhibitor Y-27632 or control vehicle were activated with PMA and ionomycin for 45 min followed by 

immunofluorescent staining for pMLC. Quantification of the pMLC fluorescent ICC signal showed that 

inhibition of ROCK decreases the amount of pMLC (Figure 4.16B). Increased T cell clustering from 
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neuroserpin mRNA knockdown was also inhibited if treated with ROCK II inhibitor KD025 (Figure 4.16C). 

KD025 has a 1000-fold preference for ROCK II compared to ROCK I and was used at a concentration 10x 

below the median effective dose for ROCK I inhibition.  

 

Figure 4.15: Neuroserpin regulates cleavage of actin modulator annexin A2. A) Western blot showing 
cleavage of annexin A2 in T cells by plasmin (15 min) and knockdown of neuroserpin mRNA (NS-targeting) 
compared to control cells treated with non-targeting siRNAs (three days). The data is representative of three 
experiments. B) Quantitation of cleavage of annexin A2 by neuroserpin mRNA knockdown normalised to 
non-cleaved annexin A2 presented relative to non-targeting control. Data are combined from three 
independent experiments and are presented as mean +/- SEM. Results were analysed using an independent 
sample T-test. *P <0.05. C) Western blot showing annexin A2 expression in human T cells. Incubation with 
PLG and tPA for 15 min resulted in increased cleavage of annexin A2 which was not seen when the cells 
where incubated with PLG or tPA alone. Addition of neuroserpin decreased the cleavage caused by tPA and 
PLG. The data is a representative of three experiments. All western blots were visualised on the Odyssey 
CLx imaging system. 
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Figure 4.16: Inhibition of ROCK signalling blocks neuroserpin mRNA knockdown induced T cell 
clustering and phosphorylation of the MLC. A) Activation cluster size in non-targeting control or 
neuroserpin mRNA knockdown conditions following treatment with vehicle control or ROCK inhibitor Y-27632 
in T cells activated for 24 hours with PMA and ionomycin. B) ICC quantification showing decrease in pMLC 
fluorescence following treatment of T cells with ROCK inhibitor Y-27632 in T cells activated for 24 hours with 
PMA and ionomycin. C) Activation cluster size in non-targeting control or neuroserpin mRNA knockdown 
conditions following treatment with vehicle control or ROCK II inhibitor KD025 in T cells activated for 24 
hours with PMA and ionomycin. Data are combined from three independent experiments and are presented 
as mean +/- SEM. Results were analysed using a general linear univariate model using a Bonferoni post-
hoc. *P <0.05. 
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4.3  Discussion 

In the chapter 3, I presented that there was no effect of neuroserpin mRNA knockdown in the early stages of 

T cell activation, but as shown in this chapter, there is a clear effect on T cell-T cell interactions, T cell 

proliferation and secretion of IL-10 and shedding of the FasL. Here, it is shown for the first time that changes 

in the extracellular proteolytic environment, specifically mRNA knockdown of the tPA inhibitor neuroserpin or 

increase in plasmin, plays an important role in three aspects of human T cell activation. Following T cell 

activation the expression of neuroserpin was downregulated while its target protease tPA was upregulated, 

suggesting a shift in the proteolytic environment following the initial stages of activation that started to return 

to pre-activation levels after 24 hours. A possible further increase in the proteolytic environment and 

prevention of restoration of the basal proteolytic activity in the later stages of T cell activation was induced 

with the knockdown of neuroserpin mRNA with siRNAs. The knockdown of neuroserpin mRNA resulted in 

changes in T cell-T cell interactions, cytokine secretion and T cell proliferation which were likely the result of 

changes in the actomyosin cytoskeleton downstream of annexin A2 and ROCK signalling. 

4.3.1.  Shift in proteolytic balance likely regulates T cell-T cell interactions 

Experiments using knockdown of neuroserpin mRNA in T cells that were discussed in chapter 3 showed that 

knockdown of neuroserpin mRNA had no effect on the neuroserpin polarisation of tubulin in the 

immunological synapse (as discussed in Chapter 3, section 3.2.9, page 86) or on the number of TCR 

dependent interactions between antigen-specific T cells clones (unpublished data). Therefore, to get a better 

idea of a possible role for neuroserpin during the T cell activation process, the regulation of neuroserpin 

expression and its target tPA were analysed beyond the initial T cells activation stages, for up to 48 hours 

post-activation. mRNA analysis of neuroserpin expression showed a temporal and opposite regulation of 

neuroserpin and tPA. Neuroserpin expression decreased while tPA expression increased following 

activation, indicating an increase in the proteolytic environment over the first 24 hours of activation. Both 

changes in neuroserpin and tPA expression will contribute to the increased proteolytic activity. Expression of 

tPA returned to pre-activation levels within hours post-activation while neuroserpin expression levels were 

still low at 24 hours post-activation. At 24 hours post-activation, the change in expression of neuroserpin was 

followed by a gradual return to pre-activation levels. This data indicates that during the early stages of T cell 
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activation during the first hours of contact with APCs tPA expression is likely to rapidly increase followed by a 

decrease in neuroserpin expression. In phase one of T cell activation, T cells make synaptic contacts with 

APCs for two to eight hours which is followed by synaptic contacts between activated neighbouring T cells 

(Blair & Dustin, 2013; Gérard et al., 2013; Sabatos et al., 2008). This shift in proteolytic balance during these 

stages might play a role in processing proteins that are important in regulating the APC-T cell synapse. The 

increased proteolytic environment could deliver a signal to T cells for regulating the T cell-APC synapse or 

initiating T cell-T cell interactions during the later stages of activation. Both the initial increase in proteolytic 

environment and the return to basal level observed in the following days might play distinct parts in 

regulating T cell-T cell connections during activation such as initiating and terminating cell-cell contacts 

between different cell types. 

Neuroserpin is known to be an extracellular secreted protease inhibitor (Osterwalder et al., 1996; Stoeckli et 

al., 1989). Directed secretion of molecules has been shown in T cell-T cell interactions (Gérard et al., 2013; 

Sabatos et al., 2008). The data here shows that neuroserpin polarises toward sites of cell-cell connectivity in 

T cell activation clusters and that neuroserpin partially co-localises with vesicle marker TGN38 and the 

adhesion molecule LFA-1 in activated T cells. TGN38 is a cargo receptor involved in transport between the 

trans-Golgi and the plasma membrane (McNamara, Grigston, VanDongen, & VanDongen, 2004; Stanley, 

1993). The glycosylation status of TGN38 has been shown to play a role in the secretion of PAI-1, a serpin 

related to neuroserpin, in normal rattus norvegicus kidney cells (Lee & Banting, 2002) suggesting that 

TGN38 could play a role in the secretion of neuroserpin in the extracellular space. LFA-1 has been shown to 

be a crucial integrin in T cell clustering in murine models (Gérard et al., 2013; Sabatos et al., 2008). 

Cleavage of LFA-1 by the protease cathepsin X has been shown to convert LFA-1 from a medium to high 

affinity state in T cells (Jevnikar et al., 2011). The co-localization of neuroserpin with LFA-1, TGN38 and 

polarization of T cells toward neighbouring T cells suggests that neuroserpin is at the right location for 

directed secretion into the T cell-T cell synapse where it can locally regulate tPA activity and indirectly 

regulate plasmin activation and possibly other proteases downstream of tPA and plasmin. These changes 

could modulate T cell clustering during T cell activation by regulating cleavage of adhesion molecules such 

as LFA-1 directly or indirectly via cleavage of molecules that can induce or alter cell signalling pathways. 
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To analyse T cell-T cell interactions, T cells were activated with PMA and ionomycin because anti-CD3/CD28 

beads interfered with experimental procedures. As was shown, activation with PMA and ionomycin showed a 

very similar regulation of neuroserpin expression when compared to anti-CD3/CD28 bead-activation. 

Knockdown of neuroserpin mRNA greatly reduced neuroserpin gene expression before activation and 

prevented the recovery of neuroserpin gene expression during the later stages. The analysis of T cell 

clustering showed that the knockdown of neuroserpin mRNA resulted in increased T cell-T cell association. 

This strongly implicates neuroserpin as a regulatory molecule in modulating T cell-T cell interactions. 

The distribution of clusters sizes between T cells treated with neuroserpin-targeting siRNAs and non-

targeting siRNAs was plotted to analyse if the increase in cluster size which occurred was the result of 

increased clustering of already clustered T cells or if it is caused by the induction of clustering of T cells that 

were not clustering under non-targeting control conditions. As was shown by the cluster distribution, there 

were both less single T cells and less small clusters. This shows that there is a general increase in clustering 

in T cells that were already clustering but also an increase of T cells clustering that were not clustering in the 

non-targeting control. 

Based on the reported secretion of neuroserpin from neurons (Osterwalder et al., 1996; Stoeckli et al., 

1989), T cells (Lorenz et al., 2015) and the co-localisation of neuroserpin with TGN38 in T cells, neuroserpin 

is expected to perform its function extracellularly within the T cell-T cell synapse. If this were the case, the 

addition of recombinant neuroserpin directly to the T cell culture medium would be expected to rescue the 

effect of intracellular siRNA-mediated knockdown. This was confirmed by the addition of recombinant 

neuroserpin to the cell culture medium, which prevented the effect of neuroserpin mRNA knockdown on T 

cell clustering but did not alter normal clustering. Increased concentrations of added neuroserpin did not 

have any further effect, suggesting that neuroserpin was responsible for regulating the observed increased 

clustering but not for basal cluster levels. Neuroserpin has been described to have functions independently 

from its ability to inhibit tPA (Lee, Coates, et al., 2008; Lee, Tsang, et al., 2015; Miranda & Lomas, 2006). 

The importance of inhibition of tPA by neuroserpin in T cell clustering was tested by adding a recombinant 

mutant neuroserpin that cannot bind and inhibit tPA. The observation that purified recombinant neuroserpin 

rescued the knockdown phenotype and that a non-inhibitory neuroserpin mutant had no effect confirmed that 
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the extracellular inhibition of tPA was crucial for neuroserpin to regulate T cell clustering. tPA is a protease 

that could alter T cell clustering directly or via downstream activation of plasminogen. To assess the role of 

plasmin in T cell clustering the specific plasmin inhibitor α2-antiplasmin was tested in the clustering assay 

with knockdown of neuroserpin expression. The addition of α2-antiplasmin could also rescue the neuroserpin 

mRNA knockdown induced clustering showing that increased tPA expression during activation most likely 

activates plasmin that is involved in the clustering process. Similar to the addition of neuroserpin, the 

addition of α2-antiplasmin did not affect the basal activation induced clustering. The rescue with α2-

antiplasmin shows that plasmin is a key player in inducing the additional clustering observed with 

neuroserpin mRNA knockdown and that active tPA alone is insufficient. α2-antiplasmin will inhibit plasmin 

downstream of tPA and leave tPA activity unaffected. The ability of plasmin to increase T cell clustering was 

further demonstrated by the addition of plasmin or plasminogen to activated T cells which also increased 

clustering in a similar manner as seen with reduced neuroserpin expression.  

This data strongly implies a role for secreted neuroserpin in regulating T cell-T cell interactions via the 

regulation of plasmin through the inhibition of tPA. By regulating T cell-T cell interactions, neuroserpin might 

play an important part in T cell activation and is likely to affect other parts of the T cell activation process 

such as changes in proliferation and cytokine secretion. 

4.3.2  Analysis of intracellular dyes to study T cell proliferation 

For the last two decades CFSE has been used to track lymphocyte proliferation (Lyons & Parish, 1994; 

Quah & Parish, 2010). Over this time period new dyes that work on the same principle have been introduced 

on the market, with Bio-Rad recently launching the CytoTrackTM dyes. Here I show that the new CytoTrackTM 

dye is preferred for the analysis of cell proliferation of human PBMCs compared to the in-house optimised 

CFSE protocol, resulting in less cell loss during staining, increased cell health post-staining and better 

resolution on the flow cytometry when CytoTrackTM dye was used according to the manufacturer’s 

instructions. When the proliferation plots were compared the full dose CytoTrackTM stain showed an 

additional generation of cells that was not visible with CFSE or CytoTrackTM half dose. It is most likely that 

the observation of an additional generation is from better resolution of the full dose CytoTrackTM staining and 

not additional cell proliferation since cell proliferation in the other generations is very similar between all three 
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conditions. Based on these results full dose CytoTrackTM staining was selected for the analysis of T cell 

proliferation.  

4.3.3.  T cell proliferation, and IL-10 and FasL secretion are affected by the knockdown of 

neuroserpin gene expression 

T cell-T cell interactions following T cell activation are suggested to play an important role in regulation of T 

cell activation. The knockdown of neuroserpin mRNA during T cell activation resulted in changes in T cell-T 

cell interactions. To study other aspects of T cell activation, possibly as a result of altered T cell-T cell 

interactions, T cell proliferation and cytokine secretion were analysed following knockdown of neuroserpin 

mRNA. T cell proliferation was significantly increased following neuroserpin mRNA knockdown compared to 

the non-targeting siRNA control group. This could be a direct result of decreased neuroserpin expression or 

the result of altered T cell-T cell interactions. 

When neuroserpin is knocked-down, the recovery of neuroserpin expression 24 hours post-activation is 

partially prevented. The inhibition of the recovery of neuroserpin expression at 24 hours and 48 hours post-

activation could affect T cell-T cell interactions. Interestingly T cell-T cell contact dependent proliferation has 

been reported previously where human memory CD4+ T cells were activated upon contact with activated Th1 

and Th2 cells (Ramming et al., 2009). When the cells were co-cultured but physically separated in transwell 

chambers, increased proliferation was not observed.  These results are consistent with our observation that 

changes in T cell-T cell interactions could alter T cell proliferation. 

Previous studies have shown that T cell-T cell interactions lead to directed secretion of IL-2 and IFNɣ 

(Gérard et al., 2013; Sabatos et al., 2008) which are important cytokines for T cell proliferation and 

differentiation (Gérard et al., 2013; Liao, Lin, & Leonard, 2011; Whitmire, Tan, & Whitton, 2005). Here we 

assayed secreted levels of nine cytokines that have been linked to plasmin activity, cell proliferation and 

stimulation of T cell activation (Gérard et al., 2013; Guo, Li, Hagström, & Ny, 2008; Q. Li, Laumonnier, 

Syrovets, & Simmet, 2007; Luchetti et al., 2012; Oral et al., 2006; Ramming et al., 2009; Rowbottom, Lepper, 

Garland, Cox, & Corley, 1999; Sabatos et al., 2008; Syrovets, Jendrach, Rohwedder, Schüle, & Simmet, 

2001; Zanin-Zhorov et al., 2014). PAN T cells treated with neuroserpin siRNAs and then activated using anti-
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CD3/CD28 beads showed increased secretion of IL-10 and shedding of the Fas-ligand (FasL) compared to 

non-targeting control siRNAs  

Interestingly enough, a previous publication reported increased IL-10 secretion from human CD4+ T cells in 

a T cell-T cell contact dependent manner (Ramming et al., 2009). This was the result of the activation of 

human memory CD4+ T cells in a contact-dependent manner following co-incubation with activated Th1 cells. 

IL-10 can play a part in the survival and proliferation of T cells. Continuous culture of T cells in the presence 

of IL-10 will inhibit T-cell apoptosis and restore normal proliferative functions of T cells  (Cohen, Crawley, 

Kahan, Feldmann, & Foxwell, 1997) and is been shown to stimulate CD8+ T cell proliferation (Rowbottom et 

al., 1999). Since PAN T cells are a mixed population it is possible that there are previously activated cells 

present which are sensitive to activation-induced apoptosis (Boehme & Lenardo, 1993; Brenner, Krammer, & 

Arnold, 2008; Snow et al., 2008). The increased proliferation observed in our model could be a result of an 

IL-10-mediated rescue effect of T cells from apoptosis and restoration of proliferative functions. Alternatively, 

it could be a result of stimulation of CD8+ T cell proliferation, or a combination of both. It would be interesting 

in future experiments to analyse apoptosis markers such as annexin V and to compare the proliferation 

between different T cell subsets such as CD4+ and CD8+ T cells in relation to neuroserpin mRNA 

knockdown. 

Also, increased levels of soluble FasL were found in medium of activated PAN T cells following activation 

and neuroserpin mRNA knockdown. It has been previously reported that FasL is a transmembrane protein 

that can be proteolytically cleaved by MMPs in a plasmin dependent manner (Valiente et al., 2014). 

Interestingly, it has been reported that soluble FasL can induce the formation of T cell-T cell conjugates and 

promote cellular communication via the increased release of micro-vesicles in non-activated T cells (Luchetti 

et al., 2012). A proliferative role for soluble FasL by inducing Fas signalling in human T cells has also been 

described (Alderson et al., 1993; N. J. Kennedy, Kataoka, Tschopp, & Budd, 1999). This would suggest that 

the increased cleavage of FasL could induce the proliferation presented in this chapter. Although proliferative 

functions for soluble FasL and Fas signalling have been reported, induction of apoptosis in activated T cells 

by FasL and soluble FasL have also been reported in activated T cells (Martinez-Lorenzo, Alava, & Anel, 

1996; Puppo et al., 2000; Suda, Hashimoto, Tanaka, Ochi, & Nagata, 1997). While in freshly isolated non-
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activated human T cells soluble FasL has been described to protect from apoptosis induced by membrane 

bound FasL (Suda et al., 1997; Tanaka, Itai, Adachi, & Nagata, 1998). The increased proliferation in function 

of neuroserpin mRNA knockdown as a result of increased soluble FasL could be further investigated in 

future experiments by blocking the Fas receptor with mAbs and then studying the proliferation comparing 

neuroserpin mRNA knockdown to a non-targeting control. 

It is possible that the increased secretion of IL-10 and shedding of the FasL play a role in the observed 

increased T cell proliferation and T cell-T cell interactions but further research is needed to confirm their 

specific roles.  

The effect of an increased proteolytic environment on cytokine secretion is not completely surprising. It has 

been known that plasmin plays a role in converting bound cytokines and chemokines to soluble form, 

impacting and regulating the immune response of different immune cells (Guo et al., 2008; Marshall et al., 

2003; Matsushima, Taguchi, Kovacs, Young, & Oppenheim, 1986; Syrovets et al., 2001; Ward, Dower, 

Whyte, Buttle, & Sabroe, 2006). This includes the release of the membrane bound FasL by activation of 

MMPs (Kayagaki et al., 1995; Vargo-Gogola, Crawford, Fingleton, & Matrisian, 2002) which can alter T cell-T 

cell interactions (Luchetti et al., 2012). Plasmin can also release membrane bound IL-1 from the cell surface 

of monocytes (Matsushima et al., 1986) and regulate surface-bound levels of IL-8 through cleavage of 

syndecan-1 (Marshall et al., 2003). A very similar mechanism is likely in place in this study with the increased 

release of FasL during T cell activation and the knockdown of neuroserpin mRNA. 

Knockdown of neuroserpin mRNA altered T cell activation as seen with proliferation, cytokine secretion and 

T cell-T cell interactions. To further analyse T cell activation, activation markers CD25 and CD69 were 

analysed with flow cytometry in CD4+ and CD8+ T cells. No differences in CD25 expression was seen 

between neuroserpin mRNA knockdown and control samples. An expected increase in CD25 expression 

was observed in T cells activated with anti-CD3/CD28 beads and PMA and ionomycin. A small decrease in 

CD69 expression was observed with neuroserpin mRNA knockdown in resting and anti-CD3/CD28 bead-

activated T cells, but not in T cells activated with PMA and ionomycin. It is not clear if the slightly decreased 

CD69 expression in non-activated T cells and anti-CD3/CD28 bead-activated T cells is of any significance. 

These differences do not explain the observed increase in T cell proliferation, cytokine secretion and T cell-T 
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cell interactions, and suggest that the effects are likely mediated through a mechanism or mechanisms that 

do not affect the expression of T cell activation markers CD25 and CD69.  

4.3.4  Knockdown of neuroserpin mRNA has no effect on adhesion molecules LFA-1 and ICAM-1 

LFA-1 and ICAM-1 play key roles in T cell-T cell interactions (Gérard et al., 2013; Sabatos et al., 2008). Flow 

cytometry analysis of LFA-1 activation and ICAM-1 expression showed no or minimal changes between 

mRNA knockdown and control samples in CD4+ and CD8+ cells, suggesting that neuroserpin regulates T 

cell clustering via a different mechanism. This fits with the data showing that inhibition of tPA with 

neuroserpin or plasmin with α2-antiplasmin only rescued increased clustering but not alter basal activation 

cluster size. Detection of LFA-1 activation by flow cytometry with the antibody used here resulted in a very 

small shift following activation if T cells. Small changes in LFA-1 activation as a result of neuroserpin mRNA 

knockdown could go unnoticed under these circumstances. This makes it hard to interpret the data and draw 

conclusions. At this stage, the data presented implies a role of the actomyosin cytoskeleton in the regulation 

of T cell clustering rather than alteration of ICAM-1 and LFA-1 expression during activation but further 

studies would be required to confirm this. 

4.3.5  Altered changes in T cell-T cell interactions are mediated by the actomyosin cytoskeleton 

through plasmin cleavage of annexin A2 and ROCK signalling 

To study some of the underlying processes involved in T cell clustering activated T cells were analysed for 

up 22 hours using live cell imaging. Live cell imaging of activated T cells shows that T cells send out 

extensions to connect to other T cells to form clusters. When T cells were activated the one of the earliest 

changes is a change to a migratory phenotype facilitating interactions with other T cells. The T cells also sent 

out membrane extensions that seemingly randomly searched for other T cells and attached when they made 

contact. Upon contact, the cells contracted the extensions to move towards each other to form a cluster. 

Later in the activation process, this mechanism was used to connect different clusters and combine them 

into bigger clusters. These data illustrated the importance of the cells capability to change the cell shape 

which is likely to be controlled by the actomyosin cytoskeleton and its regulators (Fackler & Grosse, 2008). Is 

there a role for neuroserpin, tPA and plasmin in these processes?  A role for plasmin in the regulation of 
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actin polarisation has previously been shown in monocytes and DCs where it plays a role in plasmin-induced 

chemotaxis and secretion of cytokines (Li et al., 2010; Syrovets, Tippler, Rieks, & Simmet, 1997).  These 

observations along with the data presented in this thesis strongly suggests that the increased T cell 

clustering is plasmin-induced and is mediated via regulation of the actomyosin cytoskeleton. 

Changes in cell shape and cell-cell adhesion are often controlled by the actin cytoskeleton and its regulators. 

The formation of F-actin bundles in combination with phosphorylation of the MLC have been shown to play a 

role in formation and retraction of membrane blebs (Fackler & Grosse, 2008) similar to the T cell extensions 

seen in the live cell imaging experiments. Both actin and pMLC were shown to be abundant in T cell clusters 

at the T cell-T cell interface and in T cell extensions following T cell activation. 

The formation of F-actin bundles in combination with phosphorylation of the MLC is likely to play a role in the 

formation of “seeking” extensions that the activated T cells send out to search for nearby T cells (clusters) 

and stabilisation of T cell-T cell connections. This is similar to the role of actin and pMLC as described for the 

APC-T cell immune synapse (Ilani et al., 2009). 

This raises the possibility that a knockdown of neuroserpin mRNA and an increase in plasmin activity could 

trigger changes in the cytoskeleton arrangement regulating formation and stabilisation of T cell activation 

clusters. 

Annexin A2 and ROCK signalling are key regulators of phosphorylation of MLC and the actin cytoskeleton 

(Fackler & Grosse, 2008; Garrido-Gómez et al., 2012; Grindheim et al., 2014; Maekawa, 1999; Morel et al., 

2009). Annexin A2 exists as a monomer or as heterotetrameric complex with S100A10 that can bind to the 

cell membrane and acts as a plasmin receptor (Bharadwaj et al., 2013). Cleavage of annexin A2 by plasmin 

has also been shown to play a role in regulation of adhesion in human endothelial cells and has been linked 

to induction of actin polymerisation which induced chemotactic effects in DCs (Li et al., 2010). Here the 

expression of annexin A2 in T cells was demonstrated by western blotting. Both incubation of T cells with 

plasmin and knockdown of neuroserpin mRNA led to increased cleavage of annexin A2. Cleavage of 

annexin A2 removes its ability to form a complex with A100S10 and to bind to membranes resulting in the 

translocation of cleaved annexin A2 as a monomer to the cytoplasm (Babiychuk, Monastyrskaya, Burkhard, 
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Wray, & Draeger, 2002; He et al., 2011). Cleavage of annexin A2 by plasmin and translocation to the 

cytoplasm is an important step in the regulation F-actin formation (Grindheim et al., 2014; He et al., 2011). It 

has been shown that cleavage of annexin A2 by plasmin and translocation to the cytoplasm is necessary for 

phosphorylation at Ser25 and de-phosphorylation of Tyr23 (He et al., 2011). Ser25 phosphorylation of 

annexin A2 leads to increased accessibility of G-actin binding sites (Grindheim et al., 2014) while Tyr23 

phosphorylation completely inhibits annexin A2’s ability to bind and bundle F-actin (Hubaishy & Bjorge, 

1995).  Annexin A2 plays a role in nucleation and stabilization of F-actin (Morel et al., 2009) (Figure 4.17) 

and it is likely that this cleavage of annexin A2 is playing a role in the formation of F-actin bundles that are 

necessary for increased T cell-T cell interactions. 

 

Figure 4.17: Effect of plasmin cleavage of annexin A2 on phosphorylation, ROCK signalling, F-actin 
formation and S100A10 interaction and translocation to the cell membrane. The cleavage of annexin 
A2 by plasmin leads to decreased phosphorylation of residue Tyr23 and increased phosphorylation of Ser25, 
which enables annexin A2 to bind to G-actin and induce F-actin formation. Cleavage of annexin A2 blocks its 
ability to form heterotetramers with S100A10 and translocate to the cell membrane and induce ROCK 
signalling. 

 

As expected, inhibition of ROCK signalling in this chapter reduced pMLC staining in activated T cells. 

Inhibition of ROCK with the PAN ROCK inhibitor Y-27632 in clustering T cells reduced increased T cell-T cell 
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clustering induced by neuroserpin mRNA knockdown. Inhibition of ROCK did not affect clustering in the non-

targeting control sample. Similar results were seen when only ROCK II was inhibited. Both ROCK I and 

ROCK II can phosphorylate MLC but a previous study suggested that ROCK II, not ROCK I, is necessary for 

myosin ATPase activity which is important for the generation of energy for actomyosin contraction (Yoneda 

et al., 2005). In this study, phagocytosis of fibronectin-coated beads by fibroblasts, a process that requires 

myosin ATPase, was inhibited by a compound inhibiting ROCK II and siRNA-mediated silencing of ROCK II 

expression.  

These results suggest that ROCK signalling plays an important role in the increased formation of T cell 

clusters through a pMLC ATPase-dependent mechanism and the generation of actomyosin contraction.  This 

scenario also fits with results obtained through the live cell imaging whereby the T cells seemed to use 

contractile forces to form and combine clusters. 

The results presented here show that ROCK is necessary for increased T cell clustering, but it is possibly not 

directly affected by neuroserpin. It is possible that increased actin bundling stimulated by annexin A2 as a 

result of cleavage by plasmin provides a platform for activated pMLC and myosin ATPase to increase T cell 

clustering.  Furthermore, when either F-actin formation by cleaved annexin A2 or ROCK signalling is 

inhibited, clustering returns to basal levels. It has been reported that phosphorylation of annexin A2 at Tyr23 

leads to ROCK activation (Rescher et al., 2008) while the cleavage of annexin A2 by plasmin is associated 

with decreased Tyr23 phosphorylation and increased Ser25 phosphorylation and actin binding capabilities 

(Figure 4.17). This suggests that annexin A2 might directly increase F-actin bundle formation in a ROCK-

independent mechanism (Figure 4.18). This would also explain why ROCK inhibition only had an effect on 

cells treated with neuroserpin siRNAs and not on the non-targeting siRNA controls. Inhibition of ROCK might 

lead to reduced clustering during neuroserpin mRNA knockdown because both increase in F-actin formation 

mediated by annexin A2 cleavage and ROCK activity/phosphorylation of the MLC are necessary for the 

increased clustering, but annexin A2 and ROCK might not directly regulate each other under these specific 

circumstances (Fig 4.17 and 4.18). 
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Figure 4.18: Proposed mechanism for increased T cell-T cell adhesion, proliferation and cytokine 
secretion in response to increased plasmin activity based on the data presented in this study. 
Knockdown of neuroserpin mRNA or addition of plasmin leads to increased cleavage of annexin A2 and 
S100A10 complex. This is likely to lead to the dispersion of the complex and internalization of the cleaved 
annexin A2. Annexin A2 is reported to be phosphorylated on Ser25 upon cleavage by plasmin and de-
phosphorylated on Tyr23. The Ser23 phosphorylation of the cleaved annexin A2 monomer can induce 
increased F-actin bundle formation which could be a key element in the observed increased cell-cell 
adhesion. The activity of ROCK II signalling and phosphorylation of the MLC might play a major role in this 
process in working synergistically with the increased F-actin bundles. It has been shown previously that 
ROCK signalling and MLC phosphorylation plays in important role in the immune synapse in T cell-APC 
interactions. Our model shows increased T cell-T cell interactions when there is more plasmin activity. This in 
turn could lead to increased T cell proliferation, IL-10 secretion and shedding of the FasL. 

 

4.3.6  Other functions of plasmin in immune responses and cell regulation 

Very little has been reported on the effects of plasmin on T cells even though a T cell-stimulating role for 

plasmin has been presented for T cells previously, when it was shown that the activation of plasmin 

stimulated invasion of tumours by T cells (Bianchi et al., 1996). It is known that plasmin plays a role in the 

activation of other immune cells and that it can affect cell signalling, cell migration and proliferation through 

the cleavage of the plasmin receptor annexin A2 similar to the results presented in this thesis. The data 

presented here support previously published data and contributes to the growing depth of literature in this 
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topic. Hence, the data suggests an important role of neuroserpin in the regulation in the regulation plasmin 

activity in immune cell function through the inhibition of tPA. 

Plasmin can also regulate other immune cells functions though the cleavage of plasmin receptor annexin A2. 

It has been shown that plasmin-mediated cleavage of annexin A2 can induce signalling in immune cells. In 

monocytes, plasmin has been shown to induce expression of TNF and IL-1 through activation of NF-κB 

(Syrovets et al., 2001). A similar induction of IL-1 expression by plasmin was seen in the macrophage cells 

line RAW264.7 where it also activated the IL-8 promoter (Ward et al., 2006). Cleavage of annexin A2 by 

plasmin activates the NF-κB signalling pathway in human umbilical vein endothelial cells, which leads to an 

increase ICAM-1 expression (Li et al., 2013), a key adhesion molecule in T cell migration and synapse 

formation. Following neuroserpin mRNA knockdown no change in ICAM-1 expression in T cells was 

observed, suggesting that in the increased T cell-T cell clustering model presented here altered ICAM-1 

expression is not responsible for the in observed increase in clustering but rather this clustering is regulated 

through the actomyosin cytoskeleton. It is also known that cleavage of annexin A2 by plasmin induces actin 

polymerisation responsible for chemotactic effects in DCs (Li et al., 2010). 

Annexin A2 could also be involved in the increased IL-10 secretion that was observed in PAN T cells 

following knockdown of neuroserpin mRNA.  A previous study has shown that siRNA-mediated knockdown 

of the S100A10 subunit of the annexin A2 heterotetramer reduced production of IL-10 in human 

chondrocytes.  This study suggests that the formation of the annexin A2-S100A10 heterotetramer and 

relocation to the cell membrane is necessary for the production of IL-10 (Song et al., 2012). In plasminogen 

knockout mice the expression of IL-6 and IL-10 was also reduced when compared to wild type mice following 

a challenge with S.Aureus (Guo et al., 2008), again showing that plasminogen plays an important role in the 

regulation of IL-10. 

Involvement of annexin A2, plasmin and plasminogen has also been shown to affect cell proliferation. 

Plasmin and plasminogen increased cell proliferation in smooth muscle cells (Stewart et al., 2013). In this 

model the knockdown of annexin A2 further attenuated the increased proliferation, linking signalling of the 

plasmin receptor to the regulation of cell proliferation. The mechanism is currently not known and further 

research is needed to evaluate the link between annexin A2 and plasmin-induced proliferation. It is unclear if 
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there might be a similar mechanism between the increased proliferation in smooth muscle cells and the 

increase in proliferation in T cells presented in this chapter.  

No direct evidence of annexin A2 cleavage on T cell signalling was found in this chapter but it is likely to be 

involved in regulation of formation of F-actin bundles and could possibly stimulate other signalling pathways 

such as the NF-κB pathway as is shown in monocytes and DCs in previous studies (Li et al., 2010; Syrovets 

et al., 1997), and either through this mechanism regulate cytokine secretion and T cell proliferation or via 

altered T cell-T cell interactions. 

4.3.7  Summary and conclusions  

The results presented in this chapter support a role for neuroserpin and its inhibitory target the enzyme tPA, 

and tPA-mediated activation of plasmin in the later stages of T cell activation. In this chapter, it is shown that 

T cell clustering, proliferation and cytokine secretion is altered in the later stages of T cell activation. The 

effects were seen at 24 to 48 hours post-activation when T cells form connections with other T cells (Blair & 

Dustin, 2013). Once activated, T cells produce tPA and reduce neuroserpin expression. This increase in 

protease activity could be a signal for T cells to form stable interactions with APCs. Once T cells and APCs 

form these interactions, tPA and neuroserpin expression starts returning to preactivation levels. The recovery 

of neuroserpin expression could play a role in bringing the proteolytic balance back to pre-activation levels 

(Figure 4.19) and thus giving a signal for activated T cells to start making multiple new connections with 

neigbouring T cells. Further recovery of neuroserpin expression could be a signal for T cells to release from 

APCs and start performing their effector functions. When neuroserpin is knocked-down, and the proteolytic 

environment increased, this is prevented (Figure 4.19). This leads to increased T cell-T cell interactions as a 

result of augmented stability and formation of T cell- T cell connections. This increased in T cell-T cell 

interaction could attenuate T cell proliferation and cytokine secretion as was observed here (Figure 4.18).  

The data here shows the importance of the proteolytic environment during T cell activation. The balance of 

proteases such as tPA and plasmin and their inhibitors neuroserpin and α2-antiplasmin respectively, are 

responsible for regulating cleavage of the annexin A2 receptor, proliferation, cytokine secretion and 
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increased cell-cell adhesion in T cells (Figure 4.18) which fits with the role for plasmin and proteases in 

general as observed in other immune cells and other cells models.  

 

Figure 4.19: Knockdown of neuroserpin mRNA leads to increased protease activity. Proposed 
schematic representation of tPA activity following T cell activation under normal conditions (Control) and 
neuroserpin-knockdown conditions. Following activation tPA is rapidly upregulated followed by a decrease in 
neuroserpin expression (one to four hours post-activation), increasing the proteolytic environment. This 
increase in the proteolytic environment is further attenuated when neuroserpin is knocked-down. Knockdown 
of neuroserpin mRNA prevents restoration of neuroserpin expression after 24 hours post-activation, 
preventing the restoration of the proteolytic balance to pre-activation levels. 
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5.1 Introduction 

Recently the Sixt group has shown that CCL21 can be proteolytically truncated to generate a soluble form of 

CCL21 (Schumann et al., 2010).  Only surface-bound, but not soluble, CCL21 arrests lymphocyte rolling on 

high endothelial venules by stimulating the conformational shift in LFA-1, inducing transendothelial migration 

of naïve T cells from the bloodstream to the lymph nodes (Shamri et al., 2005). Surface-bound CCL21 also 

activates LFA-1 on mature DCs thus promoting ICAM-1 dependent adhesion and motility while the truncated 

soluble form of CCL21, which can be generated by proteolytic truncation, influences the direction of the 

migration (Schumann et al., 2010). The enzyme responsible for the truncation of CCL21 has not been 

identified but it was inhibited by the broad spectrum protease inhibitor aprotinin (Schumann et al., 2010). 

The research in this chapter focusses on the effect of neuroserpin and the role of plasmin the in the 

conversion of surface-bound CCL21 to soluble CCL21 

5.1.1  Chemokine induced cell migration 

Cell migration can be defined by the different modes and direction of the migration. Haptokinesis is random 

movement that is induced by surface-bound chemokines such as CCL21. If the movement is directed by a 

surface-bound gradient it is referred to as haptotactic migration (Friedl, Borgmann, & Bröcker, 2001; Peter 

Friedl & Storim, 2004). Leucocytes can also migrate in response to soluble chemokines in an adhesion-

independent way by converting actomyosin forces into locomotion without using integrin-mediated force 

coupling.  When the leucocytes migrate in a particular direction following a soluble gradient it is called 

chemotaxis while random movement is called chemokinesis (Friedl, Entschladen, Conrad, Niggemann, & 

Zanker, 1998; Lämmermann et al., 2008; Woolf et al., 2007). Surface-bound chemokine induced 

haptokinesis can be directed by a chemotactic gradient, effectively inducing haptotaxis by inducing adhesion 

of cells by surface-bound chemokine and direction by a gradient of soluble chemokine. The best described 

example is migration of DCs on surface-bound CCL21 directed by a gradient of soluble CCL21 or CCL19 

(Figure 5.1) (Schumann et al., 2010). 
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Figure 5.1: Chemotactic and haptotactic migration can be regulated by surface-bound and soluble 
CCL21, and CCL19. A) Soluble chemokine induces directed migration but no adhesion. B) Surface-bound 
chemokine induces adhesion via integrins and random migration. C) A chemotactic gradient can direct 
hypotactic migration. (Reproduced from Schumann et al. 2010, with permission) 

 

Even though both CCL21 and CCL19 are structurally similar (Figure 5.2), can drive chemotactic movement 

through polarization of the cytoskeleton and bind to the same receptor, CCR7, with comparable affinities, 

CCL19 and CCL21 induce different phosphorylation patterns of the G protein-coupled CCR7 receptor (Zidar, 

Violin, Whalen, & Lefkowitz, 2009). These different phosphorylation patterns result in distinctive functional 

effects with for example CCL19 stimulating receptor desensitation and internalisation, which is not seen for 

surface-bound CCL21 (Bardi, Lipp, Baggiolini, & Loetscher, 2001; Hauser & Legler, 2016; Kohout et al., 

2004). 
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Figure 5.2: Structure of CCL19 and CCL21. Both CCL19 (A) and CCL21 (B) have a typical canonical 
chemokine fold consisting of a flexible N-terminus (not shown in CCL21 for clarity) followed by a N loop, an 
anti-parallel three-stranded β-sheet and a C-terminal α-helix. CCL19 has a short flexible C-terminus while 
CCL21 has an unstructured C-terminus (Not shown for clarity). In yellow are the conserved sulphide bonds in 
CCL19 and conserved disulphide bonds between C8 and C34 and C9 and C52 in CCL21. (Structure of 
CCL19 is reproduced with permission from (Veldkamp et al., 2015). Copyright (2015) American Chemical 
Society. Structure of CCL21 is reproduced with permission from (Love et al., 2012). Copyright (2012) 
American Chemical Society). 

 

Unlike CCL19, CCL21 has a highly charged unstructured 32-amino acid C-terminal extension (not shown in 

Figure 5.2) (Hromas et al., 1997; Love et al., 2012; Nagira et al., 1997) which mediates high affinity binding 

to glycosaminoglycans. Binding to glycosaminoglycans allows CCL21 to be surface-bound to extracellular 

matrix and cells. The immobilization of CCL21 to glycosaminoglycans on extracellular matrix and cell 

surfaces is key for CCL21s ability to induce haptokinetic movement in CCR7+ cells.  

Surface-bound CCL21 can stimulate haptokinetic movement of immune cells through activation of integrins 

and induction of cell adhesion. Surface-bound CCL21 will induce a shift in the affinity state of LFA-1 from a 

lower to a higher affinity for its ligand ICAM-1. This is also a key step in the transendothelial migration of cells 

from the bloodstream to the lymph nodes (Shamri et al., 2005; Stein et al., 2000). 
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5.1.2  Recent work in our laboratory shows inhibitory effects of neuroserpin on CCL21-mediated 

transwell migration 

As part of our group’s overall research programme the effects of neuroserpin, tPA and plasmin on human T 

cell migration stimulated with the chemokines CCL19 and CCL21 were investigated using transwell migration 

assays. When neuroserpin was added, the migration in response to CCL21 was inhibited while the addition 

of neuroserpin did not affect CCL19-mediated T cell migration (Lorenz et al. 2016, submitted). The main 

difference between CCL19 and CCL21 is the C-terminal glycosaminoglycan-binding domain in CCL21. The 

cleavage of the C-terminal domain of CCL21 could be an important factor in this experimental setting to 

generate soluble CCL21 to induce chemotaxis across the transwell-membrane. These results suggest that 

neuroserpin-inhibited tPA-dependent cleavage of the CCL21 C-terminal domain is important to regulate 

chemotactic or chemokinetic T cell migration. 

5.1.3 Hypothesis and aims 

Based on the effect of neuroserpin on chemotactic/chemokinetic T cell migration in transwell migration 

assays it was hypothesized that tPA plays a role in the conversion of surface-bound to soluble CCL21, either 

by cleaving CCL21 directly or by the activation of the protease plasmin. 

To investigate this hypothesis the cleavage of human CCL21 by human DCs and T cells is investigated. The 

role of tPA and plasmin in the cleavage process is tested by addition of the tPA inhibitor neuroserpin and the 

plasmin inhibitor α2-antiplasmin. The ability of tPA and plasmin to cleave purified recombinant CCL21 is 

further investigated using western blotting and LC-MS/MS. Finally the LC-MS/MS results are used to 

determine the cleavage sites in CCL21 and confirm the cleavage of the glycosaminoglycan-binding C-

terminal domain. 
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5.2 Results 

5.2.1  CCL21 cleavage is induced by T cells and DCs and is inhibited by neuroserpin 

To test if human CCL21 cleavage is induced by human DCs and T cells, CCL21 was incubated with 

monocyte-derived DCs and T cells. Co-incubation of CCL21 with cells resulted in cleavage of CCL21 to a 

10.7 kDa product detected by western blot analysis (Figure 5.3A, panel a and b (right panel)). No cleavage 

was seen when CCL21 was incubated in medium without cells for the same period of time, indicating that the 

cleavage is induced by a cell-secreted or cell-activated protease. With increased contrast a minor ~15 kDa 

band could be seen in untreated CCL21 (Figure 5.3A, panel b right). This corresponds to a truncated form of 

CCL21 present in the recombinant CCL21 supplied by the manufacturer. Incubation of CCL21 with DCs led 

to more cleaved CCL21 then incubation with T cells (Figure 5.3A, panel a and b (left panel)). The addition of 

recombinant neuroserpin to the cell culture medium inhibited cleavage of CCL21 induced by both DCs and T 

cells, showing that neuroserpin can regulate the cell-mediated cleavage (Figure 5.3A).  

5.2.2  CCL21 is cleaved by purified plasmin  

It is possible that tPA, the main inhibitory target of neuroserpin, could either directly cleave CCL21 or activate 

plasmin, which then cleaves CCL21. Incubation of CCL21 with plasmin resulted in generation of two 

cleavage products of 12.0 kDa and 10.7 kDa that could be detected by western blotting (Figure 5.3B). The 

same cleavage products were seen when CCL21 was incubated with tPA and plasminogen but not when 

CCL21 was incubated with either tPA or plasminogen alone (Figure 5.3B). To investigate a possible role for 

neuroserpin to block tPA-mediated activation of plasminogen, CCL21, plasminogen, tPA and neuroserpin 

were co-incubated for up to four hours. Cleavage was analysed every 30 min and compared to CCL21 that 

was incubated with tPA or plasminogen alone. Neuroserpin slowed the cleavage of CCL21 indicating partial 

inhibition of plasmin generation by tPA. At 30 min almost no cleavage of CCL21 was seen with the addition 

of neuroserpin while without neuroserpin all the intact CCL21 was cleaved. Over time intact CCL21 in both 

samples was completely cleaved. This cleavage resulted in the same 12 kDa and 10.7 kDa bands seen in 

Figure 5.3B. Over time the intensity of the 12.0 kDa band was greatly reduced and one major band at 10.7 

kDa remained (Figure 5.3C). The same result was seen when CCL21 was incubated with purified plasmin in 
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different molar ratios from 1:0 to 1:0.16 (Figure 5.4A) or incubation with plasmin for up to four hours (Figure 

5.4B), showing generation of a specific cleavage product from CCL21 by plasmin. 

 

Figure 5.3: CCL21 cleavage induced by cells is inhibited by neuroserpin and mediated by activation 
of plasminogen by tPA. Western blot analysis of CCL21 cleavage using the Odyssey CLx imaging system. 
A) CCL21 (125 nM) was co-incubated with or without 500,000 T cells or DCs and neuroserpin (NS) (22 µM) 
for three hours at 37oC to assess cell induced cleavage. Brightness and contrast was adjusted to show 
cleavage of CCL21. Brightness and contrast was increased in b) right panel to show cleavage of CCL21 by T 
cells. Brightness and contrast in a) is the same to show the difference in CCL21 cleavage between DCs and 
T cells.  B) CCL21 (125 nM) was incubated with plasmin (10 nM), tPA (10 nM), plasminogen (PLG) (10 nM) 
or a combination of tPA and plasminogen in a 1:0.08 molar ratio for four hours at 37oC. C) CCL21 (125 nM) 
was incubated with tPA (10 nM) and plasminogen (10 nM) with or without neuroserpin (1.5 µM) for up to four 
hours at 37oC. Western blots are a representative for at least three independent experiments. 

 

To test if the CCL21 cleavage induced by T cells and DCs was also mediated by plasmin, CCL21 was 

incubated with cells and plasmin-specific inhibitor α2-antiplasmin. The addition of α2-antiplasmin, similarly to 

the addition of neuroserpin, inhibited the cleavage of CCL21 induced by T cells and DCs (Figure 5.4C). 
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Figure 5.4: Plasmin cleaves CCL21 in a time- and concentration-dependent manner and CCL21 
cleavage induced by cells is inhibited by α2-antiplasmin. Western blot analysis of cleavage CCL21 by 
plasmin using the Odyssey CLx imaging system. A) CCL21 (125 nM) was incubated with plasmin in 1:0 to 
1:0.16 molar ratio for four hours at 37oC. B) CCL21 (125 nM) was incubated with plasmin (10 nM) for up to 
four hours at 37oC. Western blot are a representative at least three independent experiments. C) CCL21 
(125 nM) was co-incubated with or without 500,000 T cells or DCs and α2-antiplasmin (α2-AP) (2.5 µM) for 
three hours at 37oC to assess inhibition of cell-induced cleavage. 

 

5.2.3  T cells in cell culture bind plasmin(ogen) from serum 

The source of the plasmin that cleaves CCL21 in cell culture experiments is unknown but probably comes 

from serum that is used in the experiments or alternatively is produced and secreted from the cells. When 

plasminogen mRNA expression was analysed by qPCR no amplification of plasminogen mRNA was 

observed in T cells or DCs. The absence of plasminogen mRNA suggested that the plasmin responsible for 

cell-mediated CCL21 cleavage comes from the serum in cell culture medium. It has been shown that 

monocytes can bind plasmin and plasminogen (Miles et al., 2003) and that monocytes and monocyte-
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derived DCs express tPA that can activate plasmin from inactive plasminogen (Kennedy et al., 2007). To test 

whether T cells can bind plasmin(ogen), T cells were incubated in standard serum-containing RS5-IL7 

medium for 48 hours to allow binding of plasmin(ogen) from serum. The cells were then transferred to 

serum-free Accell-G7 medium. T cells from three human donors were then incubated for 96 hours in Accell-

G7 medium followed by measurement of plasmin activity by cleavage of the Val-Leu-Lys-pNA substrate 

continuously for 15 hours at 37oC. Plasmin activity was detected in the Accell-G7 medium following 

incubation with T cells (Figure 5.5). When the same procedure was carried out without any cells present no 

plasmin activity was detected, indicating that the plasmin activity was extracellular plasmin that had 

associated with the T cells during the incubation in RS5 and carried over from the serum to the Accell 

medium. 

 

Figure 5.5: Plasmin(ogen) associates with T cells. Plasmin activity was analysed in serum free Accell-G7 
medium using the chromogenic plasmin substrate. 500,000 T cells from three different donors were 
incubated in 200 µl serum free Accell-G7 medium for 96 hours after incubation in RS5-IL7 for 48 hours. The 
cleavage of the chromogenic plasmin substrate was continuously monitored for 15 hours at 37oC. Data 
represents mean and +/- SEM of three biological replicates 

 

5.3.4  The closely related chemokine CCL19 that lacks the unstructured C-terminal sequence is not 

cleaved by T cell activated plasmin 

CCL19 is structurally similar to CCL21 but lacks the C-terminal tail (Love et al., 2012; Veldkamp et al., 2015). 

To determine if T cells could also induce cleavage of CCL19 both CCL19 and CCL21 were incubated with T 
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cells and cleavage analysed by western blotting. CCL21 was cleaved to a 10.7 kDa product induced by T 

cells as seen previously but no cleavage of CCL19 was observed (Figure 5.6). 

 

Figure 5.6: CCL19 is not cleaved by plasmin activated by T cells, unlike CCL21. CCL21 (125 nM) and 
CCL19 (170 nM) were incubated with 5,000,000 cells/ml for three hours at 37oC. Western blot is 
representative of two independent experiments. The western blot was visualised using the Odyssey CLx 
imaging system. 

 

5.3.5  Mass spectrometry identifies three major plasmin cleavage products 

Western blotting showed cleavage of CCL21 and generation of specific cleavage products by plasmin. The 

antibody that was used for CCL21 detection is an affinity purified polyclonal antibody and the CCL21 

epitopes it recognises are unknown. Therefore it is not possible to say where CCL21 is cleaved by plasmin 

based on the results from the western blotting experiments. To confirm that the cleavage of CCL21 by 

plasmin occurs at the C-terminal as was hypothesised, thus releasing the glycosaminoglycan-binding 

domain, the cleavage of CCL21 by plasmin was analysed using LC-MS/MS. The phosphate salts that are 

present in PBS, which was used for previous CCL21 cleavage experiments, interferes with the LC-MS/MS 

methodology so to allow LC-MS/MS analysis the buffer for CCL21 and plasmin cleavage was changed to 20 

mM ammonium acetate, pH 7.2. Cleavage was stopped by denaturation of the sample with dithiothreitol 

followed by alkylation to prevent any possible renaturation of plasmin. In preliminary cleavage experiments 

the molar ratios of CCL21 to plasmin in ammonium acetate buffer were optimised by analysis by western 

blotting  to ensure adequate cleavage for analysis following incubation at 30, 60, 90 min. The generation of 
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cleavage products in the LC-MS/MS samples under optimised incubation conditions were analysed by SDS-

PAGE with coomassie blue staining and LC-MS/MS. SDS-PAGE analysis of the samples showed one major 

band corresponding to full length CCL21 at time 0 (Figure 5.7A). Incubation of CCL21 for 30, 60 and 90 min 

with plasmin resulted generation of two major bands at 12.0 and 10.7 kDa (Figure 5.7A) similar to what was 

seen by western blotting (Figure 5.4A and B). LC-MS/MS showed that the mass of intact CCL21 at time 0 

was 12595.87 Da (Figure 5.7B) which is consistent with the mass predicted by the ExPASy pI/Mw tool for the 

sequence of CCL21 provided by PeproTech. The recombinant PeproTech CCL21 lacks the 23 amino acid 

signal sequence at the start of the CCL21 molecule. The PeproTech CCL21 amino acid sequence 1-111 

corresponds with the 24-134 sequence of human CCL21 (Genbank sequence CAG29322). LC-MS/MS 

detected three fragments that increased over time during plasmin digestion that were 9522.85 Da, 10136.82 

Da and 10423.22 Da corresponding to CCL211-81 (likely detected as the single 10.7 kDa band on SDS-PAGE 

and western blot), CCL211-88  and CCL211-91 (likely detected as the 12.0 kDa band on SDS-PAGE and 

western blot) (Figure 5.7B and C). These products are consistent with cleavage following Arg81, Lys88 and 

Lys91 (Figure 5.7C).  

The samples also showed one minor band at 15 kDa on the SDS-PAGE gel which was, unlike the major 

plasmin generated cleavage products, also present at time 0. This second peptide was also detected by LC-

MS/MS at time 0 (11896.85 Da) (Figure 5.7C), which is consistent with the presence of truncated CCL21 as 

detected by western blot and SDS-PAGE in undigested CCL21. LC-MS/MS showed that this was consistent 

with CCL21 lacking the last seven amino acids from the C-terminal. The truncation of seven amino acids 

from the C-terminus of CCL21 likely occurred during CCL21 purification from E.coli (PeproTech technical 

support, personal communication). 
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Figure 5.7: Mass spectrometry shows that the C-terminal of CCL21 is cleaved by plasmin. A). SDS-
PAGE analysis of CCL21 (15.35 µM) incubated with plasmin (62 nM) for 0, 30, 60 and 90 minutes, visualised 
using the Odyssey CLx imaging system. B) Mass spectrometric analysis of denatured and alkylated CCL21. 
Predicted molecular weights where calculated using the ExPASy Compute pI/MW tool. C) Mass 
spectrometry profiles showing the major cleavage products of CCL21 after incubation with plasmin for 0, 30, 
60 and 90 min, deconvoluted into intact molecular weight profiles. D) CCL21 sequence with arrows showing 
plasmin cleavage sites. Arrows identify sites cleaved by plasmin. Small arrow indicates cleavage seen in 
purified CCL21 as provided by the supplier. Since recombinant CCL21 lacks the 23 amino acid signal 
peptide, the sequence numbering of the recombinant CCL211-111 corresponds to amino acids 24 – 134 of 
human CCL21 (Genbank sequence CAG29322). 

 

The cleavage products for each observed mass were validated by MS/MS (Figure 5.8A). Peptide fragments 

were generated by MS/MS by low energy collision. Fragments generated from the N-terminus of the 

proteins, referred to as b-ions, and peptide fragments from the C-terminus, referred to as y-ions (Roepstoff, 

Johnson 1987), were validated by comparison to those predicted for each proposed sequence by the 

Peptide Fragments tool in the Bio Tool Kit add on to PeakView 2.1. The analysis of 14 b-ions and 26 y-ions 

across the 5 analysed CCL21 products confirmed the generation of CCL211-81 ,CCL211-88, CCL211-91, intact 

CCL21 and CCL21 lacking the last seven amino acids from the C-terminal that was present at time 0 (Figure 

5.8A and B). These data show that all plasmin cleavages occur after lysine or arginine. The LC-MS/MS data 
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confirms the release of the C-terminal of CCL21 upon cleavage with plasmin, suggesting a functional role for 

cell activated plasmin in regulating the conversion of surface-bound to soluble CCL21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 (opposite page ►): MS/MS analysis confirms the C-terminal CCL21 fragments that were 
found by mass spectrometry. A) b- and y- type fragment ions detected within 10 ppm mass error by LC-
MS/MS. MS/MS data was acquired from one representative multiply-charged peak from each CCL21 
product. The resulting fragment ion patterns were compared to those predicted for each proposed sequence 
by the Peptide Fragments tool in the Bio Tool Kit add on to PeakView 2.1 (Sciex) and mass errors for 
matching peaks were calculated manually. Only those b- and y-type fragment ions with mass errors of 10 
ppm or better are reported. N-terminal fragments are classed as b, C-terminal fragments are classed as y. 
The number (b#, y#) indicates the number of residues in the fragment (Johnson, Martin, Biemann, Stults, & 
Watson, 1987; Roepstorff & Fohlman, 1984). B) b-type fragment ions found by MS/MS as indicated by  and 
y-type fragment ions as indicated by  in the different CCL21 cleavage products as shown in A 

˩
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5.3 Discussion 

This chapter describes the cleavage of CCL21 by DCs and T cells. The cleavage of CCL21 was inhibited by 

neuroserpin and α2-antiplasmin suggesting a role for tPA on the activation of plasmin to cleave CCL21. 

Cleavage of CCL21 by plasmin was confirmed by incubation of purified plasmin with CCL21 and western 

blotting. The cleavage of CCL21 induced by cells and plasmin resulted in multiple cleavage products that 

could be detected by western blotting and SDS-PAGE. Subsequently it was shown that T cells can bind 

plasmin and/or plasminogen from serum in their extracellular environment. Cleavage of the C-terminal 

glycosaminoglycan-binding domain of CCL21 was confirmed by LC-MS/MS. The cleavage of CCL21, 

converting surface-bound to soluble CCL21, by DCs and T cells could be a regulatory mechanism to 

modulate entry of cells into the lymph node, migration of cell inside the lymph node and priming T cells for 

stable antigen interactions as will be discussed here. 

5.3.1  Inhibition of plasmin and tPA blocks T cell and DC migration in vitro 

Experiments in our laboratory carried out by Dr. Natalie Lorenz identified roles for the protease inhibitors 

neuroserpin and α2-antiplasmin in in vitro migration experiments with T cells and DCs. In transwell setups 

40% of T cells migrated toward the bottom compartment containing CCL21. When either neuroserpin or α2-

antiplasmin was included, the migration of T cells toward the bottom compartment was reduced by 

approximately ~50%. When these migration experiments were repeated with CCL19 no effect of neuroserpin 

and α2-antiplasmin was seen. The main difference between CCL19 and CCL21 is that CCL19 lacks the C-

terminal extension that is present in CCL21. This leaves CCL21 unable to bind to glycosaminoglycans 

present in the extracellular matrix and cells (Hauser & Legler, 2016; Kiermaier et al., 2015; Schumann et al., 

2010). If the highly positively charged C-terminal of CCL21 binds to cell culture plastic, either directly or via 

serum components bound to the surfaces of the transwell, it is unlikely to able to generate a gradient that is 

available to induce migration in the T cells in the top compartment. The hypothesis was that in these assays 

a cell-secreted or cell-activated protease, which can be inhibited by neuroserpin and α2-antiplasmin, can 

release the surface-bound CCL21 and induce chemotactic migration across the transwell membrane.  
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T cell and DC migration was also analysed in a second assay known as an under-agarose assay (Heit & 

Kubes, 2003). In the under-agarose assay responding cells were placed in separate wells in the agarose 

than the chemoattractants with or without T cells or DCs. This way the migration of responding cells along a 

generated gradient as a result of the diffusion of the chemoattractant can be studied. This showed that T 

cells or DCs that were placed in one well in the agarose migrate toward another wells in the agarose that 

contained CCL21 and cells, but not towards wells that only contained CCL21 or cells alone. This indicated 

that the cells generate a soluble form of CCL21 that can diffuse through the agarose and generate a soluble 

gradient to induce chemotactic migration in cells contained in another well in the agarose. This migration was 

inhibited by neuroserpin and α2-antiplasmin, again suggesting that inhibition of the cell secreted or activated 

proteases tPA and plasmin prevent the generation of this diffusible form of CCL21.  

It has been shown that murine lymphocytes and bone-marrow derived DCs  can cleave CCL21 and that the 

truncated CCL21 behaves like CCL19 rather than full length CCL21 in migration assays (Schumann et al., 

2010). The conversion of surface-bound to soluble CCL21 by direct cell contact in the cell microenvironment 

was demonstrated using bone-marrow derived DCs. Bone-marrow derived DCs in contact with surface-

bound CCL21 induced the release of soluble CCL21 causing chemotaxis of nearby bone-marrow derived 

DCs that were not in direct contact with CCL21 (Schumann et al., 2010). The protease responsible for this 

was not identified but the cleavage of CCL21 induced by murine DCs could be inhibited by the broad 

spectrum protease inhibitor aprotinin. 

5.3.2  CCL21, but not CCL19, is cleaved by T cells and DCs and can be regulated by neuroserpin 

and α2-antiplasmin 

The results from the migration assays suggest that the C-terminal domain of CCL21 that mediates binding of 

CCL21 to matrix can be cleaved by cell produced or activated tPA or plasmin. This was confirmed by 

incubating CCL21 with DCs and T cells, which resulted in a 10.7 kDa cleavage product. Both T cells and 

DCs induced cleavage of CCL21 with DCs generating a greater proportion of cleaved CCL21. Research on 

cleavage of CC21 with murine bone-marrow derived DCs and T cells also showed more cleavage of CCL21 

was induced by DCs (Schumann et al., 2010). Both our results and the results from the Schumann et al. 

(2010) indicate greater proteolytic activity associated with DCs than T cells. CCL19, unlike CCL21 was not 
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cleaved by co-incubation with T cells. The lack of cleavage seen in with CCL19 and T cell co-incubation 

further strengthens the hypothesis that the C-terminal of CCL21 is cleaved by plasmin for switching between 

surface-bound and soluble CCL21.  

5.3.3  Plasmin cleaves CCL21 

It is likely that plasmin and not tPA cleaves CCL21, because both neuroserpin and α2-antiplasmin could 

inhibit cleavage of CCL21 by T cells and DCs. Plasmin is activated by tPA so inhibition of tPA by neuroserpin 

likely also inhibits the activation of plasmin. α2-antiplasmin directly inhibits plasmin but leaves the activity of 

tPA unaltered, suggesting that active tPA alone is not enough to cleave CCL21. 

The ability of tPA and plasmin to cleave CCL21 was tested directly by co-incubation in PBS which confirmed 

that plasmin cleaves CCL21 rather than tPA. CCL21 was also cleaved when it was incubated with tPA and 

plasminogen combined. Plasmin cleaved CCL21 in a time- and concentration-dependant manner which 

resulted in detection of two cleavage products on western blots at 12.0 kDa and 10.7 kDa. Over time or with 

increased plasmin the 12.0 kDa product disappears. The final product shown by the 10.7 kDa band is the 

same band as observed when CCL21 is cleaved by T cells or DCs. The 12.0 kDa appears to be an 

intermediate cleavage product that might be further cleaved to form the observed 10.7 kDa product. The 

generation of a specific cleavage product following digestion with plasmin suggests that there are preferred 

specific cleavage sites for plasmin in CCL21 which supports the hypothesis that the C-terminal domain is 

possibly cleaved by plasmin. Inhibition of cell-mediated CCL21 cleavage by α2-antiplasmin and the 

observation of the same 10.7 kDa band strongly suggests that plasmin is also the responsible enzyme for 

CCL21 cleavage by T cells and DCs.  

The cleavage and release of the C-terminal extension of CCL21 by plasmin was confirmed by LC-MS/MS. 

Cleavage of CCL21 by plasmin resulted in three main cleavages at Arg81, Lys88 and Lys91 which was 

confirmed by MS/MS analysis. The CCL211-91 and CCL211-88 peptides that were identified most likely 

correspond to the 12.0 kDa band that is seen on western blot and SDS-PAGE gel. The final product that was 

seen in the later stages of plasmin digestion as a 10.7 kDa band most likely to corresponds to the CCL211-81 
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peptide. These three major cleavage sites that occur upon plasmin digestion remove the C-terminal domain 

of CCL21 releasing the glycosaminoglycan-binding domain of CCL21. 

This shows that plasmin can directly cleave CCL21 in vitro and remove the C-terminal tail, which supports 

the hypothesis that plasmin can convert matrix bound or cell bound CCL21 into soluble CCL21. It is very 

likely that cell-induced cleavage is also mediated by plasmin since cleavage of CCL21 mediated by cells 

resulted in the same cleavage product seen on western blot and the ability of α2-antiplasmin to inhibit the 

cleavage by cells. 

At this stage it is unclear if the CCL211-91 and CCL211-88 intermediate cleavage products serve a specific 

biological function and if they can still bind glycosaminoglycans, possibly at a lower affinity than the full 

length CCL21.  

5.3.4  T cells likely bind and activate plasminogen at the cell surface 

After discovering that plasmin cleaved CCL21, plasminogen mRNA expression was analysed in T cells and 

DCs but no plasminogen expression was detected. Plasmin and plasminogen are present in human serum 

that is used for cell culture (Plow, Herren, Redlitz, Miles, & Hoover-Plow, 1995; Rimon, Shamash, & Shapiro, 

1966; Wiman et al., 1978; Wiman & Collen, 1977) . In Chapter 4, (section 4.2.8, page 133) it was shown that 

T cells express the plasmin receptor annexin A2 that can bind plasminogen, plasmin and tPA and can 

function as a scaffold for plasmin activation (Kwon et al., 2005). The ability of T cells to bind plasmin was 

confirmed by incubating T cells in serum containing medium for 48 hours prior to incubation in serum free 

medium followed by detection of plasmin activity with a chromogenic substrate. Plasmin is most likely 

activated by the cells from plasminogen present in the serum, since no cleavage of CCL21 was observed 

when it was incubated in serum containing RS-5-IL-7 medium in the absence of cells. 

Binding of plasminogen to the cell surface can aid in its activation to plasmin by converting the native 

circulating Glu-plasminogen to Lys-plasminogen, which is activated at a higher rate by tPA (Gong et al., 

2001; Miles et al., 2003; L. Zhang et al., 2003), creating an additional level of control for the cells in the 

activation of plasmin. Even though addition of neuroserpin and α2-antiplasmin could inhibit cleavage of 

CCL21, binding of plasmin and plasminogen to plasmin receptors on the surface of cells protects active 
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plasmin from inhibitors and creates a microenvironment protecting plasminogen activators from inhibitors for 

the activation of plasminogen (Kwon et al., 2005). This is possibly reflected by the fact that the addition of 

neuroserpin and α2-antiplasmin only partially inhibited cleavage of CCL21 but never completely. 

The previous chapters presented tPA expression in T cells and the presence of the plasmin receptor annexin 

A2. It is likely that T cells bind extracellular plasminogen that is present in the serum, either via annexin A2 or 

other possible plasmin activating receptors, and secrete tPA to activate it. 

5.3.5  Activation cascade leading to the generation soluble CCL21 

The results presented here describe a complex cascade for the generation of soluble CCL21 from surface-

bound CCL21 by DCs and T cells (Figure 5.9). The cells likely bind extracellular plasminogen available in 

their local environment on their cell surface and produce tPA which can cleave plasminogen to form active 

plasmin. Plasminogen is present in plasma in 1-2 µM concentrations and its main function was considered to 

be in break-up of fibrin clots (Vassalli, Sappion, & Belin, 1991). Plasmin has very broad specificity and its 

activity is therefore tightly controlled by α2-antiplasmin and the upstream control of plasmin activating 

proteases (Teger-Nilsson, Friberger, & Gyzander, 1977; Vassalli et al., 1991). The ability of cells to bind 

plasminogen could play an important role in activating plasminogen by providing an environment that is 

protected from inhibitors of plasminogen activators and plasmin. Active plasmin can cleave the C-terminal 

domain of CCL21 generating soluble CCL21, which as previously discussed has distinct functions from its 

surface-bound form. The protease inhibitors neuroserpin and α2-antiplasmin likely play a role in regulating 

the proteolytic balance that is responsible for plasmin activity by either preventing activation of plasmin or by 

directly inhibiting plasmin. 
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Figure 5.9: Plasmin activation cascade leading to the generation of soluble CCL21. Plasminogen 
associated with the cell surface can be activated by tPA. Active plasmin is capable of cleaving the C-terminal 
tail of CCL21 converting surface-bound CCL21 to soluble CCL21. This process can be inhibited by directly 
by the inhibition of plasmin with α2-antiplasmin or by preventing the generation of plasmin by the inhibition of 
tPA with neuroserpin. 

 

5.3.6  Functions of soluble vs surface-bound CCL21 in cell migration 

In this paragraph different possible physiological functions for the conversion of surface-bound CCL21 

soluble CCL21 will be discussed. This includes the homing of T cells, transendothelial migration, attraction 

and retention of T cells into the reactive lymph node and a role for generation of soluble CCL21 in CCR7 

receptor desensitisation. 

Truncation of CCL21 is important in regulating its function and determines the cellular response to CCL21. 

The chemotactic activity of C-terminally truncated CCL21 was demonstrated with recombinant murine 

CCL21 that was truncated at Lys75 to remove the C-terminal domain. The truncation site that was chosen in 

that study is close to the cleavage sites we describe here. The CCL21 truncated at Lys75 behaved like 

soluble CCL19 rather than full length CCL21 in migration assays (Schumann et al., 2010). The regulated 
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conversion of surface-bound CCL21 to soluble CCL21 could play a key role in the regulation of biological 

processes such as homing and migration of T cells and DCs and priming of T cells for activation. 

Adhesion of immune cells is regulated by integrins and their activation state. The activation state of integrins 

regulates their affinity for their ligands and can be regulated via intracellular signalling by chemokines 

(Kinashi, 2005). Intracellular signalling initiates a transition in the affinity state of intergrins such as LFA-1, 

and regulates the binding of LFA-1 to ICAM-1. CCL21 bound to APCs, high endothelial venules or stromal 

cells in the lymph node will activate LFA-1. Surface-bound, but not soluble, CCL21 arrests lymphocyte rolling 

on high endothelial venules by stimulating the conformational shift in LFA-1 and increasing its affinity for 

ICAM-1, resulting in arrest of naïve T cells on the high endothelial venules which allows transendothelial 

migration of naïve T cells from the bloodstream to the lymph nodes (Shamri et al., 2005). Previous studies 

have shown that CCR7 deficient T cells egress quicker from the lymph node than wild type T cells. Indicating 

that once in the lymph node CCL21-mediated tethering of T cells to stromal cells could be important for T cell 

retention in the lymph nodes (Pham, Okada, Matloubian, Lo, & Cyster, 2008). The cleavage of surface-

bound CCL21 is likely to be a regulatory mechanism controlling the migration of T cell into the lymph nodes. 

Activated DCs in the lymph nodes are able to condition their environment to attract additional cells into the 

lymph node. This process was demonstrated by manipulating the initial number of DCs present in the 

activated lymph node which significantly changes the total number of T cells that are present at the onset of 

proliferation (Martín-Fontecha et al., 2003; Soares et al., 2013). The conversion of surface-bound CCL21 to 

soluble CCL21 to generate a chemotactic gradient could explain the creation of a microenvironment to 

attract immune cells into the reactive lymph nodes. 

Modulation of plasmin in the cell microenvironment by T cells or neighbouring cells could be an important 

regulator for the retention and egress of T cell from the lymph node and the activation of T cells. 

Surface-bound CCL21 activated LFA-1 on mature DCs thus promoting ICAM-1 dependent adhesion 

(Schumann et al., 2010). This integrin-mediated adhesion induced random migration that could be directed 

by the establishment of a gradient of soluble CCL21. The difference between surface-bound and soluble 

CCL21 was further demonstrated with murine bone-marrow derived DCs. Immobilised CCL21 but not C-

terminally truncated CCL21 induced a strong haptotactic stimulus to guide DC migration from peripheral 
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tissue towards lymphatic vessels (Weber et al., 2013). DCs themselves switch between haptokinetic 

movement driven by CCL21 bound to fibroblastic reticular cells and chemotactic migration driven by soluble 

CCL21. It has been proposed that this switch can be induced by DCs that generate active proteases to 

cleave CCL21 and induce localised release of soluble CCL21 (Murphy, 2012; Schumann et al., 2010).  

Unlike surface-bound CCL21, soluble CCL21 induces CCR7 internalisation at the leading edge of migrating 

cells. This renders the cells less sensitive to CCL19 and CCL21. DCs that are able to establish a 

microenvironment in the reactive lymph node could produce soluble CCL21 to alter chemokine sensitivity in 

T cells, rendering the cells less sensitive until they stop were the chemokine concentration is highest (Hauser 

et al., 2016). The results presented here imply a role for plasmin and its regulators in controlling the balance 

between surface-bound and soluble CCL21. Neuroserpin and tPA produced by T cells and DCs together 

with the ability of the cells to bind plasmin(ogen) and generate a microenvironment for regulated plasmin 

generation, are likely to play an important role in regulating the switch between surface-bound and soluble 

CCL21. Controlling the balance between surface-bound and soluble CCL21 could aid in guided T cell and 

DC migration to bring together antigen-loaded DCs and a large number of extremely rare T cells populations 

for specific antigens (Hauser et al., 2016).  

5.3.7  Functions of soluble vs surface-bound CCL21 in cell-cell interactions 

Work in our lab has also shown that plasmin and neuroserpin affected cell-cell interactions between human 

T cells and APCs with bound CCL21 on their cell surface. Concentration-dependent treatment of APCs with 

heparinase removed any binding of CCL21 as demonstrated with flow cytometry, showing that CCL21 bound 

to glycosaminoglycans. When APC were loaded with full length CCL21 coupling of T cells to APCs increased 

from ~10% to ~20%.  Addition of plasmin or tPA and plasminogen dropped the coupling of T cells to APCs 

back to base level almost immediately. When α2-antiplasmin was added the plasmin-mediated reduction of 

coupling was prevented. Similarly when neuroserpin was added to tPA and plasminogen it could prevent the 

reduction in coupling in the early stages of the experiment but following prolonged incubation the coupling 

dropped to baseline (Lorenz et al. 2016 submitted), which could be in line with the transient nature of tPA 

inhibition by neuroserpin (Barker-Carlson et al., 2002; Ricagno et al., 2009). 
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CCL21 has previously been reported to play a role in cell-cell interactions and T cell activation. CCL21 

bound to glycosaminoglycans on APCs promotes prolonged and intensive scanning of T cells (Friedman, 

Jacobelli, & Krummel, 2006; Gollmer et al., 2011). The increased affinity state of LFA-1 on T cells promotes 

the tethering of T cells to APCs and induces priming of T cells by DCs for improved antigen induced 

interactions and T cell activation. The importance of CCL21-mediated T cell-APC interactions was 

demonstrated in CCL21-knockout mice (Gunn et al., 1998). In CCL21-knockout mice T cell-APC interactions 

still occur but in altered locations and with diminished efficiency, further demonstrating the important role of 

CCL21 in T cell-APC interactions. The increased scanning of APCs induced by CCL21 lowers the T cells 

activation threshold likely by priming the T cells for stable antigen dependent interactions (Gollmer et al., 

2011). Following initial engagement of T cells with APCs, T cells form a stable antigen interaction depending 

on the peptide presented on the MHC II of the APCs. If the T cells do not recognise the peptide presented, 

the cleavage of CCL21 from the surface of the APC could be a necessary mechanism to release tethered T 

cells to allow migration and scanning of other APCs for the presentation of its cognate peptide. 

5.3.8  Truncation of CCL21 modulates its affinity for CCR7 

C-terminal truncation of CCL21 has been shown to change its affinity for the CCR7 receptor by inducing a 

conformational change in the structured domain of CCL21 (Kiermaier et al., 2015). It was found that a similar 

conformational change in full length CCL21 can be induced by polysialic acid, which also increased the 

affinity for CCR7. Difference in CCR7 sialylation between leukocyte subsets is suggested to provide an 

additional level of regulation in the leukocytes response to CCL21 (Hauser et al., 2016). For example, it has 

been shown that upon maturation DCs induce the expression of ST8Sia, a sialyltransferase required for 

CCL21-mediated migration of DCs (Bax, van Vliet, Litjens, Garcia-Vallejo, & van Kooyk, 2009). Polysialic 

acid can be attached to O- and N- linkend carbohydrates on the CCR7 receptor. Attachment of polysialic 

acid to CCR7 is important for the recognition of full length surface-bound CCL21 by CCR7 and to induce 

haptokinetic movement of DCs.  In vitro the removal of polysialylation on DCs with EndoN enzyme reduced 

the migration response to full length CCL21, but not C-terminally truncated CCL21 or CCL19 (Rey-Gallardo 

et al., 2010). A similar effect was shown by a polySia knockout model, which resulted in disturbed lymph 

node homeostasis and unresponsiveness to inflammatory stimuli. Both the response to CCL19 and soluble 
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CCL21 were not altered in this model. The responsiveness of polysialic acid deficient DCs to CCL21 was 

restored when CCL21 was truncated (Kiermaier et al., 2015).  

The difference in affinity for CCR7 between full length CCL21 and C-terminally truncated CCL21 could also 

explain the different migration responses of immune cells and why in in vitro migration assays soluble CCL21 

behaves similar to CCL19. 

5.3.9  Summary and conclusions 

Many studies support a role for tPA and plasmin in mediating cell migration under physiological conditions 

through cleavage of coagulation factors, hormones, activation of MMPs, growth factors, complement 

zymogens and matrix proteins (Plow et al., 1999; Syrovets et al., 2012; Werb, 1997). It is also known that 

plasmin can cleave other chemokines and cytokine precursors. Plasmin can cleave the constitutively 

expressed chemokine CCL14 to activate its broad spectrum activity (Vakili et al., 2001). Plasmin also 

regulates chemokine-mediated neutrophil transendothelial migration by regulating levels of surface-bound IL-

8 through cleavage of syndecan-1, a proteoglycan that complexes with IL-8 (Marshall et al., 2003). The 

circulating native form of plasminogen, Glu-plasminogen, can be activated directly by tPA and uPA. DCs can 

bind Glu-plasminogen and convert it to Lys-Plasminogen enhancing the rate of activation by tPA and uPA, 

which creates an addition level of control for cells to regulate the plasmin activation process (Gong et al., 

2001; Miles et al., 2003; L. Zhang et al., 2003). Data presented in this chapter confirms the cleavage and 

release of a C-terminal peptide from CCL21 by the protease plasmin. CCL21 cleavage could be induced by 

DCs and T cells which resulted in the same size cleavage product as seen with plasmin, suggesting plasmin 

activation by DCs and T cells is responsible. This was further strengthened by inhibition of cell-mediated 

CCL21 cleavage by the plasmin inhibitor α2-antiplasmin. The cleavage of CCL21 was inhibited by 

neuroserpin, an inhibitor of tPA, showing that tPA produced by the cells plays a key role in the activation of 

plasmin from its inactive precursor plasminogen to cleave CCL21. It is not known but tempting to conjecture 

whether tPA expression is regulated by CCL21 in a regulatory feedback-loop in which the presence of 

CCL21 induces tPA expression in DCs and T cells that then induces additional proteolytic cleavage of 

CCL21. This way the presence of CCL21 could be signal for immune cells to generate a chemotactic 

gradient to attract additional CCR7+ immune cells to the same location. 
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Overall, the regulation of CCL21 cleavage by plasmin through controlled activation of cell associated 

plasminogen and maintenance of the proteolytic balance by inhibitors such as neuroserpin and α2-

antiplasmin, supports an important role for the cell-generated proteolytic microenvironment in regulating 

CCL21-mediated effects on cell migration, homing, T cell priming for cell-cell interactions and T cell 

activation. 
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This thesis presents newly discovered, functional roles for the plasmin regulating proteins neuroserpin, α2-

antiplasmin, plasminogen, and tPA in T cell activation and immune cell migration, highlighting roles for these 

molecules in regulating the adaptive immune response.  

6.1  Significance of this research 

The data in this thesis underlines the importance of the proteolytic environment in immune regulation and 

especially in T cell biology. This data contributes to the general understanding of the proteolytic environment 

and its role in immune biology and hopefully will stimulate further research in this still understudied area of 

immunology.  

In this final chapter neuroserpin will be examined as a regulator of immunological synaptic plasticity and a 

temporal inhibitor of tPA. Furthermore, other possible functions of neuroserpin in the immune system and 

future research perspectives are considered. Finally, the use of human immune cells as an experimental 

model and some of the experimental approaches in this thesis are discussed in more detail and compared to 

mouse models.  

6.2  Neuroserpin as a regulator of immunological synaptic plasticity? 

In T cells neuroserpin expression was decreased following activation, which is an opposite response to what 

is described in the brain. In the brain neuroserpin expression is increased upon neuronal depolarisation 

(Berger et al., 1999). However, neuroserpin expression was downregulated during stable T cell-APC 

interactions (corresponding to low synaptic plasticity). Decreased expression of neuroserpin was also found 

in neurons deprived of stimuli  necessary for activity-dependent neuronal remodelling in the visual cortex 

(Wannier-Morino et al., 2003). Furthermore, in T cells neuroserpin expression increases again in the later 

stages of activation, when T cells form multiple new synaptic interactions with other T cells. This could be 

viewed as a form of immunological synaptic plasticity and remodelling of immunological synaptic 

connections. This would be consistent with the function of neuroserpin in activity-dependent remodelling of 

the brain. In mouse and chicken, neuroserpin expression increases during development, peaking during late 

development, the period of synapse formation and remodelling, before dropping to moderate expression 

levels during adulthood (Krueger et al., 1997; Osterwalder et al., 1996). 
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High neuroserpin expression was also found in the dendate gyrus subgranular zone of the adult rat brain, the 

site of neurogenesis, in post-mitotic immature neurons but not in mature neurons (Yamada et al., 2010). This 

is consistent with a role for neuroserpin in maturation of these new neurons just prior or during being 

integrated in existing circuits. The idea of neuroserpin expression playing a role in immunological synaptic 

plasticity is further strengthened by the results following knockdown of neuroserpin mRNA presented in this 

thesis, which resulted in more stable T cell-T cells interactions (analogous to reduced synaptic plasticity). 

This suggests a similar role for neuroserpin expression synaptic plasticity in T cells, and links reduced 

neuroserpin expression to stable synaptic interactions between T cells.  

6.3  Neuroserpin and PAI-1 as inhibitors of tPA 

Neuroserpin-knockout mouse models have shown only a weak link between tPA inhibition and neuroserpin 

and no changes in tPA activity were seen in neuroserpin-deficient  mice (Madani et al., 2003). Neuroserpin, 

unlike other serpins, only forms a transient complex with tPA thus only temporary inhibiting tPA (Barker-

Carlson et al., 2002; Ricagno et al., 2009). Even though knockout mice didn’t show changes in tPA activity 

(Madani et al., 2003) in mice over expressing neuroserpin tPA activity was downregulated (Cinelli et al., 

2001), suggesting a role for neuroserpin in downregulating tPA activity but not in maintaining base tPA 

activity levels. Base activity levels of tPA could also be under control of other serpins such as the tPA 

inhibitor PAI-1. 

Like neuroserpin, PAI-1 also inhibits tPA and uPA and to a lesser extent plasmin and thrombin (Berkenpas, 

Lawrence, & Ginsburg, 1995). Under physiological conditions PAI-1 undergoes a conformational change 

from active to latent within hours unless it is stabilised by vitronectin (Mottonen et al., 1992). Neuroserpin can 

also be converted to a stable, latent form, but this is associated with long incubation times or high 

temperatures and high concentrations of neuroserpin (Onda, Belorgey, Sharp, & Lomas, 2005). Additional 

mRNA expression experiments in T cells analysing PAI-1 expression during T cell activation show a rapid 

~60-fold increase in PAI-1 expression one hour post-activation followed by a rapid decline to pre-activation 

levels in the following hours (Appendix G), while neuroserpin expression remained unchanged for the first 

hour of activation, followed by an almost 10-fold decrease in expression in the following hours. Together 

these results suggest different regulatory roles for PAI-1 and neuroserpin. The rapid increase of PAI-1 
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expression suggests a regulatory role for PAI-1 in the initial stages of T cells activation. During the later 

stages, PAI-1 presumably either has bound to tPA or has been converted to its latent state and has no 

longer any inhibitory activity. Alternatively, neuroserpin could play a protective role by shielding tPA during 

the increase of PAI-1 expression. Neuroserpin expression is still at pre-activation levels when PAI-1 

expression is upregulated. Meaning that the neuroserpin that is present could bind tPA, protecting it from 

irreversible binding to PAI-1 and then releasing it when PAI-1 expression and neuroserpin expression are 

downregulated in the following hours during T cell activation. Additionally, the slow increase of neuroserpin 

expression towards pre-activation levels suggests that neuroserpin could play a role in restoring the 

proteolytic balance by inhibiting the last of the remaining active tPA in the later stages of T cell activation. 

The restoration of the proteolytic balance by neuroserpin at final stages of T cell activation might play an 

important role in regulating T cell functions of activated T cells in T cell-T cell interactions, or the termination 

thereof, as knockdown of neuroserpin mRNA increased T cell clustering. 

6.4  Other possible functions of neuroserpin in the immune system 

6.4.1  Activation of cytokines, chemokines and growth factors by proteases 

Besides CCL21 there are other chemokines that are processed by proteases and could potentially be 

regulated by neuroserpin through inhibition of tPA and plasmin activation. Here the proteolytic cleavage of 

SFD-1α and CCL8 and possible regulation by neuroserpin are explored. SDF-1α is a strong chemoattractant 

for lymphocytes and monocytes (Bleul, Fuhlbrigge, Casasnovas, Aiuti, & Springer, 1996). SDF-1α can bind 

to matrix surfaces and this binding is abolished by cleavage at the C-terminus.  Truncated SDF-1 is unable 

to bind heparin and activate adhesion and chemotaxis in cells (De La Luz Sierra et al., 2004). Removing the 

ability of SDF-1α to bind to the surrounding matrix has implications for binding of lymphocytes under flow 

conditions and transmigration (Cinamon, Shinder, & Alon, 2001). SDF-1α is cleaved by a protease present in 

serum, as exposure of a 68 amino acid recombinant E. coli SDF-1α (Lys22-Lys89) resulted in cleavage of a 

single lysine (Lys22) at the C-terminus (De La Luz Sierra et al., 2004). The researchers speculated that the 

serum protease responsible for SDF-1α cleavage was CD26/dipeptidyl peptidase (De La Luz Sierra et al., 

2004). Plasmin is another protease that is present in serum and can cleave proteins following a lysine 

residue (Weinstein & Doolittle, 1972). It is therefore possible that plasmin could cleave full length SDF-1α 
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following Lys22 in the C-terminus. Another possibility is that plasmin regulates SDF-1α activity through 

plasmin-mediated MMP activation.  Cleave of SDF-1α by MMPs results in loss of binding of  SDF-1α to its 

receptor which leads to loss of chemoattractant activity (McQuibban et al., 2001). 

CCL8 is also a heparin-binding chemokine (Crown, Yu, Sweeney, Leary, & Handel, 2006) that can be 

cleaved by MMPs (Denney, Clench, & Woodroofe, 2009). Truncation of four amino acids from the N-

terminus of CCL8 reduced chemotaxis of monocytes twofold. CCL8 cleavage induced internalisation and 

desensitisation of its target receptor CCR2 (Struyf et al., 2009). A similar mechanism has been suggested for 

cleaved CCL21 in desensitising its target receptor (Hauser et al., 2016). Cleavage of CCL8 similar to 

cleavage of CCL21 could be regulating migration of immune cells toward a chemotactic gradient, 

progressively desensitising cells until they reach the place with the highest concentration of chemokine. 

There is currently no direct evidence of neuroserpin regulating the cleavage of CCL8 or SDF-1α, but 

considering the involvement of MMPs and possibly plasmin it is definitely worth further investigations. 

6.4.2  Proteolytic activated receptors 

Another possible function for neuroserpin is the regulation of cleavage of receptors, including plasminogen 

receptors such as annexin A2 discussed in Chapter 4. There are four major plasminogen receptors 

associated with the activation of plasmin on the cell surface: the annexin A2-S100A10 complex, enolase-1, 

histone H2B and Plg-RKT (Godier & Hunt, 2013). These receptors are present on most cell types with a 

density of 4.5-5 x 105 per cell on monocytes and lymphocytes (Plow et al., 1995). All these receptors allow 

binding of plasminogen to the cell surface and provide a scaffold for plasmin activation by plasminogen 

activators. Only the annexin A2-S100A10 complex is associated with cleavage by activated plasmin which 

leads to annexin A2 internalisation and activation of signalling pathways.  

A number of other protease-activated receptors expressed by immune cells have been described to be 

activated by plasmin. These receptors are not themselves involved in the activation of plasmin, but some are 

cleaved by plasmin to modulate cell signalling pathways (Kuliopulos 1999, Quinton 2004). For example, it is 

known that protease activated receptors (PARs) 1 and 4 can be activated by plasmin while PAR2 is inhibited 

by plasmin cleavage (Figure 6.1) (Domotor, Bartha, Machovich, & Adam-Vizi, 2002). It has been shown that 
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T cells and the Jurkat T cell line express PAR 1, 2 and 3 (Bar-Shavit et al., 2002; Hansen, Saifeddine, & 

Hollenberg, 2004; Li & He, 2006; Mari et al., 1996). Activation of PAR1 and PAR2 by cleavage or by 

stimulating peptides (Figure 6.1) elevates Ca2+ in Jurkat T cells (Mari 1996). Activation of PAR1 and PAR2 in 

Jurkat T cells by a stimulating peptide led to phosphorylation of Vav1, Zeta-chain-associated protein kinase 

70 and Lymphocyte cytosolic protein 2, which are known to play crucial roles in TCR signalling. The peptide 

used in these experiments activates both PAR1 and PAR2, therefore, based on the results it is not possible 

to tell if signalling was induced through PAR1 or PAR2 (Bar-Shavit et al., 2002). The PAR receptors are also 

implicated in T cell cytokine secretion. Stimulation of PAR1 and PAR2 induces IL-6 release in T cells (Li & 

He, 2006). Additionally, CD4 T cells from PAR2-deficient mice showed a reduction of IL-4 secretion following 

OVA-stimulated airway inflammation and upregulation of IFNɣ associated with upregulation of JNK1 

phosphorylation (Shichijo et al., 2006). Plasmin could have dual roles in both activation of PAR1 and 

inhibition of PAR2, considering the activation cascade where tPA activates plasmin and neuroserpin 

regulates tPA activity via inhibition, a very complex system emerges which could regulate the activation and 

inhibition of PAR receptors on many different levels and influence T cell signalling.
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Figure 6.1: Activation and inhibition of protease activated receptors. PARs have an N-terminal tethered 
ligand that upon cleavage by proteases can inhibit activation or activate the receptor depending on the 
cleavage site. Alternatively PARs can be activated by addition of activating peptides. 

 

6.4.3  Functions of neuroserpin independent of inhibitory functions in the immune system 

Other possible functions for neuroserpin in the human immune system could be independent of its ability to 

inhibit tPA. Non-inhibitory functions for neuroserpin have been previously described in PC12 cells (Lee, 

Coates, et al., 2008) and functions for tPA-cleaved neuroserpin have been suggested (Barker-Carlson et al., 

2002). Overexpression of neuroserpin in PC12 cells has been described to induce neurite outgrowth by Lee 

et al. (Lee, Tsang, et al., 2008). Interestingly, overexpression of mutant neuroserpin unable to inhibit tPA had 

similar effects as wild type neuroserpin. This suggests that neuroserpin might activate a receptor 
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independently of tPA. Uptake of neuroserpin by the LRP receptor has been described by Makarova et al. 

(2003) and could present a mechanism by which neuroserpin alters intercellular signalling. 

In the immune system Munuswamy-Ramanujam et al. (2010) showed in a mouse allograft transplantation 

model that the injection of neuroserpin resulted in reduced plaque growth and a shift from an pro-

inflammatory Th1 to an anti-inflammatory Th2 environment. This was accompanied by increased IL-6 and IL-

10 expression. The injection of neuroserpin also decreased non-specific mononuclear cell infiltration in 

plaques. The same study reported that neuroserpin restored PMA-induced membrane fluidity in Jurkat T 

cells, suggesting a role in cell adhesion and cell-cell interactions. Munuswamy-Ramanujam et al. (2010) 

suggested that the effects of neuroserpin were likely mediated through a uPA/tPA dependent mechanism 

based on other work with the serpin Serp-1, where the effects were dependent of uPAR expression. 

Unfortunately, a non-inhibitory mutant neuroserpin was not tested in this model so involvement of uPA/tPA 

was not confirmed. A more recent study by the same research group reported that neuroserpin peptides 

derived from the RCL could induce similar effects as injection of intact neuroserpin (Ambadapadi et al., 

2015). Two peptides inhibited mononuclear cell infiltration into the plaques similar to what was reported for 

neuroserpin in the previous study. Similar to the first study, the peptides were tested for their ability to restore 

membrane fluidity in PMA activated Jurkat T cells. The peptides almost completely restored PMA induced 

membrane fluidity in Jurkat T cells similar to full length neuroserpin in the previous study. Overall the RCL 

peptides showed similar effects as previously seen for the full length neuroserpin in the mouse allograft 

transplantation model, suggesting that cleavage of neuroserpin by proteases to generate the RCL peptides 

has a biological function independent of tPA or uPA inhibition contradicting the first study which suggested 

that the effect was uPAR-mediated. 

Although neuroserpin might have non-inhibitory functions in the immune system, the results in this thesis 

strongly point to an inhibitory function to regulate the proteolytic balance in the different experimental 

models.  The most compelling evidence in support of this view was the observation that non-inhibitory 

neuroserpin did not show any rescue effects in assays where neuroserpin was knocked-down or in the 

CCL21-mediated migration assays induced by the cleavage of CCL21. Moreover, inhibition of plasmin 

downstream of tPA regulation also rescued these effects, strongly implicating the activation of plasmin by 

tPA and a role for neuroserpin in regulating the plasmin activation cascade.
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6.5  Future research 

The research presented in this thesis reveals completely new roles for neuroserpin in T cell activation and 

processing of the chemokine CCL21. However, because there is complex cascade of tPA-mediated protease 

activation that is regulated by neuroserpin, a lot still remains to be discovered.  

6.5.1  Neuroserpin and T cell migration 

In Chapter 5 the effects of neuroserpin on the conversion of membrane bound to soluble CCL21 and T cell 

and DC migration were investigated. The regulation of CCL21 presentation by DCs and T cells fits within a 

larger framework of search strategies that T cells deploy in the lymph node, using chemotaxis and 

haptokinesis, as a mechanism for T cells and APCs to find each other to initiate interaction and T cell 

activation (recently reviewed by Krummel et al. 2016). These search strategies are described as being very 

important for regulating scanning of APCs by naïve T cells and directing recently activated T cells in the 

lymph node. Fibroblastic reticular cells in the lymph node express CCL21 and CCL19 and can stimulate 

random migration in naïve T cells. Because specific T cell clones cannot know that their cognate antigen is 

presented by an APC, it is suggested that the best search strategy is a random walk to give all T cell clones 

equal chances of scanning an particular APC (Krummel et al., 2016). Directly after the encounter of their 

cognate antigen, T cells need to migrate and reside in the inflammatory microenvironment to fully 

differentiate. It has been shown that both APCs and CD4+ and CD8+ T cells migrate and aggregate in the 

intra-follicular region of the lymph node (Gérard et al., 2013; Sabatos et al., 2008; Woodruff et al., 2014), 

suggesting that APCs guide relocation of T cells. The results presented in this thesis suggest that the 

regulation between the surface-bound and soluble state of chemokines could play an important role in 

regulating T cell migration by regulating chemotaxis and haptokinesis. It is very likely that there is a role for 

cell-derived proteases and inhibitors in the generation and maintenance of the chemokine gradient that plays 

a role in the different search strategies employed by T cells in different activation stages. Analysis of 

expression patterns of molecules involved in T cell migration in the lymph node, using immunohistochemistry 

could give important clues about the function and regulation of chemokines by proteases and inhibitors that 

have been studied in this thesis. These molecules include chemokines that can bind to glycosaminoglycans, 

but also proteases involved in plasmin activation, their inhibitors such as neuroserpin, PAI-1, and 
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α2-antiplasmin, and potentially plasmin receptors that could be involved in the generation of a local activated 

plasmin microenvironment. The presence of these molecules in distinct locations and combinations, could 

give new indications on the regulation of the conversion of surface-bound to soluble state of chemokines and 

immune cell migration. 

6.5.2  Neuroserpin and T cell activation 

In the research presented in this thesis, loss of neuroserpin mRNA expression was found to alter T cell 

proliferation, cytokine secretion and T cell-T cell interactions. Proliferation was increased when neuroserpin 

was knocked-down suggesting that an increase in the proteolytic environment can stimulate T cell activation. 

In this thesis, T cell activation was studied under circumstances that favoured T cell proliferation. But in 

pathological settings, such as in autoimmune disease and infection, optimal stimulation of T cell proliferation 

is not always the case (Carbone et al., 2014; Mathew et al., 1999; Wilson et al., 2000). It would be of interest 

to investigate in T cells that are sub-optimally activated if the knockdown of neuroserpin could increase T cell 

proliferation similar as seen in Chapter 4 (section 4.2.5, page 122) or possibly stimulate T cell proliferation 

relatively even more.  

Knockdown of neuroserpin mRNA also resulted in altered IL-10 secretion and shedding of the FasL. The 

increased secretion of IL-10 could have been a result of receptor activation by cleavage due to increased 

plasmin activity, or as a result of increased activation of specific T cell subsets. A change of IL-10 expression 

in T cells as a result of a change in the Th1/Th2 balance has been reported in mouse allograft models upon 

treatment with neuroserpin (Munuswamy-Ramanujam et al., 2010). However, in contrast to the results 

presented in this thesis, the neuroserpin concentration in the study by Munuswamy-Ramanujam et al. was 

increased rather than knocked-down, suggesting that there might be a different mechanism in play. 

Alternatively, there could be a U-shaped response curve to neuroserpin levels. This has been previously 

reported in transgenic mouse studies where the behavioural changes in mice followed a U-shaped response 

curve, with both increases and decreases in neuroserpin levels leading to similar responses (Madani et al., 

2003). However, the change in cytokine secretion could also be a result of increased proliferation of certain T 

cell subsets or drive the increased proliferation of specific T cell subsets. The proliferation of individual T cell 
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subset could be analysed using the CytoTrackTM intracellular dye, as was done in this thesis (Chapter 4 

section 4.2.4, page 118), in combination with T cell subset specific markers and flow cytometry analysis.  

In T cells both pro-apoptotic and anti-apoptotic roles have been shown for the soluble FasL (N. J. Kennedy 

et al., 1999; Puppo et al., 2000; Suda et al., 1997; Tanaka et al., 1998). However, recently a pro-apoptotic 

role for the soluble FasL has been shown in brain cancer cells (Valiente et al., 2014), meaning that the 

increased shedding of the FasL that was seen with neuroserpin mRNA knockdown could potentially increase 

the ability of T cells to kill tumour cells. A role for soluble FasL in preventing metastasis and killing of brain 

cancer cells was described by Valiente et al., (2014). The same study also showed that increased 

neuroserpin levels prevented shedding of the FasL and thereby increased tumour growth and metastasis. 

Neuroserpin prevented activation of plasmin via inhibition of tPA, thereby preventing plasmin-dependent 

cleavage of FasL on astrocytes. The decrease in soluble FasL resulted in a reduction of soluble FasL-

induced apoptosis in the cancer cells. Furthermore, the reduction in plasmin activity blocked plasmin-

mediated cleavage of adhesion molecule L1CAM, promoting cancer cells metastasis. Consistent with the 

idea that increased neuroserpin levels could promote tumour cell survival and metastasis, one other study 

has linked increased neuroserpin levels to cancer. Heightened expression levels of neuroserpin in the 

prostate has been linked to aggressiveness and recurrence of prostate cancer (Hasumi et al., 2005). Taken 

together with the finding that elevated plasmin levels increase the numbers of T cells in tumours (Bianchi et 

al., 1996) and T cell proliferation, the inhibition of neuroserpin could increase levels of soluble FasL in 

tumours, amplifying the tumour-killing abilities of T cells. To explore this idea further, the use of T cell clones 

that can kill specific cancer cell lines in vitro could be used to study the killing ability of these T cells in 

combination with neuroserpin mRNA knockdown, neuroserpin inhibitory monoclonal antibodies or the 

addition of recombinant neuroserpin. For more complex studies involving whole tumours it might be 

necessary to switch to an animal model. This could be advantageous, as neuroserpin-overexpressing and 

knockout mouse models are available. In these models T cell infiltration into the tumours, tumours size and 

metastasis in function of neuroserpin expression could be analysed.The in vitro knockdown of neuroserpin 

mRNA also increased T cell-T cell clustering following activation. It has been shown in vivo that this 

interaction is crucial for the formation of central memory CD8+ T cells (Gérard et al., 2013). Here they 

reported that when T cell-T cell interactions were interrupted using anti-LFA-1 monoclonal antibodies during 
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a crucial part of the activation (~60 hours post activation), it resulted in more memory T cell precursors, but 

less T cells with a central memory phenotype. Similarly to the study by Gérard et al. (2013) the effect of 

neuroserpin knockdown or knockout on memory T cell differentiation could be studied by transferring and 

activating antigen-specific T cells into a mouse model to study the effects of neuroserpin on clustering and 

memory T cell formation in vivo. 

6.6  Experimental considerations 

6.6.1  Different T cell activation methods 

In this thesis four approaches were used to activate T cells; activation of T cell clones with cognate antigen 

presented by M31-LCL B cells, anti-CD3/CD28 activation with soluble antibodies or beads or PMA and 

ionomycin. For studying synapse formation and location of neuroserpin at the synapse, T cell clones 

activated with M31-LCL B cells were used, as this allowed for visualisation of the synapse from both the T 

cell and APC side. The limitation of using T cell clones is that only one specific clone can be studied at a 

given time, therefore anti-CD3/CD28 activation with soluble antibodies or beads was used for analysing PAN 

T cell proliferation and cytokine secretion. PMA and ionomycin activation was used for the T cell clustering 

assays because the anti-CD3/CD28 beads did interfere with the fixation of the cells to fibronectin-coated 

chamber slides, a crucial requirement for accurate analysis of the cluster sizes. 

Activation with M31-LCL B cells or anti-CD3/CD28 antibodies activates the TCR (CD3) and the CD28 co-

receptor. In contrast, activation with PMA and ionomycin bypasses the receptor-mediated activation and 

directly stimulates Ca2+ and MAP kinase signalling, the main pathways that are stimulated by activation of 

CD3 and CD28 (Figure 6.2) (Truneh, Albert, Golstein, & Schmitt-Verhulst, 1985). When soluble anti-

CD3/CD28 antibodies were used instead of anti-CD3/CD28 beads, the antibodies were cross-linked using an 

anti-mouse IgM antibody to ensure close proximity of CD3 and CD28 on the T cells surface, simulating 

similar activation circumstances as induced by anti-CD3/CD28 bead activation or activation by APCs. Even 

though PMA and ionomycin and anti-CD3/CD28 activation methods collectively stimulate the same 

intracellular pathways (Figure 6.2) they can induce different effects (Baran, Kowalczyk, Ozóg, & Zembala, 

2001; Olsen & Sollid, 2013).  
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It has been reported that there are differences in cytokine secretion between anti-CD3/CD28-activated T 

cells and PMA- and ionomycin-activated T cells (Olsen & Sollid, 2013). The same study also reported that 

the dose of PMA and ionomycin can change cytokine secretion to a more inflammatory profile when the dose 

is increased and that long term exposure to PMA and ionomycin can have a toxic effect on the cells, 

therefore, exposure to PMA and ionomycin for 24 hour or longer was not recommended. Hence, for 

experiments in this thesis analysing cytokine secretion in PAN T cells at 48 hours, anti-CD3/CD28 bead 

activation was used. For assays using PMA and ionomycin, PMA and ionomycin were used at a 

concentration 10x lower than described by Olsen & Sollid (2013) and for maximum of up to 24 hours, which 

effectively activated T cells (Chapter 4, section 4.2.6, page 127) and ensured that any PMA- and ionomycin-

induced toxicity was very unlikely. PMA and ionomycin activation was used in parallel with anti-CD3/CD28 

activation for analysis of neuroserpin expression longer than 24 hours, to compare activation effects of the 

two different methods.  

When neuroserpin and tPA expression was compared between anti-CD3/CD28 antibody or PMA- and 

ionomycin-activated T cells, the expression patterns were remarkably similar (Chapter 4, figure 4.1, page 

112) indicating that results of neuroserpin manipulation is likely to have similar results when using different 

activation methods and that experimental outcomes can be compared across the different activation 

methods.
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Figure 6.2: Stimulation of T cell activation pathways by PMA and ionomycin activation and TCR and 

CD28 activation.  (Reproduced with permission from (Bell, 2002) Copyright 2013. The American Association 

of Immunologists, Inc). 

 

6.6.2  Use of expanded T cells vs PAN T cells 

There are many T cell cell lines available that are being used to study T cell function (Sandberg et al., 2007). 

However most T cell cell lines are cancer cells line that are derived from leukaemia. As a result the 

properties in these T cell will differ from healthy T cells in vivo or primary T cells in vitro. T cell cell lines for 

example show constitutive proliferation and TCR gene rearrangement (Sandberg et al., 2007). Therefore, to 

study T cell function, the major cellular model investigated in this thesis is human primary T cells. In most 

experiments polyclonally expanded T cells were used as the cell source (referred to in this thesis as T cells), 
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although for some experiments T cells directly isolated from blood donated by healthy human donors by 

negative bead selection were used (referred to in this thesis as PAN T cells). A major advantage of using 

polyclonal expanded T cells is that it enables the generation of relatively large numbers of cells from one 

human donor.  Following isolation of mononuclear cells from blood of healthy human donors, T cells can be 

expanded up to 200-fold in just over three weeks by stimulation of the TCR (CD3) and CD28 co-receptor 

with anti-CD3/CD28 beads. Following expansion the T cells can be cryopreserved and then thawed when 

needed for experimental procedures. This approach also makes the work less dependent on the availability 

of blood donations from healthy human donors. A major consideration when using expanded T cells is that 

expansion involves activation of T cells, meaning that all T cells have been activated before any 

experimentation begins. However, the naïve, antigen in-experienced, phenotype is preserved following 

expansion. This phenotype is defined by the presence of CD45RA, an established marker for naïve T cells 

(Michie, McLean, Alcock, & Beverly, 1992; Young & Rama, 1997). Once T cells are exposed to their cognate 

antigen and differentiate to memory T cells, the expression of CD45RA isoform is lost and replaced by 

expression of the CD45RO isoform (Michie et al., 1992; Young & Rama, 1997). It has nevertheless been 

shown that previous activation of T cells can make T cells more susceptible to apoptosis following 

restimulation (Boehme & Lenardo, 1993; Brenner et al., 2008; Snow et al., 2008). Even though the expanded 

T cells used in this thesis have been rested for a period of time, this is of special consideration for longer-

term activation experiments such as studies involving proliferation and cytokine secretion. For this reason, in 

experiments involving T cell proliferation, cytokine detection and analysis of neuroserpin expression over 

activation periods longer than 24 hours of PAN T cells were used.  

T cell expansion also biases T cell populations to a CD8+ T cell-heavy distribution, as CD8+ T cells 

proliferate more upon activation compared to CD4+ T cells (Foulds et al., 2002). Expanded T cells contain 

about two-thirds CD8+ T cells while PAN T cells isolated from PBMCs contain about one-third CD8+ T cells 

(Anna Brooks, personal communication). This can also alter experimental outcomes since CD8+ and CD4+ 

T cells release different cytokines in response to stimuli (Dunn et al., 2015; Paliard et al., 1988). The 

difference in CD4+ and CD8+ T cell composition can, upon activation, lead to different cytokines secretion 

profiles, which can stimulate the proliferation of different T cells subsets present in the culture. 
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Overall, it is important to be aware of possibility that the differences between expanded T cells and PAN T 

cells can result in altered activation responses in terms of survival when analysing T cell proliferation and 

cytokine secretion as result of subsets skewing. Considering the similar response of neuroserpin expression 

following T cell activation in the different T cell models that were used, it is reasonable to conclude that any 

functional effects that were seen were a result of neuroserpin manipulation, and not of the T cell model. 

6.6.3  Differences between human and mouse T cells in IL-10 secretion and T cell clustering 

The majority of studies investigating immune cell and immune system functions use mouse models as 

mouse models allow easy generation of primary cells for in vitro studies with a variety of transgenic mouse 

models available. There are many parallels between mice and humans and it is sometimes easy to assume 

that what is true for mice is also true for humans or vice versa (Mestas & Hughes, 2004). But there are 

crucial differences to be aware of when comparing findings made in the mouse to humans and this is 

especially true when considering the complex biology of the immune system. Because the knockdown of 

neuroserpin mRNA led to increased IL-10 secretion and T cell clustering following activation, the differences 

between human and murine T cells in relation to IL-10 and T cell clustering will be highlighted here. In 

humans IL-10 can be produced by both Th1 and Th2 cells while in mice IL-10 is a Th2 –specific cytokine (Del 

Prete et al., 1993). One important distinction between mouse and human T cells lies in the Th1 and Th2 

biology. In mice, Th1 cells are classically defined as pro-inflammatory, while Th2 cells are anti-inflammatory, in 

human biology it is not always possible to make clear distinctions (Kidd, 2003). This means that implications 

of the increase IL-10 secretion as a result of neuroserpin mRNA knockdown observed in this thesis cannot 

always be directly be compared to other studies. 

An important difference between human and mouse T cells for T cell clustering is the expression of MHC II 

on human T cells following activation, which has not been reported for mouse T cells (Barnaba, Watts, De 

Boer, Lane, & Lanzavecchia, 1994; Mestas & Hughes, 2004). The expression of MHC II could play a very 

important role in secondary T cell-T cell interactions and it is tempting to speculate that during human T cell 

clustering presentation of antigen on MHC II amplifies the activation response in a way that is not possible in 

mice.
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6.6.4  Differences between DCs used for migration experiments in this thesis and other CCL21 

studies 

For some experiments in Chapter 5 monocyte-derived DCs have been used to study cleavage of CCL21. 

Previous studies by the Sixt group, looking at CCL21 cleavage by DCs and migration in response to surface-

bound and soluble CCL21 used bone-marrow derived DCs from mice (Kiermaier et al., 2015; Schumann et 

al., 2010; Weber et al., 2013). The generation of human DCs derived from progenitor cells was first 

described in 1992 (Caux, Dezutter-Dambuyant, Schmitt, & Banchereau, 1992). Cells that expressed CD34 

(cell surface expression marker to identify haematopoietic progenitors) differentiate into a DC phenotype 

after 12 days of culture with GM-CSF and TNFα. A similar protocol was later developed for the differentiation 

of DCs from monocytes, introducing an initial differentiation stage of monocytes to DCs for five days with 

GM-CSF and TNFα followed by activation/maturation for 24 - 48 hours with proinflammatory cytokines TNFα, 

IL-1β and IL-6 (Jonuleit et al., 1997). For the experiments in this thesis DCs were generated from monocytes 

by differentiation for 24 hours with GM-CSF and TNFα followed by activation/maturation for 24 hours, called 

fast DCs as described by Dauer et al. (2003). This method of generating DCs is suggested to follow the time 

course of in vivo generation of DCs more closely and like other DC generation protocols results in CCR7 

expression, which is key for their use in migration assays in response to CCL21 and CCL19. DCs generated 

with the fast protocol were reported to be equally potent in inducing antigen-specific T cell proliferation, IFNɣ 

secretion and priming of analogous naïve T cells (Dauer et al., 2003). 

In contrast, generation of mouse bone-marrow derived DCs results in a lot of immature DCs that can be 

easily enriched and matured. This approach to generating DCs requires removal of the femurs and tibiae of 

the animal (Lutz et al., 1999), limiting this method of generating DCs to small rodents. Even though there are 

differences between the mouse and human immune system (Mestas & Hughes, 2004), the human DCs used 

for the experiments in this thesis and the mouse DCs used by the Sixt group both showed cleavage of 

CCL21, converting surface-bound CCL21 to soluble CCL21 and inducing migration responses. This 

indicates that even though the DCs are from different species and distinctive protocols for the isolation and 

maturation process were used, the specific responses to surface-bound or soluble CCL21 and the regulation 



6.7 Final conclusion 

193 
 

of cleavage of CCL21 are conserved. Conservation of these responses across species suggest it is an 

important mechanism for regulating immune cell homing and migration in the lymph node. 

6.7  Final conclusion 

This thesis set out to discover new roles of neuroserpin in the regulation of human T cell biology with a focus 

on migration and activation. The results presented here show that neuroserpin together with its target 

protease tPA is expressed in T cells and that both are regulated upon T cell activation. Manipulation of 

neuroserpin levels revealed roles for neuroserpin in regulating T cell-T cell interactions, T cell proliferation, 

cytokine secretion and chemokine processing. 
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Appendix A – Western blot comparing human endogenous and recombinant human neuroserpin  

 

A representative western blot showing immunoreactive neuroserpin in monocyte (50 µg) and PAN T cell (50 
µg) lysates, and 2.5 ng recombinant neuroserpin produced in E. coli.  Immunoreactive neuroserpin was 
detected using anti-neuroserpin ab55587 primary antibody and visualised using the Odyssey CLx imaging 
system. 
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Appendix B - Co-localisation distribution diagrams 

 

Co-localisation distribution diagrams presented in this thesis between neuroserpin and different cellular 
markers were generated in Imaris 7.7. The distribution diagrams are representative of three independent 
experiments. Usually 30-40 cells were analysed per experiment. The threshold for pixel inclusion was 
automatically determined using a point spread function with a width of 0.39 µm (note that for Rab7 no 
threshold could be calculated).
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Appendix C – Human qPCR primer and probe sequences 

Red = dye, blue = quencher 

Name Sequence 5'-3' 

Neuroserpin  
(PrimeTime Assay Hs.PT.53a.15719168) 

Forward 
GTAGATACCACCAGCTTCATTG 

 
Reverse 
GTGAAGTCCAAATTCCAATGATGT 

 
Probe 
/56-FAM/CCATCACTA/ZEN/AATTCCCCATAATAAAATTCTCCTTGC/3IABkFQ/ 

OAS1  
(Taqman assay Hs00973637_m1 

Proprietary 

EIF2AK2  
(Taqman assay Hs00169345_m1) 

Proprietary 

Cyclophilin A  
(PrimeTime assay Hs.PT.939a.22214851) 

Forward 
TCTTTCACTTTGCCAAACACC 

 
Reverse 
5'-CATCCTAAAGCATACGGGTCC 

 
Probe 
/56-FAM/TGCTTGCCA/ZEN/TCCAACCACTCAGTC/3IABkFQ/ 

TATA box binding protein  
(PrimeTime assay Hs.PT.53a20105486) 

Forward 
TCAAGTTTACAACCAAGATTCACTG 

 
Reverse 
ATGACCCCCATCACTCCT 

Probe 
/56-FAM/AGCTGCGGT/ZEN/ACAATCCCAGAACTC/3IABkFQ/ 
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Appendix D – Human siRNAs 

Method Name Target sequence 5'-3' 

Nucleofection ON-TARGET plus human SERPINI1 - SMARTpool 
siRNA1 
GCUGUACCUCAAGUUAUU 

  
siRNA2 
CAGGAAUGAUUGCAAUUAG 

  
siRNA3 
GUACAAUUCUAUUCAUGGG 

 
 

siRNA4 
CAAACAAUCUGGUGAAAGA 

ON-TARGET plus non-targeting pool Proprietary 

Accell siRNA transfection Accell Human SERPINI1 siRNA - SMARTpool 
siRNA1 
GCUGUACCUCAAGUUAUU 

  
siRNA2 
UCAGCAAGGAGAAUUUUAU 

  
siRNA3 
CUGGUAUAUAUUUAGGAUU 

 
 

siRNA4 
CUGUUAUGUCAUUGUGUUU 

Accell Non-targeting Pool Proprietary 
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Appendix E – human shRNA sequences 

Recombinant lentiviral-shRNA vectors were generated by Dr. Carol Wang from John Taylor’s laboratory at 

the School of Biological Sciences, University of Auckland and used for transduction of Jurkat T cells. 

Red = cohesive ends, black = target sequence, green = loop region, purple = reverse complement of the 

target sequence, Blue = RNA polymerase III terminator. 

Control 

Top strand 5’-3’ 

GATCCCGTCGCTTACCGATTCAGAATCCTCTCAACACTGGATTCTGAATCGGTAAGCGACGTTTTTTACGCGTG 

Complement strand 5’-3’ 

AATTCACGCGTAAAAAACGTCGCTTACCGATTCAGAATCCAGAGTTGAGAGGATTCTGAATCGGTAAGCGACGG 

Annealed oligo 

5’-GATCCCGTCGCTTACCGATTCAGAATCCTCTCAACACTGGATTCTGAATCGGTAAGCGACGTTTTTTACGCGTG-3’ 

3’-    GGCAGCGAATGGCTAAGTCTTAGGAGAGTTGAGACCTAAGACTTAGCCATTCGCTGCAAAAAATGCGCACTTAA-5’ 

 

shRNA1 

Top strand 5’-3’ 

GATCGCTGTATCCTCAAGTTATTGTCCTCTCAACACTGGACAATAACTTGAGGATACACGTTTTTTACGCGTG 

Complement strand 5’-3’ 

AATTCACGCGTAAAAAAGCTGTATCAAGTTATTGTCCAGTGTTGAGAGGACAATAACTTGAGGATACAGCG 

Annealed oligo  

5’-GATCGCTGTATCCTCAAGTTATTGTCCTCTCAACACTGGACAATAACTTGAGGATACACGTTTTTTACGCGTG-3’ 

3’-   GCGACATAGGAGTTCAATAACAGGAGAGTTGTGACCTGTTATTGAACTATGTCGAAAAAAAAATGCGCACTTAA-5’ 
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shRNA2 

Top strand 5’-3’ 

GATCGGCTCTTGGAATAACTGAAATCCTCTCAACACTGGATTTCAGTTATTCCAAGAGCCTTTTTTACGCGTG 

Complement strand 5’-3’ 

ATTTCACGCGTAAAAAAGGCTCTTGGAATAACTGAAATCCAGTGTTGAGAGGATTTCAGTTATTCCAAGAGCCG 

Annealed oligo  

5’-GATCGGCTCTTGGAATAACTGAAATCCTCTCAACACTGGATTTCAGTTATTCCAAGAGCCTTTTTTACGCGTG-3’ 

3’-   GCCGAGAACCTTATTGACTTTAGGAGAGTTGTGACCTAAAGTCAATAAGGTTCTCGGAAAAAATGCGCACTTTA-5’ 

 

shRNA3 

Top strand 5’-3’ 

GATCGCTGACTTGTCAGTGAATATGCCTCTCAACACTGGCATATTCACTGACAAGTCAGCTTTTTTACGCGTG 

 

Complement strand 5’-3’ 

AATTCACGCGTAAAAAAGCTGACTTGTCAGTGAATATGCCAGTGTTGAGAGGCATATTCACTGACAAGTCAGCG 

 

Annealed oligo  

5’-GATCGCTGACTTGTCAGTGAATATGCCTCTCAACACTGGCATATTCACTGACAAGTCAGCTTTTTTACGCGTG-3’ 

3’-   GCGACTGAACAGTCACTTATACGGAGAGTTGTGACCGTATAAGTGACTGTTCAGTCGAAAAAATGCGCACTTAA-5’ 
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Appendix F - Combined and normalised secretion of cytokines following neuroserpin mRNA 

knockdown 

 

 

Combined and normalised secretion of cytokines following neuroserpin mRNA knockdown. Graphs 
showing secretion of cytokines from 24 hour anti-CD3/CD28 bead activated PAN T cells. The data from three 
different donors was combined after normalisation against the average cytokine secretion within each 
experiment.The data is presented as mean +/- SEM.  
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Appendix G – PAI-1 mRNA expression following PAN T cell activation 

 

mRNA expression of PAI-1 in PAN T cells following activation with anti-CD3/CD28 antibodies. The 

data were normalised to house keeping genes TATA box binding protein and cyclophilin A and combined 

from three different donors and are presented as mean +/- SEM. 
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