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ABSTRACT 

 

Neutrophil extravasation into tissues is an essential process required for the inflammatory 

response. Upon receiving an inflammatory cue, neutrophils begin accumulating on the 

luminal surface of the endothelium. Neutrophil recruitment is initiated by selectin-mediated 

tethering and rolling of neutrophils along the endothelial monolayer, followed by integrin-

mediated firm adhesion. Adherent neutrophils then traverse the endothelium in a process 

known as transendothelial migration. The events mediating the rolling and adhesion steps are 

well characterised, but research into the molecular mechanisms regulating transendothelial 

migration is an area of intense focus. A previous study conducted in our laboratory found that 

the activation of endothelial extracellular signal-regulated kinase (ERK) 1/2 was required for 

neutrophil transmigration. Furthermore, it was found that endothelial ERK was activated in 

response to a soluble protein produced by fMLP- or IL-8-stimulated neutrophils.  

In the present study, the soluble ERK-activating neutrophil protein was identified as annexin 

A1, which was selected as a possible candidate following mass spectrometry analysis of 

proteins secreted from activated neutrophils. Annexin A1 antibodies (Abs) were found to 

block endothelial ERK activation induced by conditioned medium harvested from stimulated 

neutrophils. Annexin A1 Abs were additionally able to inhibit neutrophil transmigration 

across human umbilical vein endothelial cell (HUVEC) monolayers in an in vitro 

transmigration assay. Following the purification of recombinant annexin A1, it was 

demonstrated that it could activate endothelial ERK in a similar manner to neutrophil 

conditioned medium. Upon further investigation, ERK activation was found to be induced by 

a truncated form of annexin A1 present in the protein preparation rather than the full length 

protein. Calpain I, a calcium dependent protease that is activated upon neutrophil stimulation 

and is known to cleave annexin A1 within the N-terminal domain, was shown to process full 

length inactive recombinant annexin A1 into an unidentified product that could activate 

endothelial ERK. A calpain I inhibitor was also found to prevent stimulated neutrophils from 

secreting an ERK-activating protein, thus further suggesting a role for calpain I in this 

process. As full length annexin A1 has been reported to signal through the formyl peptide 

receptor (FPR) family, a pan-FPR antagonist was incubated with endothelial cells and was 

found to inhibit ERK activation induced by neutrophil conditioned medium, indicating that 

pro-inflammatory annexin A1 is also a FPR ligand.  
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Endothelial projections termed “transmigratory cups” form around neutrophils during 

extravasation, of which ICAM-1 is a major component. Using an assay that examined 

transmigratory cups during neutrophil transmigration, it was found that annexin A1 Abs could 

inhibit neutrophil adhesion and transmigration through HUVEC monolayers by interfering 

with transmigratory cup formation around neutrophils, as shown by monitoring ICAM-1 

during the process. Quantification of transmigrating neutrophils highlighted that the majority 

of neutrophils were emigrating via a transcellular pathway, which is in opposition to many in 

vitro studies where paracellular transmigration predominates. 

The results generated from this study identified a novel pro-inflammatory role for annexin A1 

in neutrophil transendothelial migration. Preliminary experiments suggested that the pro-

inflammatory annexin A1 responsible for endothelial ERK activation was a truncated form. 

Calpain I appears to be a likely candidate responsible for the generation of this 

uncharacterised, truncated annexin A1 product, however further experiments are required to 

confirm this hypothesis. Pro-inflammatory annexin A1 represents a new target for the 

treatment of inflammatory disorders. 
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______________________________________________________________________________ 

INTRODUCTION 

1.1. The immune system 

Blood is comprised of many different cells that perform a wide range of functions. Leukocytes 

play a vital role in constantly patrolling the body for the early detection of invading pathogens 

and foreign antigen and are the core component of the body’s immune response. In order to 

perform their specific functions, leukocytes must traverse the walls of blood vessels into tissues.  

The human immune system can be divided into two branches: the acquired and the innate 

immune system. The acquired immune response is mediated by T- and B-lymphocytes, which are 

leukocytes that possess the capacity for specific antigen recognition. T-lymphocytes directly 

eliminate infected cells and influence the activity of other leukocytes, whereas B-lymphocytes 

produce antigen-specific antibodies and are responsible for the “memory” of antigen exhibited by 

the acquired immune response. The acquired immune response is a sophisticated process that is 

specific to the antigen that generated its activation and consequently is not an instantaneous 

process. Therefore to rapidly respond to invading pathogens, the body is dependent on the innate 

immune system.  

The innate immune system is the body’s first line of defence against pathogens and lacks the 

specificity of the acquired immune response. The innate immune response is rapid, non-specific 

and acts against a broad range of targets. Leukocytes of the innate immune system include 

monocytes and granulocytes. The activity of these cells is crucial for the innate immune response, 

as they non-specifically attack foreign material and subsequently activate the cells of the acquired 

immune response [1, 2].  Monocytes develop into macrophages upon leaving the blood stream 

and are one of the principle cell types involved in phagocytosing and destroying microbes. 

Granulocytes are involved in mediating inflammatory responses and are characterised by the 

presence of cytoplasmic inclusions or “granules”, such as lysosomes and secretory vesicles, 

which contain anti-microbial substances [3]. Based on the staining properties and morphology of 

these granules, granulocytes can be subdivided into three classes: basophils, eosinophils and 

neutrophils. Whilst basophils and eosinophils are important in mediating inflammatory responses 

and allergic reactions, neutrophils far outnumber both of these cell types and have a critical role 

in primary host-defence. 
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1.2. Neutrophils 

Neutrophils (also known as polymorphonuclear leukocytes due to their multi-lobed nucleus) are 

the most common class of granulocyte and occur at a concentration of approximately 5x109/litre 

blood. Neutrophils predominate in the cellular infiltrate at sites of acute inflammation and are 

activated in response to signals generated from the activated endothelium and/or molecules 

emitted from the source of the inflammation [4]. Neutrophils are notably absent in uninflamed 

tissue and are located only in the blood stream in healthy subjects [5]. The role for neutrophils at 

inflamed sites is complex. Like macrophages, a fundamental task is to eliminate invading 

microbes by phagocytosis. During phagocytosis activated neutrophils engulf their target, upon 

which the pathogen-containing phagocytic vacuole then fuses with cytoplasmic granules within 

the neutrophil. These granules harbour an arsenal of cytotoxic substances and reactive oxygen 

species that eliminate the target [3, 6]. The cytotoxic substances contained within neutrophil 

granules are also released in a controlled manner upon stimulation and therefore additionally 

possess extracellular microbicidal activity. The process of releasing such factors can result in 

tissue damage however, which highlights the importance of the clearance of cells by the host 

after the pathogenic threat has been controlled. Circulating neutrophils exhibit a short half-life of 

approximately 6-10 h, whereupon they undergo apoptosis and are cleared by the spleen [7]. 

However neutrophils activated by inflammatory cues display a delay in apoptosis, presumably to 

allow for their accumulation and enhanced function at sites of infection [8]. After they have 

performed their tasks, senescent neutrophils containing phagocytosed material are removed by 

macrophages [9]. This systematic elimination is vital to ensure tissue damage does not occur 

through leakage of cytotoxic substances from necrotic neutrophils. Neutrophils also secrete 

classical mediators of inflammation at these sites, such as eicosanoids and cytokines. These 

mediators are responsible for a variety of features characteristic of an inflammation, such as 

prostaglandins that cause vascular dilation and increased vascular permeability, resulting in 

erythema and swelling. Neutrophils can also amplify the inflammatory response by releasing 

cytokines, such as TNF-α and interleukin (IL)-8, that attracts additional leukocytes [10, 11]. 

Therefore along with their anti-microbial phagocytic activity, neutrophils also actively participate 

in the development and continuation of the inflammatory response. The crucial role of 

neutrophils in the innate immune response is emphasised by the profound incidence of infection 

observed in patients displaying neutrophil dysfunction and impaired neutrophil trafficking [12]. 
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1.2.1. Neutrophil migration 

Neutrophils possess an extraordinary mechanism to “sense” chemotactic stimuli at extremely low 

concentrations, towards which they can migrate [13]. Neutrophils can detect a wide range of 

chemoattractants through receptors located on the plasma membrane including N-formyl-

methionyl-leucyl-phenylalanine (fMLP), lipid mediators such as platelet activating factor (PAF) 

and leukotriene (LT)B4, complement component C5a and chemokines such as IL-8. The response 

of neutrophils to chemoattractants is initially manifested by polarisation of the cell and the 

projection of pseudopods, which are actin-rich cytoplasmic protrusions [14]. Chemotactic peptide 

receptors can be localised on pseudopods, therefore sensing and locomotion towards chemotactic 

stimuli occurs. The polarisation and locomotion of neutrophils is dependent on the cytoskeletal 

rearrangements that may follow a flux in intracellular calcium (Ca2+) upon binding of 

chemotactic stimuli [15]. Desensitisation of chemotactic responses can also occur following prior 

exposure to the same chemotactic stimulus. Generally desensitisation is specific, providing that 

the exposure to agonist is moderate, however high concentrations of agonist can lead to non-

specific desensitisation and may affect similar members within a receptor family [16]. 

 

1.2.2. Neutrophil activation and degranulation 

Along with cytotoxic and immune-modulating contents, neutrophil vesicles and granules also 

contain adhesion molecules and receptors. Neutrophils possess four main granule types; secretory 

vesicles, tertiary (or gelatinase) granules, specific granules and azurophil (or primary) granules. 

Neutrophil granules are released in a hierarchical manner and require different levels of Ca2+ to 

initiate their secretion from the neutrophil [17]. Granules that are formed in the later stage of 

neutrophil maturation, such as secretory vesicles and gelatinase granules, are generally released 

first following neutrophil stimulation. Azurophil granules are more resistant to mobilisation and 

contain the cytotoxic enzymes myeloperoxidase (MPO) and neutrophil elastase [3]. It has been 

shown that neutrophils release a small proportion of total elastase upon activation (~2%), 

therefore the detection of elastase in inflamed tissues is probably due to neutrophil necrosis as 

opposed to specific mobilisation and secretion of granules [18]. Neutrophils also discharge 

neutrophil extracellular traps (NETs), which are a dense mixture of granule components and 

chromatin, following loss of nuclear integrity. NETs can ensnare and kill bacteria and fungi, even 

following the death of the neutrophil [19]. 
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1.3. The neutrophil-mediated inflammatory response 

In order for neutrophils to reach inflamed tissues and perform their antimicrobial functions, they 

must emigrate from blood vessels in a process known as transendothelial migration, which occurs 

primarily in the postcapillary venules of the affected tissue. The process of transendothelial 

migration during the inflammatory response is truly remarkable, as entire immune cells move 

through the endothelial monolayer without substantial disruption to the barrier function of the 

endothelium. It is crucial that the integrity of the endothelium is maintained during leukocyte 

extravasation so that uncontrolled movement of molecules in and out of the blood stream does 

not occur. The passage of an entire cell through the endothelial sheet is a significant event, as 

substantial alteration of endothelial cell-cell adhesion molecules and cytoskeletal remodelling are 

required to allow for the entry of the leukocyte. The leukocyte itself also upregulates a number of 

adhesion molecules and requires extensive cytoskeletal remodelling so its shape can be altered to 

assist in luminal crawling and squeezing through the endothelium. 

The process of neutrophil adhesion and transendothelial migration requires a highly controlled 

sequence of events that involves the activation and interaction of many molecules located on both 

the neutrophil and endothelial cells [20]. Neutrophils circulating at high velocity in the blood 

stream initially slow and begin rolling along the endothelium through transient binding mediated 

by the selectin family of proteins. Neutrophils then firmly adhere to the endothelium through the 

up-regulation of integrins and immunoglobulin (Ig)-like cell adhesion molecules, whereupon they 

flatten and migrate laterally across the endothelial surface, presumably to establish a suitable 

position for transmigration. Neutrophils then squeeze through or between endothelial cells and 

migrate through the endothelial sheet in a primarily adhesion-molecule dependent manner. The 

final step involves neutrophil penetration through the basal lamina and into the interstitial tissue. 

This complex process occurs within minutes [21], where the disturbance of a given protein 

involved at any of the distinct phases can be sufficient to compromise the degree of  neutrophil 

transendothelial migration that would ordinarily occur. 

 

1.4. Neutrophil transendothelial migration in vitro 

Despite the apparent complexity of leukocyte recruitment, many relatively simple in vitro 

systems have been established to investigate the process and have been shown to faithfully mirror 

in vivo events with surprising accuracy. Neutrophil transmigration across endothelial monolayers 

can be induced in vitro by a range of different stimuli. Generally, unstimulated neutrophils will 
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not transmigrate across a resting endothelium that has not been activated, however if a 

chemotactic gradient is established by the addition of a chemoattractant on the abluminal surface 

of the monolayer, chemotaxis and transmigration towards this stimulus will occur. Stimulating 

endothelial cells with cytokines such as TNF-α or IL-1 can also induce transmigration without the 

presence of a chemoattractant. The addition of such cytokines results in the up-regulation of 

endothelial adhesion molecules and secretion of chemoattractants such as IL-8 [22], which 

facilitates transendothelial migration by activating neutrophils. Endothelial stimulation in vivo 

most likely originates from cytokines released during tissue injury and microbial products. Many 

of these in vitro experimental systems are performed under static conditions however, and are 

therefore lacking in important factors that are induced or upregulated by the shear force of blood 

flow and the process leukocyte rolling on the endothelium [23-25]. Consequently the results 

gained using static in vitro assays should be confirmed additionally through using flow chamber 

models. 

 

1.5. The leukocyte recruitment cascade 

It is essential that leukocyte infiltration to inflammatory sites is highly regulated so that the 

inflammatory response is specific and efficient. Naturally, extravasation must only occur at sites 

where there is need for the infiltration of immune cells. This is achieved by the local production 

of inflammatory mediators which stimulates the leukocyte to extravasate at a defined area. It is 

also important that leukocyte transmigration is transient, so that tissue damage does not occur due 

to the uncontrolled trafficking of leukocytes. To this end, anti-inflammatory mediators and 

negative feed-back mechanisms are critical in protecting the host organism from tissue damage 

arising from the sustained presence of leukocytes at an inflammatory lesion. It is also important 

that signalling is directed at the appropriate leukocyte subset, depending on the type of 

inflammatory response required, which is often governed temporally by distinct mechanisms. 

This section describes the suite of molecules involved in the leukocyte recruitment cascade 

(Figure 1.1) with a particular focus on neutrophil recruitment, which together function to achieve 

a rapid, yet specific immune response. 

  



Figure 1.1: Current model of the leukocyte adhesion cascade. 

Initial leukocyte tethering to the endothelium is then followed by slow rolling and 
strengthening of adhesive bonds. Following firm adhesion, leukocytes begin to spread and 
crawl on the luminal surface. Finally, paracellular and/or transcellular transmigration oc-
curs. Key adhesion and signalling molecules involved in each step are highlighted in 
boxes. Abbreviations: ESAM, endothelial cell-selective adhesion molecule; ICAM1, in-
tercellular adhesion molecule 1; JAM, junctional adhesion molecule; LFA1, lymphocyte 
function-associated antigen 1 or CD-11a/CD-18; MAC1, macrophage antigen 1 or CD-
11b/CD-18 ; MADCAM1, mucosal vascular addressin cell-adhesion molecule 1; PSGL1, 
P-selectin glycoprotein ligand 1; PECAM1, platelet/endothelial-cell adhesion molecule 1; 
PI3K, phosphoinositide 3-kinase; VCAM1, vascular cell-adhesion molecule 1; VLA4, 
very late antigen 4 or α4β1-integrin. 

Sourced from: Ley, K., Laudanna, C., Cybulsky, M.I., and Nourshargh, S. (2007) Getting 
to the site of inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol. 7
(9): p. 678-89. 

7 
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1.5.1. Tethering and rolling: the selectins 

Under normal conditions, circulating neutrophils do not adhere to the endothelium; however this 

rapidly changes in the context of inflammation. Before circulating neutrophils can migrate 

between the cells of the endothelium, the shear-force of blood flow within the vessel must first be 

overcome in order for neutrophils to initiate firm contact with the vessel wall. This process is 

principally mediated by a family of carbohydrate binding molecules known as selectins, which 

are present on both neutrophils and the activated endothelium to function as a primary adhesion 

mechanism between the two cell types [26]. Selectins are calcium-dependent, transmembrane 

glycoproteins that display a c-type lectin domain in the protein’s extracellular region and bind 

sialylated and fucosylated oligosaccharides located on the plasma membrane. L-selectin is 

constitutively expressed on leukocytes and P- and E-selectin are upregulated on cytokine-

stimulated endothelial cells [27]. Endothelial P- and E-selectin are lengthy molecules of 

approximately 30-40 nm that extend into the vessel to capture leukocytes by reversibly binding to 

their respective carbohydrate ligands, which decreases the velocity of circulating neutrophils 

through postcapillary venules [28]. The low affinity of selectin binding is not sufficient to halt 

circulating neutrophils, but it is able to decrease their velocity and gives rise to the rolling 

phenomenon along the endothelium. This has an important purpose as it allows locally produced 

inflammatory stimuli, such as IL-8 from the endothelium or products from pathogens, to reach 

the neutrophils in high enough concentration to initiate their activation. Selectin-induced 

neutrophil rolling also permits additional molecules to bind neutrophils with greater affinity, 

resulting in firm adhesion to the endothelium in preparation for transendothelial migration. The 

inhibition of selectin binding between neutrophils and endothelial cells decreases the total 

amount of transmigrating leukocytes [29]. P-selectin is constitutively expressed and is stored in 

Weibel-Palade bodies in the endothelium, which are rapidly mobilised to the plasma membrane 

upon stimulation with mediators such as histamine or thrombin to increase surface expression. 

The rate at which P-selectin is upregulated on the surface of the endothelium is consistent with its 

involvement in the early stages of leukocyte recruitment. It has been found that TNF-α, LPS and 

IL-1 induce the transcription of endothelial selectins, however while P-selectin is upregulated in 

mice, there appears to be a preference for E-selectin synthesis in human endothelial cells 

following stimulation [30]. The reason for this variation is unknown, however it has been shown 

that the leukocyte rolling velocity is profoundly decreased on E-selectin compared to P-selectin, 

which was postulated to increase the likelihood of adhesion to the endothelium [31]. Unlike P-

selectin, E-selectin is not constitutively expressed in endothelial cells, but cell surface expression 
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is observed in as little as 2h after stimulation with TNF-α, where the simultaneous upregulation 

of both selectins enhances leukocyte recruitment [26]. 

L-selectin is present on leukocytes and is restricted to microvilli to facilitate interactions with the 

endothelium via binding to P-selectin glycoprotein ligand-1 (PSGL-1), however its role in 

leukocyte extravasation is not as apparent as that for P- and E-selectin [32]. In vitro it has been 

shown that circulating leukocytes bind to leukocytes already rolling on the endothelial surface in 

a L-selectin and PSGL-1 dependent manner [33]. This process has been termed secondary 

tethering and is believed to assist in the recruitment of leukocytes that do not express ligands for 

P- or E-selectin. L-selectin mediated rolling can also activate leukocytes, potentially through 

signalling to adjacent G-protein-coupled receptors, however the mechanisms of this activation are 

unclear [34]. The selectins involved in leukocyte emigration display “catch-bond” characteristics, 

where the shear-forces exerted by blood flow counter-intuitively increase the affinity of the 

molecular bonding of selectins to their ligands to support leukocyte adhesion [35].  

 

1.5.2. Firm Adhesion: the integrins 

It has been clearly demonstrated that after selectin-mediated neutrophil rolling, β2-integrins on 

neutrophils are rapidly activated and bind to endothelial adhesion molecules. This is an essential 

step for neutrophils to slow and firmly adhere to the endothelium in preparation for 

transmigration [36]. The events regulating the transition of neutrophil rolling to integrin 

activation and adhesion are complex. Traditionally it was thought that chemokines and molecules 

presented on the surface of the activated endothelium were responsible for β2-integrin activation 

on neutrophils [37, 38]. However it has also been shown that E-selectin and L-selectin binding 

can trigger signalling pathways in the endothelium [39] and neutrophils respectively [40, 41] and 

that E-selectin has the capacity to bind L-selectin in humans, although this is not observed in 

mice [42]. Most recently it has been demonstrated that E-selectin binding to L-selectin and 

PSGL-1 resulted in the clustering of these molecules on the surface of neutrophils by signalling 

through the p38 and p42/44 mitogen-activated protein kinase (MAPK) cascades [43]. Inhibitors 

of the MAPKs blocked this clustering and inhibited the activation of high-affinity β2-integrins 

and subsequent firm adhesion of neutrophils to the endothelium. Therefore it appears that β2-

integrin activation and neutrophil arrest on the endothelium is the result of both chemoattractant 

and selectin mediated events. 
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Integrins are adhesive molecules that are composed of non-covalently linked α and β subunits. 

The key β2-integrins involved in firm adhesion of neutrophils to the endothelium are lymphocyte 

function-associated antigen-1 (LFA-1 or CD11a/CD18) and macrophage antigen-1 (Mac-1 or 

CD11b/CD18), both of which consist of a unique alpha subunit but possess the same β2-integrin 

chain (CD18). A unique feature of integrins is the ability to activate the extracellular portion of 

the molecule in <1 second via signalling pathways within the cell, coined as “inside-out 

signalling” [44]. This property has particular relevance in the inflammatory setting, as circulating 

neutrophils need to be efficiently decelerated and arrested on the area of the endothelium from 

where inflammatory signals are being generated. When activated, the β2-integrins undergo a 

conformational change to dramatically increase their ligand-binding capacity. LFA-1 appears to 

be primarily involved in neutrophil adhesion to the endothelium, whilst Mac-1 activity is 

important in neutrophil spreading and locomotion to sites of transmigration [45, 46]. Both LFA-1 

and Mac-1 bind to endothelial intercellular adhesion molecule-1 (ICAM-1), however this occurs 

through ligation to different domains [47, 48]. Depending on the inflammatory setting, Mac-1 can 

additionally bind other ligands, such as fibrinogen and junctional adhesion molecule (JAM) C 

[49, 50]. The involvement of LFA-1 and Mac-1 in neutrophil adhesion and crawling were 

convincingly shown in a study using LFA-1 and Mac-1 deficient neutrophils, using time-lapse 

microscopy in vivo [51]. The majority of LFA-1-/- neutrophils failed to adhere to inflamed 

venules, but those that did make contact were able to crawl efficiently on inflamed venules in a 

similar manner to wild-type neutrophils. Conversely, adhesion was unaffected in Mac-1-/- 

neutrophils; however intraluminal crawling to transmigration sites was significantly attenuated, 

causing neutrophils to transmigrate at the initial point of adhesion to the endothelium [51]. 

Furthermore, blocking Abs to ICAM-1 and ICAM-2 demonstrated that Abs to ICAM-1 alone 

were sufficient to inhibit Mac-1-mediated locomotion, however neither Ab could prevent 

neutrophil adhesion [51]. This study indicated that whilst LFA-1 and Mac-1 were important in 

neutrophil adhesion, they appear to mediate distinct sequential events. 

The crucial role of β2-integrins in neutrophil adhesion is highlighted in the inherited 

immunodeficiency disease leukocyte adhesion deficiency 1 (LAD) [52]. LAD1 is characterised 

by a deficiency in the expression of LFA-1, Mac-1 and other integrins expressing the β2-integrin 

chain, usually due to a defect in the β-subunit or from point mutations that prevent the α and β 

subunits from associating [53]. Patients afflicted with the disease suffer from life-threatening 

recurrent bacterial and fungal infections, delayed wound healing and severe gingivitis. Because 

the β2-integrins are not available to arrest neutrophils to the inflamed endothelium in response to 
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the usual stimuli, they cannot migrate into inflammatory sites to initiate an immune response. It 

has been shown through the use of animal models that antibodies (Abs) to CD18 confer a 

phenotype similar to that of LAD1 patients and that Abs to CD18 can inhibit neutrophil 

transendothelial migration in vitro [54]. Interestingly, neutrophils isolated from a child displaying 

LAD1 were able to migrate across endothelial monolayers in vitro using a static transmigration 

assay, but transmigration could only be induced using a chemotactic gradient of IL-8 and not 

fMLP [55]. Increased adhesion of these neutrophils to LPS-activated endothelium was also 

observed and thought to be a result of selectin-mediated mechanisms. This indicated that whilst 

β2-integrin-mediated firm adhesion to endothelial cells is a critical step in the leukocyte 

recruitment cascade, other β2-integrin independent mechanisms also exist and have been 

observed in disease states such as cystic fibrosis [56].  

Other integrins have also been shown to be important for leukocyte rolling on the endothelium. 

Ablation of α4β1 integrins in LFA-1-deficient mice using blocking Abs significantly increased the 

rolling velocity of leukocytes compared to the already reduced level of rolling detected in the 

knockout mice alone [45]. This indicates that both LFA-1 and the α4-integrins are involved in 

leukocyte rolling to varying extents, which confirmed previous studies also highlighting a role for 

the α4- integrins in leukocyte rolling [57-59]. Slow rolling induced by integrins is generally 

detected following initial selectin-mediated contact of the leukocyte with the endothelium and is 

characterised by decreased velocity arising from selectin signalling. 

 

1.5.3. Intraluminal crawling 

Following leukocyte arrest on the endothelium, leukocytes crawl laterally across the endothelium 

to locate a suitable site for transmigration (Figure 1.2). Luminal crawling or “locomotion” is 

mediated by Mac-1 and ICAM-1 [46, 51]. Mac-1-/- neutrophils were virtually unable to crawl on 

endothelial cells, where those cells that did displayed a dramatic reduction in crawling velocity. 

Mac-1-/- neutrophils were observed transmigrating at sites near initial adhesion, however this 

process  was delayed compared to wild-type mice and was postulated to be due to emigration at 

“sub-optimal” areas [51]. These studies highlighted that intraluminal crawling is an important 

process required for efficient leukocyte extravasation. 

  



Figure 1.2: Neutrophil intraluminal crawling in vivo. 
 
Following leukocyte arrest on the endothelium, leukocytes crawl laterally 
across the endothelium to locate a suitable site to traverse the endothelial bar-
rier. This neutrophil is projecting lamellopodium as it crawls across the endo-
thelial surface. Magnification x8000. 
 
Sourced from: Hoshi, O. and Ushiki, T. (1999) Scanning electron micro-
scopic studies on the route of neutrophil extravasation in the mouse after ex-
posure to the chemotactic peptide N-formyl-methionyl-leucyl-phenylalanine 
(fMLP). Arch Histol Cytol. 62(3): p. 253-60.  
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1.5.4. Neutrophil transendothelial migration 

Up until the early 2000s, leukocytes were generally thought to transmigrate in a paracellular 

manner by squeezing through the intercellular junctions between endothelial cells. Leukocytes 

emigrating via the paracellular route transiently alter the organisation of lateral cell adherence 

molecules, which rapidly returned following extravasation to maintain the integrity of the 

endothelium [60-62]. Recently, the subject has become rather contentious after a number of 

groups have challenged the concept of paracellular migration and have presented data showing 

leukocytes traversing the endothelial barrier by passing transcellularly through the body of 

individual endothelial cells (Figure 1.3). Transcellular migration of leukocytes across the 

endothelium is not a new concept however and has been documented in vivo by a number of 

groups, with seminal studies describing this phenomenon being conducted nearly 50 years ago 

[63-67]. Another study also identified that fMLP- and leukotriene B4-stimulated neutrophils and 

monocytes extended pseudopods into the apical surface of endothelial cells in preparation for 

transmigration in vitro, but this rarely occurred at endothelial cell junctions [68].  

Paracellular and transcellular migration are not mutually exclusive and both appear to take place 

under inflammatory conditions. However the preference for a particular mode of transmigration 

may be determined by the type of leukocyte, the vascular bed, the degree of endothelial activation 

and the type of inflammatory stimuli. Using an in vitro flow chamber model, Cinamon et al have 

demonstrated the transcellular transmigration of neutrophils, however the degree of 

transmigration was dependent on the level of β2-integrin activation,  the shear-stress applied to 

the system, along with the extent of endothelial activation and subsequent production of 

chemoattractant [69]. In a similar flow chamber model using TNF-α-activated human umbilical 

vein endothelial cells (HUVECs), neutrophils and lymphocytes were shown to transmigrate using 

different mechanisms under the same conditions [70]. Lymphocytes were detected transmigrating 

via the transcellular pathway, whereas neutrophils were found to emigrate preferentially at 

endothelial junctions. An additional study also highlighted the importance of endothelial 

activation, where it was found that following the stimulation of HUVEC with TNF-α for 4h, 

paracellular migration of human neutrophils was predominantly observed, however the amount of 

transcellular migration increased by 20% following 24h stimulation [71]. This study also 

suggested that different signalling pathways may also be involved in determining the type of 

transmigration that occurs, as inhibiting ICAM-1 signalling by removing the cytoplasmic portion 

of the protein could prevent the transcellular, but not paracellular, migration of neutrophils, [71]. 



Figure 1.3: Neutrophil transmigration in vivo. 
 
Electron micrographs of neutrophils at different stages of transendothelial migration. 
A) 5 neutrophils in the process of transmigration. Arrows indicate neutrophils migrating 
transcellularly and arrow heads show neutrophils transmigrating through paracellular junc-
tions. Yellow region indicates the area of a single endothelial cell. Magnification x3000. 
B) Closer view of A). L indicates raised endothelial surface due part of the transmigrated 
neutrophil located under the endothelial monolayer. Magnification x8000. 
C) A neutrophil in the process of transendothelial migration (arrow) and two neutrophils 
adherent to the endothelial surface. N indicates nucleus of endothelial cell and * denotes 
platelets attached to the neutrophils. The arrowhead shows a membranous projection on the 
surface an adherent neutrophil. Magnification x5000. 
 
Sourced from: Hoshi, O. and Ushiki, T. (1999) Scanning electron microscopic studies on 
the route of neutrophil extravasation in the mouse after exposure to the chemotactic peptide 
N-formyl-methionyl-leucyl-phenylalanine (fMLP). Arch Histol Cytol. 62(3): p. 253-60.  

A 
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The mode of transmigration may also depend on the characteristics of the endothelium. In 

sensitive areas such as the brain, the endothelium possesses tight junctions between individual 

cells of the endothelial sheet, which are points of close contact that are critical in maintaining the 

integrity of the endothelium. However these also pose as an additional obstruction for 

extravasating leukocytes. Consequently it was found that transcellular migration of lymphocytes 

predominates across the inflamed blood-brain-barrier, which was postulated to occur so that the 

tight junctions remained intact [72].  

Although many of the components implicated in transcellular and paracellular migration are 

common to both methods, the level of involvement appears to vary to different extents. The 

following sections describe the activity of the different adhesion molecules with important 

functions in the leukocyte recruitment cascade. 

 

1.6. Adhesion molecules involved in leukocyte transmigration 

1.6.1. ICAM-1 and ICAM-2 

ICAM-1 is involved in the adhesion and transmigration phases of the leukocyte recruitment 

cascade. Although ICAM-1 is consitutively expressed on endothelial cells, the stimulation of 

cultured micro- and macrovascular endothelial cells with pro-inflammatory mediators such as 

TNF-α and IL-1 has been shown to dramatically upregulate ICAM-1 expression [73]. In vivo, 

increased endothelial ICAM-1 expression has also been observed in inflamed lung tissue [74] and 

in areas prone to atherosclerotic plaque formation [75]. The critical role for ICAM-1 was further 

emphasised when neutrophil transmigration was promoted following the overexpression of 

ICAM-1 in Chinese Hamster Ovary (CHO) cells, which do not normally synthesise endogenous 

ICAM-1, highlighting that ICAM-1 alone was sufficient to induce transmigration in vitro [76]. 

Blocking Abs to ICAM-1 have been shown to significantly impair leukocyte adhesion and 

transmigration in several animal models [77]. Consistent with these results, neutrophil infiltration 

into the peritoneal cavity was found to be significantly diminished in a model of peritonitis using 

ICAM-1 deficient mice [78]. These mice also displayed abnormal lymphocyte recruitment to the 

ear in a contact hypersensitivity model [78], which very convincingly shows ICAM-1 to be 

indispensible for the transendothelial migration of a number of leukocyte subsets. 

ICAM-1 interaction with the leukocyte integrin LFA-1 jointly depends on ICAM-1 dimerisation 

[79] and the degree of LFA-1 activation [80]. The integrin-mediated clustering of endothelial 
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ICAM-1 induces the formation of docking structures that have been termed “transmigratory 

cups”, which are essential for leukocyte transendothelial migration to occur (Figure 1.4). 

Transmigratory cups are endothelial projections rich in ICAM-1, vascular cell adhesion molecule 

(VCAM)-1 and LFA-1 that extend from endothelial cells to capture and guide transmigrating 

leukocytes [81-83]. Transmigratory cup formation is dependent on actin polymerisation, 

microtubule reorganisation and modulation of intracellular Ca2+ [84]. In addition to adhesion 

proteins, transmigratory cups also contain high levels of cytoskeletal molecules [83]. These 

endothelial projections resemble microvilli and were initially observed forming ring-like clusters 

around adherent leukocytes, however it has since been shown that the transmigratory cups can 

further extend up and over transmigrating leukocytes to envelop them in “dome” structures [85]. 

It was postulated that the formation of endothelial transmigratory cups/domes over emigrating 

leukocytes assists in maintaining endothelial barrier function during the process of transmigration 

[85]. Transmigratory cups have been found to participate in both transcellular and paracellular 

migration events and are connected to the actin-cytoskeleton through ERM (ezrin, radixin, 

moesin) adaptor proteins [83]. Consequently the clustering of ICAM-1 and VCAM-1 can lead to 

reorganisation of the cytoskeleton through anchorage of these adaptor proteins with proteins such 

as vinculin and α-actinin [86]. Following the adhesion of leukocytes to the endothelium and 

ICAM-1 ligation, apical ICAM-1 has been shown to translocate to the basolateral membrane by 

association with regions concentrated in F-actin and caveolae [72]. Furthermore, it was found that 

this feature resulted in the formation of endothelial channels, stabilised by actin and vimentin [70, 

72], through which leukocytes could migrate in order to traverse the endothelial barrier.  

Despite the number of studies detailing the effects of ICAM-1 signalling, a signal transduction 

pathway downstream of its activation is still yet to be identified. The C-terminus of ICAM-1 

appears to be important for its signalling, as an ICAM-1 mutant devoid of the C-terminus is 

inefficient at inducing the adhesion and transmigration of lymphocytes [87]. Furthermore, the 

expression ICAM-1 lacking its C-terminus failed to promote transmigration in the same manner 

as wild-type ICAM-1 expressed in CHO cells [76]. 

In comparison to ICAM-1, ICAM-2 activity does not appear to be as essential for leukocyte 

transendothelial migration in the inflammatory setting. ICAM-2 shows restricted tissue 

distribution and is present in substantial quantities in the vascular endothelium. ICAM-2 does not 

require cytokine treatment to induce expression like ICAM-1 and is actually down-regulated 

following treatment with inflammatory cytokines, indicating ICAM-2 may be important in basal 



Figure 1.4: Transmigratory cup formation around extravasating monocytes. 
 
Endothelial projections rich in ICAM-1 and VCAM-1 surround monocytes during transen-
dothelial migration. 
A) Apical image of a monocyte during early stage transmigration. Image is a composite im-
age of ICAM-1 (green) and LFA (red). 
B) Lateral view of a transmigrating monocyte. α4-integrin (green-monocyte), VCAM-1 (red
-endothelium). 
C) Apical and lateral view of endothelial projections surrounding a transmigrating mono-
cyte. ICAM-1 (IC1, green), VCAM-1 (VC1, red), β2-integrin (β2, blue). Transmigrating 
monocyte is not stained. Last panel shows a merged image of the first three panels. 
 
Sourced from: Carman, C.V. and Springer, T.A. (2004) A transmigratory cup in leukocyte 
diapedesis both through individual vascular endothelial cells and between them. J Cell Biol. 
167(2): p. 377-88.  
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leukocyte emigration into non-inflamed tissues as required for general immune surveillance [88]. 

In line with these observations, T-lymphocyte transendothelial migration across ICAM-1-/- 

ICAM-2 -/- immortalised brain endothelioma cells can be fully restored following expression of 

ICAM-1, however ICAM-2 expression could only partially reconstitute transmigration [89]. 

 

1.6.2. VCAM-1 

VCAM-1 is upregulated at inflamed sites by pro-inflammatory cytokines and has an important 

role in the leukocyte recruitment cascade as it is an adhesion receptor for leukocytes and other 

inflammatory cells bearing β1-integrins [90]. As alluded to above, VCAM-1 is also important in 

the extravasation of leukocytes as it is a major component of endothelial transmigratory cups and 

associates with the cytoskeletal adaptor proteins ezrin and moesin [81, 83]. Unlike ICAM-1, there 

are no reports investigating the effect of C-terminally truncated VCAM-1 on leukocyte 

transmigration and endothelial signalling. Analysis of the C-terminal domain has found that 

VCAM-1 possesses a PDZ binding motif, but noticeably its juxtamembrane domain lacks the 

basic region that is present in ICAM-1 and ICAM-2 [91, 92]. These areas have been ascribed as 

important for binding to ERM proteins for molecules such as CD43 and CD44 [92], however 

VCAM-1 can still associate with ezrin and moesin via its cytoplasmic domain [83]. Although no 

such interaction of VCAM-1 and components of the cytoskeletal through the PDZ binding motif 

has been indentified to date, this region could also be important for cytoskeletal signalling. 

Although the mechanism has not been defined, VCAM-1 clustering can activate Rac-1 and Rho 

in endothelial cells, induce the generation of reactive oxygen species (ROS), activate p38 MAPK,  

and cause alterations in the actin cytoskeleton and stress fibre formation [93, 94]. Furthermore, 

VCAM-1-induced ROS production was implicated in the activation of PKCα, an event essential 

for the transmigration of spleen cells across lymph node endothelial cells in mice [95]. The 

significance of this signalling in transcellular leukocyte transmigration is unclear however, as it 

involved increasing endothelial permeability by the temporary disruption of endothelial junctions 

and consequently may only be relevant to paracellular migration [94, 95]. It was also shown that 

leukocyte binding/Ab cross-linking of VCAM-1 or the addition of exogenous ROS induced the 

rapid activation of matrix metalloproteases (MMP) from endothelial cells [96]. MMP production 

was proposed to alter vascular permeability by degradation of components of the adherens 

junction or the extracellular matrix [96]. 
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It has also been shown that shear stress is important for VCAM-1 signalling in endothelial cells 

during neutrophil and eosinophil adhesion [97]. Ligation of VCAM-1 under shear conditions 

results in the activation of the extracellular signal-regulated kinase (ERK) pathway by signalling 

through focal adhesion proteins and the actin cytoskeleton, where ERK activation been shown to 

be essential for both eosinophil and neutrophil transendothelial migration [98, 99]. 

 

1.6.3. PECAM-1 

Platelet endothelial cell adhesion molecule-1 (PECAM-1 , CD31) is a well-characterised cell 

adhesion molecule involved in the emigration of neutrophils [100]. PECAM-1 is a 

transmembrane glycoprotein of the Ig superfamily and is expressed on endothelial cells and 

leukocytes. PECAM-1 clearly concentrates at lateral cell-cell borders of the endothelium and 

more diffusely on the surface of leukocytes and platelets [101, 102], where it functions as both a 

cell adhesion molecule and a signal transducer through homophilic or heterophilic binding. The 

extracellular domain of PECAM-1 contains 6 Ig-like domains, while the cytoplasmic tail is long 

and complex, containing a number of tyrosine and serine residues [103]. Phosphorylation of these 

residues occurs in response to various forms of cellular stimulation, which in turn leads to the 

regulation of signalling complexes and PECAM-1 interaction with the cytoskeleton of 

endothelial cells. 

The importance of PECAM-1 in inflammation has been established both in vitro and in vivo, 

through the use of soluble isoforms of PECAM-1 [104] and functional blocking Abs [105-107] 

that prevent neutrophil pseudopodia from entering the junctions between endothelial cells, which 

consequently inhibits transmigration. Binding of neutrophil PECAM-1 to Abs has been shown to 

activate neutrophils, trigger the activation of the Mac-1 and down-regulate L-selectin expression 

[108], highlighting its function in neutrophil adhesion to endothelial cells. PECAM-1 has also 

been shown to facilitate neutrophil trafficking across the basement membrane following passage 

through endothelial cell junctions [109-111], a function generally thought to be performed by 

proteases such as neutrophil elastase [112-114]. 

The movement of endothelial PECAM-1 in response to the paracellular transendothelial 

migration of neutrophils has been traced in real-time [62]. Homophilic endothelial PECAM-1 

interactions appeared to open and surround the border of the migrating neutrophils, which then 

reformed approximately two minutes after the neutrophils had passed between the endothelial 

cells. This was in contrast to the movements of VE-cadherin [61, 62], which was transiently 
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displaced from the endothelial cell junction. The presence of PECAM-1 on the surface of 

neutrophils could explain this difference, where endothelial PECAM-1 may bind to its neutrophil 

counterpart to guide its movement between endothelial cells [115]. A large proportion of 

PECAM-1 is localised to a stretch of vesicle-like structures located immediately below the 

plasma membrane of endothelial cells, which regularly recycle between the plasma membrane 

and the sub-membrane compartment [116]. It was found that these recycling vesicles were 

targeted to and surrounded transmigrating neutrophils and monocytes that, when inhibited by 

interrupting microtubule activity, could also inhibit leukocyte extravasation [117]. 

Despite the obvious importance of PECAM-1 in mediating leukocyte extravasation, it is 

interesting that PECAM-1-deficient mice do not display a significant impairment of leukocyte 

recruitment in response to inflammatory stimuli and leukocytes still possess the means to traverse 

the endothelial barrier [110, 118]. This has been shown to be partly dependent on the genetic 

background of the mice, as some strains of PECAM-1-deficient mice show decreased leukocyte 

infiltration whilst others do not [119]. These studies did highlight that both PECAM-dependent 

and independent mechanisms exist for leukocyte extravasation. 

 

1.6.4. CD99 

Although PECAM-1 has been shown to significantly contribute to transmigration, the blocking of 

PECAM-1 function with Abs never resulted in complete inhibition of neutrophil extravasation, 

indicating that other molecules are involved in the process. CD99, a highly O-glycosylated 

molecule mainly thought to be involved in the cell-cell adhesion and activation of T-cells, 

thymocytes and other haemopoietic cells, was found expressed at the borders of confluent 

endothelial cells and on the surface of leukocytes, including neutrophils [120]. Where PECAM-1 

Abs blocked leukocyte emigration at the luminal surface of endothelial cells, blocking of CD99 

resulted in the suspension of migrating monocytes partially through the endothelial cell junctions. 

This indicated that the function of CD99 is subsequent to PECAM-1 binding of leukocytes and 

that each molecule mediates distinct steps during transendothelial migration through paracellular 

junctions. Blocking Abs to CD99 resulted in more than a 90% inhibition of monocyte 

transmigration in vitro and, when combined with PECAM Abs, the result was additive with 

essentially 100% inhibition of transmigration [120]. Since the discovery of its involvement in 

monocyte transmigration, CD99 and CD99L2, a murine CD99-related protein, have also been 

shown to also participate in the process of neutrophil extravasation [121, 122]. In contrast to 
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CD99, CD99L2 only mediated neutrophil emigration in mice and lymphocyte recruitment to 

inflamed tissue was unaffected following the treatment with CD99L2-blocking Abs [121]. 

 

1.6.5. JAMs 

Junctional adhesion molecules (JAMs) are Ig-like proteins with varying tissue distribution, but 

localise to tight junctions and cell-cell borders [123]. The JAM family consists of the classical 

members JAM-A, JAM-B and JAM-C, in addition to other related proteins (see review [124] for 

the current nomenclature), which have been implicated in the transendothelial and transepithelial 

migration of leukocytes [125, 126]. Following treatment with pro-inflammatory cytokines, JAM-

A translocates from lateral intercellular junctions and redistributes to the surface of endothelial 

cells [127]. This redistribution was found to facilitate JAM-A binding to the leukocyte integrin 

LFA-1 and consequently increased firm adhesion and transmigration of neutrophils and T-cells 

[128]. It is unclear whether this binding is required for specific signalling events or functions as a 

leukocyte-endothelial seal during leukocyte emigration. JAM-C expression has been detected in 

vascular endothelial cells, including high endothelial venules and in lymphatic vessels, but is also 

expressed by human leukocytes [129]. JAM-C can participate in homophilic interactions, 

however it has also been shown to specifically interact with the β2-integrin Mac-1, but can not 

bind to LFA-1 in a similar manner as JAM-A [130]. The role for JAM-C in leukocyte 

extravasation was further strengthened by a report showing that JAM-C neutralising Abs could 

effectively prevent leukocyte infiltration in mice, whilst its targeted over-expression in 

endothelial cells could significantly increase leukocyte accumulation to inflamed sites [131]. The 

activity of JAM-C appears to be primarily involved in leukocyte adhesion and transmigration, 

where rolling events on the endothelium are unaffected by JAM-C Abs [131]. Endothelial JAM-

B has been shown to interact with JAM-C, highlighting that this interaction may also be 

important in leukocyte adhesion to endothelial cells [132]. In fact, the inhibition of JAM-B and 

JAM-C interaction has been shown to increase monocyte reverse-transmigration, where 

decreased levels of infiltrating cells were observed at inflamed sites combined with elevated 

monocyte concentrations with a reverse-transmigratory phenotype detected in peripheral blood 

[133]. Interestingly, neutrophils have also been shown to reverse-transmigrate and display a 

reduced capacity for re-transmigration following this event [134]. 

A JAM-related protein, endothelial cell-selective adhesion molecule (ESAM), has recently been 

shown to promote leukocyte extravasation through the use of ESAM-/- mice. Neutrophil, but not 
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lymphocyte, accumulation in the peritoneal cavity was significantly impaired in ESAM-/- mice, 

however this was not through interefering with rolling or adhesion events [135]. As ESAM is 

consitutively and specifically expressed in tight junctions of endothelial cells, it was postulated 

that the protein could be involved in promoting neutrophil extravasation through endothelial 

paracellular junctions. This was supported by the finding that the absence of endothelial ESAM 

results in reduced levels of activated Rho, a GTPase involved in destabilising tight junctions, and 

the degree of permeability induced by vascular endothelial growth factor (VEGF) was reduced in 

ESAM-/- endothelial cells [135]. 

Although the JAMs have a clear role in cell-cell signalling and in leukocyte extravasation, it is 

unclear how these molecules signal to endothelial cells to promote transmigration. JAMs do 

however possess a C-terminal PDZ binding motif, which has been shown to mediate binding to 

cytosolic scaffolding proteins such as ZO-1, MUPP1, AF6 and Par 3 [136], and therefore may 

provide a mechanism by which JAMs provide outside-in signalling to endothelial cells. 

 

1.6.6. VE-cadherin 

The role of vascular endothelial-cadherin (VE-cadherin) in neutrophil transendothelial migration 

has been controversial. VE-cadherin is located on the lateral membrane of endothelial cells in the 

adherens junction complex. It primarily functions as an adhesion molecule between endothelial 

cells to maintain the integrity of the endothelium and is anchored to the cytoskeleton through 

interactions with α- and β-catenin. VE-cadherin was initially found to be a regulator of leukocyte 

transmigration when Abs to the protein increased the rate of neutrophils reaching sites of 

inflammation [137]. This logically suggested that the adherens junction serves as a barrier to 

migrating leukocytes. A number of early reports found that VE-cadherin and associated proteins 

were degraded in response to neutrophil migration between endothelial cells, therefore resulting 

in paracellular gap formation through which neutrophils could move [138, 139]. This was 

subsequently found to be the result of post-preparation artefacts generated from fixation methods 

[140], which proved to be a problem for a number of following investigations. The issue was 

finally resolved using a VE-cadherin-GFP construct, where the movements of VE-cadherin in 

response to neutrophil transmigration was visualised in real-time [61]. This study showed that de 

novo paracellular gaps formed in response to migrating neutrophils appeared to transiently 

displace VE-cadherin molecules whilst migrating between endothelial cells. The paracellular 

gaps were then found to reseal within five minutes. This VE-cadherin displacement from the 
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endothelial cell junction was confirmed in a later study, which employed Abs to visualise the 

real-time movement of VE-cadherin and PECAM-1 in response to emigrating neutrophils [62]. 

Neutrophils were also found to migrate at tri-cellular junctions where VE-cadherin is essentially 

not expressed [61], a feature that was also identified in previous studies [141, 142]. 

Therefore VE-cadherin does not appear to have a function in neutrophil transmigration per se, but 

its displacement from endothelial junctions is required for emigration to occur, as it would 

otherwise pose as a barrier. 

 

1.7. Endothelial signalling during leukocyte extravasation 

In light of the formation of ICAM-1 and VCAM-1 enriched endothelial transmigratory cup 

structures and the dynamic movement of endothelial PECAM-1, JAMs and VE-cadherin during 

neutrophil transendothelial migration, it stands to reason that endothelial intracellular signalling 

is required for these events. Early work conducted by the Silverstein laboratory highlighted that 

the endothelium was proactively involved during the transendothelial passage of leukocytes and 

was not simply an inert barrier [143]. It was reported that neutrophil adhesion to endothelial cells 

and transmigration in response to a fMLP gradient results in a transient increase in endothelial 

cytosolic free calcium Ca2+, which was essential for transendothelial migration to occur [143, 

144]. The rise in endothelial Ca2+ occurs just before or concurrently with transmigration and 

blocking the Ca2+
 flux results in decreased neutrophil migration, but not adhesion. Unstimulated 

neutrophils were found to have no effect on endothelial Ca2+. It was postulated that the rise in 

Ca2+ was involved in endothelial signalling pathways that “open” endothelial cell junctions to 

emigrating neutrophils. These studies stimulated a field of research into identifying endothelial 

signalling events that were involved in leukocyte extravasation, however much of the work was 

initially focussed on paracellular transendothelial migration as opposed to transcellular migration, 

probably because transcellular migration was not routinely observed in vitro. However a number 

of recent studies have investigated signalling pathways activated during transcellular migration 

since the identification of endothelial transmigratory cup formation and the detection of 

transcellular migration in vitro [81]. 

The concept that endothelial junctions could be disrupted by the active contraction of endothelial 

cells was first proposed over 50 years ago in the context of oedema [145]. It has since been 

shown that the phosphorylation of myosin light chains by myosin light-chain kinase (MLCK) 

mediates endothelial cell contraction [146]. Studies investigating the role of the cytoskeleton 
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during neutrophil extravasation found that phosphorylation of endothelial myosin II light chain 

by MLCK, a Ca2+/calmodulin-dependent kinase, was essential for neutrophil transendothelial 

migration [147] and could be induced by activated neutrophils [148]. Whether this results in 

increased endothelial permeability to enable leukocyte emigration is a subject of contention, as 

some studies have reported that there no change in endothelial permeability associated with 

leukocyte transmigration [85, 149]. Thus Ca2+-dependent endothelial cytoskeletal remodelling is 

an important event in neutrophil transmigration, but the effects of this process appear are varied. 

Activation of ERK also appears to be an important endothelial signalling target during leukocyte 

transendothelial migration, as shown for both neutrophils and eosinophils [97, 99]. E-selectin 

ligation and clustering results in its association with the actin cytoskeleton and with Ras, Raf and 

MEK through the intracellular domain [97, 150]. This triggers ERK signalling in vascular 

endothelial cells and consequently activates transcription factors such as c-fos [150]. ERK 

activation was later found to be the result of association with SHP2 [151] and, in a similar 

manner to E-selectin, PECAM-1 ligation can also activate ERK through association with SHP2 

[152]. Transmigratory cup components ICAM-1 and VCAM-1 have also been shown to mediate 

effects via the ERK signalling pathway. Ab cross-linking of endothelial ICAM-1 (to mimic 

ligand binding) was found to induce the production of chemokines by human umbilical vein 

endothelial cells (HUVECs), which was dependent on the activation of ERK1 and ERK2 [153]. 

VCAM-1 ligation under shear stress has additionally been shown to induce the activation of ERK 

in endothelial cells [97]. These studies highlight an important role for ERK signalling in the 

transendothelial migration of leukocytes, as the engagement of many of the major proteins 

involved in this process induce the activation ERK to mediate their effects. The ultimate 

downstream effects of ERK activation by these adhesion molecules are still yet to be determined. 

Signalling to endothelial cells can be induced by many surface adhesion molecules and 

endothelial receptors following leukocyte contact and shear stress. Despite the range of proteins 

involved in this process, the trend appears to involve signalling via the cytoskeleton and MAPKs 

to upregulate additional pathways that modulate efficient leukocyte extravasation and 

amplification of the inflammatory response. Other molecules such as ROS, small GTPases, 

transcription factors and proteolytic enzymes have also been implicated in endothelial signalling 

events [152]. 
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1.8. Endothelial ERK activation is required for neutrophil transmigration 

In a previous study conducted in the laboratory, a range of inhibitors were screened to identify 

endothelial signalling pathways that were required for neutrophil transendothelial migration. 

Inhibitors of the ERK signalling pathway, PD98059 and UO126, significantly inhibited 

neutrophil transmigration, indicating that ERK activation was essential for neutrophil 

transmigration [99]. Furthermore, it was demonstrated that endothelial ERK was activated in 

response to a soluble protein produced by fMLP- or IL-8-stimulated neutrophils and the release 

of this protein was not dependent on neutrophil adhesion to endothelial cells. 

This study provided the basis for the work outlined in this PhD thesis, where the initial aim was 

to identify and characterise the ERK-activating neutrophil protein. Additional investigations were 

also carried out to determine how the soluble neutrophil protein modulated transmigration by 

examining its effects on the endothelium. 
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______________________________________________________________________________ 

MATERIALS AND METHODS 

 

2.1 Reagents and antibodies 

Antibodies (Abs) to active ERK1/2, which recognise dually phosphorylated residues 

Thr202/Tyr204 and Thr185/Tyr187 on ERK 1 and ERK2 respectively, were from either Promega 

(Madison, WI, USA) or Cell Signalling Technologies (Danvars, MA, USA) and anti-ERK Ab 

was from Promega. Mouse anti-annexin A1 was from BD Pharmingen (San Diego, CA, USA) 

and rabbit anti-annexin A1 was from AbCam (Cambridge, MA, USA). Anti-β-tubulin was from 

BD Biosciences (Franklin Lakes, NJ, USA). Anti-calprotectin mAb (clone 27E10) was from 

Hycult Biotechnology (Netherlands). Anti-calgranulin A and anti-calgranulin B pAb were from 

Santa Cruz Biotechnology (Santa Cruz, CA, USA). ICAM-1 and VCAM-1 monoclonal Abs 

(mAbs) were generated in-house [154]. fMLP was from Sigma Aldrich (St. Louis, WA, USA) 

and was diluted to 1 x 10-3M in DMSO. PMA was from Sigma Aldrich and was diluted in Milli-

Q H20 to 0.1mg/ml. Chemically synthesized IL-8 was a gift of I. Clark-Lewis (Centre for 

Biomedical Research, Vancouver, Canada) and was produced as a 72-aa form using automated 

solid-phase methods. Purified human fibronectin (Boehringer Mannheim, Indianapolis, IN, USA) 

was diluted in PBS, pH 7.3, to 50 µg/ml. Ac2-26 (acetyl-AMVSEFLKQARFLENQEQEYVQ 

AVK) was synthesised by Auspep (Parkville, Australia) and solubilised in 100mM ammonia. 

Boc2 (N-t-Boc-Phe-Leu-Phe-Leu-Phe) was from Phoenix Pharmaceuticals (Burlingame, CA, 

USA) and was diluted to 1mM concentration in 50% methanol.  4'-6-Diamidino-2-phenylindole 

(DAPI) was prepared in 100% methanol and used at a concentration of 1µg/ml.  

 

2.2 Mammalian cell culture 

2.2.1. Culture of HUVEC 

HUVEC were extracted from umbilical veins by collagenase (Worthington Biochemical 

Corporation, Lakewood, NJ, USA)  treatment according to a modified protocol of Wall et al. 

[155] Cells were grown in gelatin-coated (Sigma Aldrich) tissue culture flasks (Costar, 

Cambridge, MA) in endotoxin-free M199 medium (JRH, Lenexa, KS, USA) supplemented with 

20% foetal bovine serum (FBS, JRH), 20mM HEPES, sodium pyruvate and non-essential amino 
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acids at 37°C in a humidified 5% CO2 atmosphere. Cells were replated 2-5 days after 

establishment of culture by harvesting with 0.05% trypsin, 0.02% EDTA. 0.1 mg/ml endothelial 

cell growth supplement (BD Biosciences) and 0.1mg/ml heparin (sodium salt, Sigma Aldrich) 

were added to cells passaged twice or more. Only cells between passages 2 and 4 were used for 

experiments. 

2.2.2. Culture of HEK293 cells 

Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco’s Modified Eagles 

Medium (Invitrogen, Carlsbad, CA)  supplemented with 10% FBS and 50µg 

penicillin/streptomycin (Invitrogen) and grown at  37°C in a humidified 5% CO2 atmosphere. 

HEK293 cells were split every 3-4 days after reaching 80-90% confluency by harvesting with 

0.05% trypsin, 0.02% EDTA. 

2.2.3. Generation of HEK293 stable cell lines 

15µl Lipofectamine 2000 (Invitrogen) with diluted into 250µl Opti-MEM (Invitrogen) and 

incubated at room temperature for 5 min. 4µg DNA was diluted into 250µl Opti-MEM, mixed 

with the diluted Lipofectamine 2000 and incubated for 20 min at room temperature. HEK293 

growth medium was exchanged with 1.5ml Opti-MEM, then the above mixture added per 10 cm2 

~90% confluent HEK293 cells. Cells were incubated at 37 ºC for ~15h before the transfection 

mixture was removed and replaced with growth medium. 24 later, the cells were trypsinised and 

plated into two 60cm2 dishes in growth medium containing 300µg/ml G418 (geneticin). G418-

containing medium was replaced every 1-2 days for ~7 days until mock-transfected cells were no 

longer viable. When isolated colonies of transfected cells were observable, individual colonies 

were picked and propagated separately. Expression of recombinant protein was compared 

between the clones by western blotting whole cell lysates with an Ab relevant to the recombinant 

protein. 

 

2.3. Molecular biology methods 

Standard cloning methods, unless otherwise stated, were performed as described in Sambrook 

and Russell [156]. 

 



29 
 
2.3.1. Generation of neutrophil RNA 

Neutrophils from 50ml fresh human blood were prepared as per section 2.5.1 and contaminating 

erythrocytes were removed by hypotonic lysis. Neutrophils were resuspended in 5ml TRIzol 

reagent (Invitrogen) and incubated at room temperature for 5 min. 1ml chloroform was then 

added, mixed well and incubated for a further 3 min at room temperature. Following 

centrifugation at 4000 x g for 15 min at 4ºC, the aqueous phase was transferred to a fresh tube 

and an equal volume of phenol added. The total volume was made up to 10ml with chloroform, 

mixed and centrifuged 4000 x g for 15 min at 4ºC. The aqueous phase was transferred to a fresh 

tube then 2.5ml isopropanol added, mixed and then incubated for 10 min at room temperature. 

Following centrifugation at 4000 x g for 30 min at 4ºC, the supernatant was removed and the 

RNA pellet carefully washed with 5ml 75% ethanol prepared in DEPC-treated H2O. The RNA 

pellet was dried at room temperature, then resuspended in 100µl RNase-free 10mM Tris, 0.1 mM 

EDTA, pH 8 and briefly heated at 65ºC to assist with dissolution. 

2.3.2. Synthesis of neutrophil cDNA 

Reverse transcription reactions from neutrophil RNA were carried out using Omniscript RT Kit 

(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. This generated cDNA 

to clone S100A8, S100A9 and annexin A1 by polymerase chain reaction (PCR). 

2.3.3. S100A8, S100A9 and annexin A1 cloning protocol 

HA-tagged S100A8, Myc-tagged S100A9 and untagged annexin A1 were amplified by PCR 

from neutrophil cDNA using primers shown in Table 2.1. The PCR fragments were ligated into 

pGEM-T Easy (Promega) as described in the manufacturer’s protocol and clones containing 

inserts were identified by blue-white colour selection. Plasmids were isolated from white 

colonies as described in section 2.3.10 and the S100A8/S100A9 or annexin A1 were excised 

using BamHI/XhoI (restriction sites engineered into the primer sequences), gel purified and 

inserted directionally into pcDNA3 (Invitrogen) (Figures 2.1, 2.2 and 2.3). The clones were 

sequenced using T7 (5’-ATTTAGGTGACACTATAG-3’) and SP6 (5’-

TAATACGACTCACTATAGGG-3’) primers, which recognised sequences flanking the 

pcDNA3 multiple cloning site (MCS). 

 

  



 

 

Figure 2.1: pcDNA3-S100A8. 
 
Following ligation of the S100A8 PCR product into pGEM-T Easy, it was excised 
using BamHI/XhoI and ligated directionally into pcDNA3. 
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Figure 2.2: pcDNA3-S100A9. 
 
Following ligation of the S100A9 PCR product into pGEM-T Easy, it was excised 
using BamHI/XhoI and ligated directionally into pcDNA3. 
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Figure 2.3: pcDNA3-AnxA1. 
 
Following ligation of the annexin A1 PCR product into pGEM-T Easy, it was ex-
cised using BamHI/XhoI and ligated directionally into pcDNA3. 

32 



33 
 
 

 Forward Primer (5’ => 3’) Reverse Primer (5’ => 3’) 

HA-tagged 

S100A8 

TAGGATCCATGTACCCATACGACGTCCCAGACT

ACGCTTTGACCGAGCTGGAGAAAGC 

TTACTCGAGCTACTCTTTGTGGC

TTTCTTCATGGC 

Myc-tagged 

S100A9 

TAGGATCCATGGAACAAAAACTTATTTCGAAGA

AGATCTGACTTGCAAAATGTCGCAGCTGG 

TTACTCGAGTTAGGGGGTGCCC

TCCCCGA 

Annexin A1 GGATCCATGTTTATTGAAAATGAAGAGCAGGAA CTCGAGTTAGTTTCCTCCACAA

AGAGC 

 

Table 2.1. PCR primers. 

Primers used to amplify HA-S100A8, Myc-S100A9 and annexin A1 by PCR from neutrophil 

cDNA. 

 

2.3.4. Preparation of heat-shock competent DH5-α 

Escherichia coli DH5α cells were streaked onto a LB plates and grown at 37ºC overnight. A 

single colony was picked and used to inoculate 2.5ml LB broth, which was incubated at 37ºC on 

a shaking rotor overnight. The overnight culture was used to inoculate 250ml LB broth and 

incubated at 37ºC on a shaking rotor until O.D600 reached between 0.4 and 0.5. Cells were chilled 

on ice for 10 min, then centrifuged at 3800 x g for 10 min at 4ºC. The supernatant was poured off 

and the cells gently resuspended in 100ml TFBI solution (30mM potassium acetate, 100mM 

RbCl2, 10mM CaCl2, 50mM MnCl2, 15% (v/v) glycerol, pH 5.8). Cells were incubated on ice for 

5 min then centrifuged at previous conditions. The supernatant was poured off, the cells gently 

resuspended in 10ml TFBII solution (10mM MOPS, 75mM CaCl2, 10mM RbCl2, 15% (v/v) 

glycerol, pH 6.5) and incubated on ice for 15 min. Cells were aliquoted into pre-chilled 

eppendorf tubes and snap frozen in liquid nitrogen. Cells were stored at –80ºC. 

2.3.5. Restriction enzyme digestions 

Restriction enzymes were sourced from either New England Biolabs (Ipswich, MA, USA) or 

Promega and digestions were performed according to the manufacturer’s recommendations. 
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2.3.6. Ligation reactions 

Ligation reactions were performed using Rapid Ligation Buffer and T4 DNA ligase (Promega) 

according to the manufacturer’s recommendations. 

2.3.7. Transformation of heat-shock competent DH5-α 

20ng of plasmid DNA or 2µl of ligation reaction was added to 50µl heat-shock competent DH5-α 

thawed on ice, then mixed gently and incubated on ice for 30-45 min. Samples were heat-shocked 

for 5 min at 37ºC and then returned to ice for a further 10 min. 1ml antibiotic-free LB broth was 

added and the samples were incubated on a shaking platform for 1h at 37ºC. All or a portion of 

the transformation reaction was plated onto LB plates + 100µg/ml ampicillin and incubated 

overnight at 37ºC. 

2.3.8. Plasmid DNA purification 

Plasmid mini-preps were used to purify plasmids from transformed bacteria. Isolated colonies 

were used to inoculate 2ml of LB broth, which was incubated overnight at 37ºC on a shaking 

platform. The culture was pulse-centrifuged at 17000 x g for 10 sec at 4ºC and the supernatant 

removed. The pellet was resuspended in 100μl ice-cold Solution I (50mM glucose, 25mM Tris 

pH 8, 10mM EDTA) by vortexing. 200μl freshly prepared Solution II (0.2M NaOH, 1% SDS) 

was added and mixed thoroughly by inversion. 150μl Solution III (3M sodium acetate, 5M 

glacial acetic acid) was added, mixed by inversion and incubated on ice for 20 min. The sample 

was centrifuged at 17000 x g for 10 min at 4ºC and the supernatant transferred to a new tube. 

150μl TE-buffered phenol and 150μl 24:1 chloroform: isoamyl alcohol was added, the sample 

vortexed well and centrifuged at 16000 x g for 4 min at 4ºC. The top aqueous layer was 

transferred to a fresh tube, 300μl 24:1 chloroform:isoamyl alchohol added, vortexed and 

centrifuged at 17000 x g for 3 min. The top aqueous layer was transferred to a fresh tube, 2.5 

volumes of 100% (v/v) ethanol added and incubated at 25ºC for 2 min. The sample was 

centrifuged at 17000 x g for 10 min, the ethanol decanted and the DNA pellet air dried. The pellet 

was resuspended in 10mM Tris pH 8.5, 20μg/ml RNase A (Promega) and stored at –20ºC. 

2.3.9. Preparation of DNA for sequencing 

Plasmid DNA was sequenced using BigDye Terminator v3.1 sequencing kit (Applied 

Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions. Following the 

sequencing reaction, samples were subjected to an isopropanol clean up method. 10µl MQ H2O) 
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was added to 10µl sequencing reaction, then 80µl 75% isopropanol was added, vortexed and 

incubated at room temperature for 15 min. The samples were centrifuged at 17000 x g for 20 min 

at room temperature and the supernatant decanted. Samples were then washed with 250µl 75% 

isopropanol and air-dried. Sequencing was performed by the Institute of Medical and Veterinary 

Science Sequencing Department. 

 

2.4. Protein detection methods 

2.4.1. Bradford protein assay for protein quantification 

Bradford protein reagent (Biorad, Hercules, CA, USA) was diluted 1:5 in MQ H2O. Protein 

samples and a 0.5-10 mg/ml titration of bovine serum albumin (BSA) were pipetted into a flat-

bottomed 96-well plate in triplicate, and 100µl diluted Bradford reagent was added to each well. 

Following incubation at room temperature for 5 min, the absorbance was measured at 595nm. 

The concentration of protein samples was determined following the construction of a standard 

curve generated from the BSA readings. 

2.4.2. SDS-PAGE 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gels were prepared as 

outlined in Sambrook and Russell [156] and run under reducing conditions. All samples were run 

on 10% SDS-PAGE gels, with the exception of samples to be used for mass spectrometry 

analysis, which were run on 15% gels. Sample buffer [157] was added to protein samples and 

boiled for 5 min, then loaded onto SDS-PAGE gels. Gels were run in SDS running buffer (25mM 

Tris, 192 mM glycine, 0.1% SDS) at 200V for 50 min. 

2.4.3. Electrophoretic transfer of proteins to PVDF membrane 

Proteins resolved by SDS-PAGE were transferred to polyvinylidene fluoride (PVDF) membrane. 

PVDF membrane was wet briefly in 100% methanol, then soaked in transfer buffer (25mM Tris, 

192 mM glycine, 20% methanol) for 45 min. Proteins were transferred to PVDF membrane in 

transfer buffer at 250mA for 1.5h. 
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2.4.4. Western blotting 

Proteins of interest transferred to PVDF membranes were identified by western blotting using 

Abs and conditions outlined in Table 2.2. 

 

Antibody 1º /2º Dilution Blocking Host Supplier 

Anti-annexin A1 1º 1:1000 No blocking Mouse BD Pharmingen 

Anti-annexin A1 1º 1:1000 5% SMP in PBS-T Rabbit AbCam 

Anti-α-tubulin 1º 1:5000 5% SMP in PBS-T Mouse BD Biosciences 

Anti-ERK 1º 1:5000 5% SMP in PBS-T Rabbit Promega 

Anti-ACTIVE 

MAPK, 

(pTEpY) 

1º 1:1000 5% SMP in PBS-T Rabbit Promega 

Anti-phospho-

p44/42 MAPK 

(Erk1/2)(Thr202

/Tyr204) 

1 º 1:1000 5% SMP in PBS-T Mouse Cell Signalling 

Anti-S100A8 1º 1:1000 5% SMP in PBS-T Rabbit Santa Cruz 

Anti-S100A9 1º 1:1000 5% SMP in PBS-T Rabbit Santa Cruz 

Anti-mouse-

HRP 

2º 1:10 000 5% SMP in PBS-T Goat Pierce 

Anti-rabbit-HRP 2º 1:10 000 5% SMP in PBS-T Goat Pierce 

 

Table 2.2: Antibodies and conditions used for western blotting.  

Abbreviations: 1º, primary antibody; 2º, secondary antibody; HRP, horse radish peroxidise; PBS-

T, phosphate buffered saline with 0.1% Tween-20; SMP, skim milk powder. 

 

2.4.5. SDS-PAGE gel and PVDF membrane staining 

Total protein in SDS-PAGE gels was visualised by staining with coomassie blue (0.1% 

Coomassie Brilliant Blue R250, 50% methanol, 10% glacial acetic acid) then destained in destain 

solution (40% methanol, 10% glacial acetic acid). Where required, PVDF membranes were also 
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stained with coomassie blue following western blotting. Membranes were stained in a solution of 

0.02% Coomassie Brilliant Blue R250 in 10% glacial acetic acid for 30 min, then destained 

briefly (~20 seconds) in destain solution (40% methanol, 10% glacial acetic acid) and dried. 

2.4.6. Membrane stripping 

PVDF membranes probed with phospho-ERK Abs were stripped before reprobing with ERK 

Abs. Membranes were stripped in stripping buffer (100mM β-mercaptoethanol), 2% (w/v) SDS, 

62.5 mM Tris, pH 6.7) for 30 min at 60ºC with gentle agitation. Membranes were then washed 

with repeated changes of PBS/0.1% Tween-20 for 1h. 

 

2.5. Isolation of immune cells from human peripheral blood 

2.5.1. Purification of human neutrophils from peripheral blood 

Human neutrophils were prepared immediately from the fresh blood of healthy donors under 

endotoxin-free conditions. Blood was taken into syringes containing acid citrate dextrose solution 

(9:1 blood:acid citrate, kind gift from the Department of Haematology, Royal Adelaide Hospital) 

and mixed to prevent coagulation. 5% dextran T-500 (Pharmacia Biotech, Uppsala, Sweden) 

prepared in PBS was added to citrated blood to a final concentration of 1%, then mixed by gentle 

inversion. Erythrocytes were allowed to sediment following incubation at room temperature for 

30 minutes. The top layer remaining after erythrocyte sedimentation, the buffy coat, was gently 

removed with a transfer pipette and layered carefully onto 25ml Lymphoprep (Nycomed, Oslo, 

Norway). Following centrifugation at 500 x g for 20 min, the supernatant (serum and 

Lymphoprep) was aspirated from the neutrophil pellet. If required, hypotonic lysis was then 

carried out to remove contaminating erythrocytes. Hypotonic lysis involved resuspending the 

neutrophil pellet in 10ml 0.2 % NaCl for 1 min, then a further 10ml of 1.6% NaCl was added to 

return the mixture to a physiologic salt concentration. The sample was then centrifuged at 500 x g 

for 5 min and the neutrophil pellet was resuspended in PBS for ERK-activation assays or serum-

free HUVEC medium for transmigration assays. Cytological examination of stained neutrophil 

preparations showed they were 95% pure and trypan blue staining confirmed >98% of cells were 

viable. 
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2.5.2. Purification of human eosinophils from peripheral blood 

Eosinophils from human blood were kindly purified by Dr Hayley Ramshaw (Cytokine Receptor 

Laboratory, Hanson Institute). Dextran sedimentation, density gradient separation and 

erythrocyte lysis of citrated blood were performed as described in section 2.5.1. Following 

centrifugation, the cell pellet containing neutrophils and eosinophils was first washed in 

PBS/0.1% albumin, then washed in HEPES buffer. Cells were then counted, cytospun and 

resuspended at a concentration of 1 x 109 cells/ml in HEPES buffer. An equal volume of CD16 

microbeads (Miltenyi Biotec, Germany) was added and incubated on ice for 30 min. MACS 

columns were prepared by washing with 9mL PBS/HSA/acid citrate then the cells/microbeads 

mixture was added (200µl cells made up to 1ml with PBS/HSA/acid citrate). The flow-through 

containing eosinophils was collected, counted and determined to be 85% pure. 

2.5.3. Purification of peripheral blood mononuclear cells 

Dextran sedimentation, density gradient separation of citrated blood were performed as described 

in section 2.5.1. Mononuclear cells localised at the plasma-Lymphoprep interphase were 

withdrawn using a transfer pipette, centrifuged and resuspended in PBS at 1x108 cells/ml. 

 

2.6. Protein Purification 

2.6.1. Purification of S100A8 and S100A9 from human neutrophils 

S100A8 and S100A9 were purified according to a protocol developed by van den Bos and 

colleagues [158]. Neutrophils were purified from 100ml human blood as described in section 

2.5.1 and all purification steps were performed at 4ºC. Neutrophils were resuspended in 10ml 

Buffer A (50mM Tris, pH 8.5, 1 mM EDTA, 1mM EGTA, 1mM DTT, 1xP2714 (Sigma Aldrich) 

and sonicated. Cellular debris was removed by ultracentrifugation at 110 000 x g for 30 min. The 

supernatant was transferred to a fresh tube and solid ammonium sulphate was slowly added to a 

final concentration of 55% and stirred gently for 1h. Following centrifugation at 48000 x g for 30 

min, the supernatant was dialysed using 5kDa molecular weight cut-off Spectra/Por dialysis 

tubing (Spectrum Laboratories, CA, USA) for ~18h against 4L Buffer A, incorporating two 

buffer changes during that time. S100A8 and S100A9 were purified from the supernatant by fast 

protein liquid chromatography (FPLC, Pharmacia Biotech, Uppsala, Sweden) performed at 4ºC. 

The dialysed material was injected on to a Mono Q HR 5/5 (Pharmacia Biotech) anion exchange 
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column at a flow rate of 1ml/min. After elution of unabsorbed material and washing with 5 

column volumes of Buffer A, a linear gradient of Buffer B (50mM Tris, pH 8.5, 1 mM EDTA, 

1mM EGTA, 1mM DTT, 1M NaCl) was applied to the column. Nil to 0.4M NaCl was applied 

over 35 min, then 0.4M to 1M over 15 min. 1ml fractions were collected and total protein elution 

was measured by absorbance at 280nm. Protein contained within each fraction were resolved on a 

15% SDS-PAGE gel and coomassie stained as described in section 2.4. 

2.6.2. Purification of recombinant annexin A1 

HEK293 cells stably expressing human annexin A1 were established, from which annexin A1 

was purified as outlined in [159]. Cells were resuspended in 10mM HEPES, 5mM EDTA, 

100mM NaCl, 1 x P2714 protease inhibitor cocktail, pH 7.4 and sonicated. Cellular debris was 

centrifuged at 20 000 x g for 30 min at 4ºC. Proteins in the supernatant were precipitated with 

6mM calcium for 30 min at 4ºC, then centrifuged at 39 000 x g for 30 min at 4ºC. The precipitate 

was washed with a buffer containing 10mM HEPES, 150mM NaCl, 1mM CaCl2, pH 7.4 and 

centrifuged at 39 000 x g for 30 min at 4ºC. The pellet was resuspended in 10mM HEPES, 10mM 

EGTA, 1 x P2714 protease inhibitor cocktail, pH 7.6. A final centrifugation at 110000 x g for 30 

min at 4ºC was performed and the supernatant containing annexin A1 was recovered. Annexin 

A1 was purified from the supernatant by fast protein liquid chromatography performed at 4ºC. 

The supernatant was adjusted to 10ml with Buffer A (20mM ethanolamine, pH 9.0) and injected 

on to a Mono Q HR 5/5 anion exchange column at a flow rate of 1ml/min. After elution of 

unabsorbed material and washing with 5 column volumes of Buffer A, a linear gradient of Buffer 

B (20mM ethanolamine, 1M NaCl, pH 9) was applied to the column. Nil to 0.4M NaCl was 

applied over 30 min, then 0.4M to 1M over 15 min. 1ml fractions were collected and total protein 

elution was measured by absorbance at 280nm. 

2.6.3. Fractionation of neutrophil-conditioned medium 

1 x 108/ml neutrophils resuspended in PBS were stimulated with 100nm fMLP for 15 min at 

37°C. Neutrophils were centrifuged at 500 x g for 5 min, then the conditioned medium recovered 

and re-centrifuged to remove all neutrophils. The conditioned medium was concentrated to 500μl 

using a 10kDa molecular weight cut-off membrane (Centricon concentrator, Millipore, Billerica, 

MA, USA) and run through two Superdex 75 HR 10/30 gel filtration columns (Pharmacia 

Biotech) pre-equilibrated with PBS, pH 7.4, sequentially. Approximately thirty 1ml fractions 
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were collected and the molecular mass of eluted proteins was estimated by comparison of the 

elution rate of a protein mixture of known molecular weights (Biorad).  

 

2.7. Mass spectrometry analysis 

One-fifth of each fraction obtained after the fractionation of neutrophil conditioned medium 

(section 2.6.3) were run on a 15% SDS-PAGE gel and protein bands were visualised by staining 

with coomassie blue. Candidate bands in the ERK-activating fraction were excised, digested with 

trypsin and the resulting peptides were desalted into a QTOF2 mass spectrometer through a C18 

reverse phase silica column. Automated MSMS sequencing was carried out using data directed 

analysis techniques. The data was analysed using Protein Lynx Global Server and the sequence 

tags used to search against the SwissProt database, limited to human entries. Tryptic digestion 

and mass spectrometry was performed by Drs Ian Milne and Christopher Bagley of the Protein 

Core Facility (Hanson Institute, Adelaide). 

 

2.8. Preparation of neutrophil conditioned medium 

Stimulated neutrophil conditioned medium was prepared by stimulating neutrophils with 100nM 

fMLP or IL-8 for 15 min at 37°C. Neutrophils were pelleted at 1800 x g for 5 min, then the 

conditioned medium recovered and re-centrifuged to remove all neutrophils. Conditioned 

medium from 5 x 106/ml neutrophils was used to treat 10cm2 of confluent, resting HUVEC. 

These amounts were scaled up or down accordingly. 

 

2.9. HUVEC ERK-activation assay 

HUVEC were seeded at high-density and grown for 24 hours to ensure confluence. Cells were 

treated with conditioned medium or as indicated, with the addition of 5% FCS, for 10 min at 

37°C then washed and lysed in sample buffer. Equal volumes of cell lysate were loaded onto a 

10% SDS polyacrylamide gel for analysis by western blotting. Membranes were probed with an 

Ab specific to phosphorylated ERK, and developed with ECL Plus (Amersham, Arlington 

Heights, IL, USA). ERK or β-tubulin in each sample was also determined as a loading control. 
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The HUVEC ERK-activation assay was adapted where needed using eosinophils or mononuclear 

cells in place of neutrophils. 

 

2.10. Neutrophil transmigration assay 

Transmigration assays were performed as previously described [160] using Transwells (6.5mm 

diameter, 3.0μm pore size) in 24-well tissue culture trays (Costar, Cambridge, MA, USA). 

Transwells were coated with 50μg/ml fibronectin (Roche Diagnostics, Basel, Switzerland) for 30 

min and 5 x 104 HUVEC were plated in the apical chamber. HUVEC were grown for 4 days to 

ensure a confluent monolayer was established. Transmigration was initiated in two ways: 

activation of the endothelial monolayer using TNF-α (R&D Systems, Minneapolis, MN, USA) or 

by using the bacterial peptide fMLP to establish a chemoattractant gradient. TNF-α activation of 

endothelial cells involved treating HUVEC with 4ng/ml TNF-  for 4h, which results in the 

secretion of IL-8 from the endothelial cells into the apical and basolateral compartments of the 

Transwell. The medium in the apical compartment was replaced with fresh medium, therefore 

establishing a chemoattractant gradient across the HUVEC monolayer as IL-8 is a 

chemoattractant and remained in the basolateral chamber. For fMLP-induced transmigration, 

10nM fMLP was added to the basolateral chamber to establish a chemoattractant gradient. 

Following the application of either inducing agents, 5 x 105 neutrophils were added to the apical 

chamber and incubated at 37°C for 1 hour. Transmigrated neutrophils in the basolateral chamber 

were counted and expressed as a percentage of total neutrophils added to the apical chamber. 

Neutrophils were counted using a MTS indirect colorimetric assay based on the conversion of the 

MTS tetrazolium salt to soluble formazon by viable neutrophils. Transmigrated neutrophils were 

collected and gently resuspended in 100μl PBS. 20μl 2mg/ml MTS + PMS (Promega) was added 

and incubated at room temperature for 1 hour, then the absorbance was read at 490nm. A 

standard curve was prepared by making serial dilutions of the neutrophil preparation, from which 

the percentage of migrated neutrophils was calculated. Figure 2.4 is a diagrammatical 

representation of the neutrophil transmigration assay. 

 

 

 



 

 

TNF-α 

fMLP 

or 

1 hour 

Figure 2.4: In vitro neutrophil transmigration assay. 
 
Confluent HUVEC are either stimulated with TNF-a for 4 hours, or 10mM fMLP is 
added to the basolateral compartment to establish a chemoattractant gradient to ini-
tiate transmigration. All medium in the apical compartment is then removed before 
the addition of neutrophils and/or indicated treatments before the commencement 
of the assay. Neutrophils are allowed to transmigrate for 1h, then neutrophils that 
have migrated through the HUVEC monolayer into the basolateral compartment 
are quantified using a MTS assay. 

MTS 
assay 

HUVEC 
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2.11. Proteolysis of annexin A1 with calpain I 

Recombinant annexin I as described in section 2.6.2., then 0.8 units of human calpain I (Sigma 

Aldrich) was added per 20µg total protein. 5mM CaCl2 was added to initiate the reaction, which 

was then incubated for 20 min at room temperature. For samples where calpain inhibitor was 

used, calpain inhibitor was incubated with calpain I for 10 min at room temperature before 

adding to recombinant annexin A1. Calpain-cleaved annexin A1 was tested for activity using the 

HUVEC ERK activation assay described in section 2.8. Calpain I was not inactivated prior to 

usage in ERK-activation assays. 

2.12. Neutrophil treatment with calpain inhibitor 

Neutrophils were prepared as above and were immediately resuspended in either PBS alone or 

PBS with 1µM calpain inhibitor XII (EMD Biosciences, San Diego, CA, USA) and incubated at 

room temperature for 10 min. Neutrophils were then stimulated with 100ng/ml fMLP for 15 min, 

then the neutrophils removed by centrifugation as above to recover conditioned media. For 

experiments where HUVEC were treated with calpain inhibitor XII or vehicle, the additives were 

incubated on HUVEC monolayers for 10 min prior to the addition of neutrophil conditioned 

medium. 

 

2.13. FITC-dextran permeability assay 

HUVEC were established in Transwells as described in section 2.9 for the transmigration assay. 

Treatments were prepared in 150µl serum-free HUVEC medium. HUVEC were treated as 

indicated, then 1µl of fluorescein isothiocyanate (FITC)-conjugated dextran (40kDa, 0.003-0.02 

mol FITC per mol of glucose) prepared in 20µl serum-free HUVEC medium was added to the 

apical compartment of each Transwell. 20µl was removed from the basolateral compartment at 

10 min intervals for the duration of the assay and transferred to a 96-well plate. Each treatment 

was performed in triplicate. The absorbance of the samples was read at 530nm. 

 

2.14. Inhibition of formyl peptide receptors with Boc2 

Boc2 is a pan-formyl peptide receptor antagonist. To inhibit endothelial formyl peptide receptors, 

HUVEC were pre-treated for 15 min with either vehicle, 10µM or 20µM Boc2 in HUVEC 
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medium. fMLP-stimulated neutrophil conditioned medium was prepared as described in section 

2.8, added to Boc2-treated HUVEC and phosphorylated ERK levels were detected as per 

HUVEC ERK-activation assay outlined in section 2.9. 

 

2.15. Transmigratory cup assay 

HUVEC were seeded into fibronectin-coated Lab-Tek chamber slides (Nunc/Thermo Fisher 

Scientific, Denmark) at high density and grown overnight. On the morning of the assay, the 

growth medium was changed to remove dead cells. Neutrophils were purified from human blood 

as described in section 2.5.1 with erythrocyte lysis and resuspended in HUVEC medium at 5 x 

106 neutrophils/ml. Per chamber, 5 x 105 neutrophils were stimulated with 100nM fMLP for 2 

min, with the addition of 5µg annexin A1 or KLH Ab where indicated. Neutrophils were then 

added to HUVEC and incubated at room temperature for 2 min, where they were then 

immediately removed and the HUVEC monolayers were gently washed 3 times with warm 

HUVEC medium. HUVEC were immediately fixed in warm 4% PBS-buffered paraformaldehyde 

for 15 min at 37ºC, then washed 4 times with PBS. 

2.15.1. Silver-staining of fixed HUVEC monolayers 

HUVEC were grown in fibronectin-coated Lab-Tek slides as described in section 2.15. HUVEC 

were either immediately stained with 1% AgNO3 for 20 sec, or the neutrophil adhesion assay was 

first carried out then the monolayers were washed and stained with AgNO3. Following staining 

with AgNO3, HUVEC monolayers were fixed by the addition of 1% formaldehyde prepared in 

HUVEC medium for 30 min, and then washed with PBS. 

2.15.2. ICAM-1/VCAM-1 staining of fixed HUVEC monolayers 

HUVEC were blocked for 30min in PBS + 2% BSA. HUVEC were probed with 1:1000 anti-

ICAM-1 or anti-VCAM-1 primary Abs for 1h at room temperature then washed 4 times with 

PBS. Monolayers were then probed with 1:1000 anti-mouse Alexa488 secondary Ab for 30 min 

protected from light and washed 4 times with PBS-T to permeabilise cells. Slides were mounted 

using 2:1 Fluorescence Mounting Medium (DAKO, Carpinteria, CA, USA):1µg/ml DAPI and 

stored protected from light at 4ºC until image capture with an Olympus IX81 microscope and 

Hamamatsu Orca digital camera (Olympus Corporation, Tokyo, Japan). Image capture and 

analysis was performed using cell^R software package (Olympus). For experiments where 



45 
 
transmigratory cup intensity was quantified, four points of grey-value intensity around the 

periphery of each neutrophil (0º, 90º, 180º, 270º) were taken and averaged to give transmigratory 

cup intensity per individual neutrophil. 

 

2.16. Data analysis 

Statistical analyses were performed using Prism 4.0 statistical software package. For experiments 

with 3 treatments, one-way analysis of the variance (ANOVA) was initially performed to 

determine if the means of the treatments significantly differed. If a difference was found, an 

unpaired t-test (two-tailed) assuming equal variance was performed to compare two individual 

treatments. For experiments with only two treatments, an unpaired t-test (two-tailed) assuming 

equal variance was used to determine if the means of the two treatment groups differed 

significantly. Linear regression was performed on data obtained from the FITC-dextran 

permeability assay and difference between the slopes were analysed using a one-way ANOVA, 

followed by Tukey’s multiple comparison post test. 
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Chapter 3 

IDENTIFICATION OF THE  

SOLUBLE NEUTROPHIL PROTEIN 

___________________________________________ 
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______________________________________________________________________________ 

INTRODUCTION 

 

A previous study carried out in our laboratory investigated signalling pathways induced during 

neutrophil extravasation. It was found that the activation of endothelial extracellular signal-

regulated kinase (ERK) 1/2, was essential for neutrophils to transmigrate across human umbilical 

vein endothelial cell monolayers in response to both fMLP and IL-8 chemotactic gradients [99]. 

This event was identified through the use of two MEK inhibitors; PD98059 and UO126, where 

MEK is a kinase in the MAPK family that directly phosphorylates and activates ERK1 and 

ERK2. It was revealed that transmigration was not inhibited through impairing neutrophil 

function, as chemotaxis towards fMLP or IL-8 was unaffected by the presence of the inhibitors, 

nor was neutrophil adhesion to activated endothelial monolayers. This suggested that it was the 

inhibition of endothelial ERK that prevented neutrophil transmigration. As firm adhesion of 

neutrophils to endothelial cells is a critical step in the transmigration process, a β2 integrin 

blocking antibody was employed to determine whether ERK activation was dependent on 

integrin mediated neutrophil adhesion. Although the Ab effectively blocked stimulated neutrophil 

adhesion to HUVEC, ERK activation was observed regardless, indicating that neutrophil 

adhesion was not required. Further investigation showed that cell-free conditioned medium 

harvested from neutrophils stimulated with fMLP or IL-8 could activate ERK. This suggested 

that activation of endothelial ERK during neutrophil transmigration was mediated by a soluble 

factor produced by activated neutrophils. Very preliminary experiments conducted to characterise 

the soluble neutrophil factor identified it as a protein, as boiling the conditioned medium resulted 

in the loss of activity. The molecular weight was determined to be approximately 30-40 kDa 

following fractionation by gel filtration chromatography [99]. 

In a separate study, endothelial ERK activation was later found to also be essential in a shear-

flow model of both neutrophil and eosinophil transmigration [97], where blood or fluid is 

perfused over HUVEC monolayers at a predetermined velocity to mimic the in-vivo effects of 

blood flow on the endothelium. Given the requirement of endothelial ERK activation in 

neutrophil and eosinophil transmigration, identifying the ERK-activating factor would provide 

important information regarding leukocyte extravasation and the proactive role of the 

endothelium during the process. The discovery of potential inhibitors to this protein may also 
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prove useful in treating pathologies where neutrophil infiltration is undesirable, such as in 

ischemia reperfusion injury [161]. 

This chapter describes the process taken to investigate a number of candidates for the soluble 

ERK-activating protein identified by mass spectrometry analysis of fMLP-stimulated neutrophil 

conditioned medium. Several selected proteins identified by mass spectrometry were evaluated 

for their ability to activate ERK in HUVEC monolayers in a similar manner to stimulated 

neutrophil conditioned medium. Although S100A8 and S100A9 appeared to be the most 

promising candidates, annexin A1 was ultimately found to be the protein in neutrophil 

conditioned medium that was activating endothelial ERK.  
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______________________________________________________________________________ 

RESULTS 

3.1. Preliminary characterisation of the neutrophil factor 

While experiments were being conducted to identify the ERK-activating neutrophil protein, 

preliminary tests were carried out which did not require the identity of the protein to be known. 

 

3.1.1. Red blood cell lysis does not contribute to ERK activation induced by neutrophil 

conditioned medium 

During the purification of neutrophils from human blood, contaminating red blood cells are 

generally lysed to remove them from the neutrophil preparation [162]. To ensure that the ERK-

activating factor was not a red blood cell product arising from lysis, neutrophils were prepared 

both with and without red blood cell lysis and then stimulated with fMLP to produce the ERK-

activating factor. The conditioned media from both of these preparations were tested on HUVEC 

monolayers for ERK activation using the ERK-activation assay outlined in section 2.9 and it was 

found that both had the capacity to do so (Figure 3.1). Conditioned medium prepared from 

neutrophils without the red blood cell lysis produced more ERK activation compared to that with 

red blood cell lysis, however this was probably due to a proportion of neutrophils being lost 

during the lysis and re-centrifugation. This therefore confirmed that ERK activation was 

attributable to a factor specifically produced by neutrophils and was not an artefact of red blood 

cell lysis during neutrophil preparation. 

 

3.1.2. fMLP-stimulated mononuclear cells can produce an ERK-activating factor 

To determine if other immune cells are also able to produce an ERK-activating factor after 

stimulation, the buffy coat containing mononuclear cells generated after Lymphoprep separation 

was harvested, stimulated with fMLP and the conditioned medium from these cells was tested on 

HUVEC for ERK activation. It was found that fMLP-stimulated conditioned medium gave a 

greater degree of ERK activation when compared to unstimulated conditioned medium (Figure 
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Figure 3.1: Erythrocyte lysis products do not induce endothelial ERK 
activation. 
 
Upper panel- Neutrophils were prepared from fresh blood, and the red blood 
cells of one half of the preparation were lysed by hypotonic lysis. Condi-
tioned medium from fMLP-stimulated neutrophils +/- RBC lysis were then 
assayed for phospho-ERK on HUVEC alongside a PBS negative control (Nil) 
and PMA (0.25μg/ml) positive control. HUVEC ERK activation was deter-
mined by western blotting whole cell lysates with an Ab to phosphorylated 
ERK. 
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3.2). It has been previously shown that fMLP alone does not induce ERK activation in HUVEC 

[99], therefore this control treatment was omitted from the assay. This experiment indicated that a 

subset or all of the mononuclear cells were also capable of producing a soluble ERK-activating 

factor in a similar manner to neutrophils.  

 

3.1.3. fMLP-stimulated eosinophils do not produce an ERK-activating factor 

As neutrophils and one or more mononuclear cells could produce a factor or factors that could 

activate endothelial ERK, it was next investigated whether eosinophils, the main contaminating 

cell type present in the purified neutrophil cell pellet, could also activate ERK. Eosinophils were 

kindly prepared by Dr Hayley Ramshaw (Cytokine Receptor Laboratory, Hanson Institute) using 

CD16 magnetic beads and were determined to be 85% pure. Conditioned medium obtained from 

2 x 107 unstimulated and fMLP-stimulated eosinophils were assayed on HUVEC monolayers for 

ERK activation. fMLP stimulation had no effect on the ability of eosinophils to produce a soluble 

ERK-activating factor, unlike neutrophils that could (Figure 3.3). This particular line of HUVEC 

had a high basal level of phosphorylated ERK, but both unstimulated and fMLP-stimulated 

eosinophil conditioned medium did not activate endothelial ERK beyond basal ERK activation, 

although PMA and neutrophil conditioned medium did. Therefore eosinophils do not appear to 

secrete an ERK-activating protein following fMLP stimulation in a manner similar to neutrophils. 

 

3.1.4. Time course of ERK activation 

The assay described in Stein et al [99] to monitor ERK-activation in HUVEC involved 

incubating neutrophils or conditioned medium on HUVEC monolayers for 15 min before lysing 

the cells to analyse levels of phosphorylated (active) ERK. To determine if 15 min incubation 

was optimal to observe ERK activation at its peak, fMLP-stimulated neutrophil conditioned 

medium was incubated on HUVEC for varying lengths of time. It was found that maximum ERK 

activation induced by conditioned medium was after 10-15 minutes (Figure 3.4), with 

phosphorylated ERK levels decreasing dramatically after 20 minutes incubation. A 10 min 

incubation period was therefore employed in all subsequent assays. 
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Figure 3.2: fMLP-stimulated mononuclear cell conditioned medium can 
activate endothelial ERK. 
 
Mononuclear cells from human peripheral blood were prepared by taking the 
buffy coat at the lymphoprep-serum interphase, from which conditioned me-
dium was isolated following stimulation with fMLP. 
Upper panel- Resting HUVEC monolayers were treated with conditioned me-
dium obtained from both unstimulated (CM-fMLP) and fMLP-stimulated mono-
nuclear cells (CM+fMLP). HUVEC ERK activation was determined by western 
blotting whole cell lysates with an Ab to phosphorylated ERK. 
Lower panel- The membrane reprobed with anti-total ERK Ab after stripping. 
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Figure 3.3: fMLP-stimulated eosinophil conditioned medium does not activate 
endothelial ERK. 
 
Upper panel- Resting HUVEC monolayers were treated with conditioned medium 
obtained from both unstimulated (Eos CM-fMLP) and fMLP-stimulated eosino-
phils (Eos CM+fMLP), alongside fMLP-stimulated neutrophil conditioned medium 
(Neut CM + fMLP) and PMA (0.25μg/ml) positive controls. Basal phosopho-ERK 
levels can be seen in the PBS treated sample (Nil). HUVEC ERK activation was 
determined by western blotting whole cell lysates with an Ab to phosphorylated 
ERK. 
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Figure 3.4: Maximum ERK activation is achieved after 10-15 minutes treatment 
with fMLP-stimulated neutrophil conditioned medium. 
 
Upper panel- Resting HUVEC monolayers were treated with PBS (Nil), unstimu-
lated neutrophil conditioned medium (CM-fMLP) for 10 min. fMLP-stimulated neu-
trophil conditioned medium was incubated on HUVEC for the indicated period of 
time before lysis. HUVEC ERK activation was determined by western blotting whole 
cell lysates with an Ab to phosphorylated ERK. 
Lower panel- The membrane reprobed with anti-total ERK Ab after stripping. 
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3.2. Mass spectrometry analysis of fMLP-stimulated neutrophil conditioned medium 

To identify potential candidates for the ERK-activating factor, conditioned medium from 

neutrophils stimulated with fMLP was fractionated by gel filtration chromatography (Figure 

3.5A). Fractions eluted from the column were assayed for the ERK-activating factor using the 

ERK activation assay, which was found to elute solely in fraction 10 (Figure 3.5B) and was 

estimated to be a protein of approximately 30 kDa following comparison to molecular weight 

standards run on the same column (Figure 3.5A, inset). Proteins comprising the active fraction 

were resolved by SDS-PAGE and four candidate proteins unique to the active fraction were 

selected for analysis by mass spectrometry (Figure 3.6, bands 1-4). Due to the high abundance of 

bands 5 and 6, these were also analysed despite their presence in the flanking inactive fractions. 

The selected proteins were subsequently identified as 1) monocyte/neutrophil elastase inhibitor 

(MNEI), 2) annexin A1, 3) annexin A3, 4) chloride intracellular channel protein, 5) S100A9 and 

6) S100A8 through comparison to human entries in the SwissProt database (Appendix 1). It was 

determined that the presence of chloride intracellular channel protein was a membrane 

component of neutrophil granules that was most likely a by-product of neutrophil degranulation 

following fMLP stimulation and consequently was not pursued. 

 

3.3. Monocyte/neutrophil elastase inhibitor can not activate endothelial ERK 

The effect of recombinant MNEI on HUVEC was evaluated using the ERK-activation assay. 

Assuming MNEI was the ERK-activating factor, the amount of MNEI present in 4/5 of the ERK-

activating fraction from purified neutrophil conditioned medium (fraction 10, Figure 3.6) was 

determined to be approximately 300ng after comparison to BSA standards run on the same SDS-

PAGE gel (not shown). 0.2ml of this fraction (diluted to 0.5ml before assaying) could adequately 

activate ERK in 10 cm2 of confluent HUVEC (Figure 3.5B), which corresponded to 

approximately 40-60ng/ml MNEI added. Treating HUVEC with recombinant MNEI (kind gift 

from P. Bird, Monash University, Australia) at concentrations comparable to and in excess to that 

present in fMLP-stimulated neutrophil conditioned medium was unable induce ERK activation 

(Figure 3.7A). Much lower concentrations, estimated to be closer to physiologically relevant 

levels in vivo, were also tested but these also had no effect on ERK activation (Figure 3.7B).  
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Figure 3.5: Partial purification of the ERK-activating neutrophil protein by gel 
filtration chromatography. 
 
A) Total protein elution profile resulting from fractionation of fMLP-stimulated neu-
trophil-conditioned medium by gel filtration chromatography. Inset- Column cali-
bration curve generated from known molecular weight standards. 
B) Upper panel- One-fifth of each fraction was added to resting HUVEC monolay-
ers for 10 minutes. HUVEC ERK activation was determined by western blotting 
whole cell lysates with an Ab to phosphorylated ERK.  
Lower panel- The membrane reprobed with anti-total ERK Ab after stripping. 
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Figure 3.6: Visualisation of proteins present in fractions from gel filtration 
chromatography of neutrophil conditioned medium. 
 
Four fifths of each fraction generated from gel filtration chromatography of 
neutrophil conditioned medium were TCA-precipitated and the protein compo-
nents in each fraction separated on a 15% SDS-PAGE gel. Proteins were visual-
ized by staining with Coomassie brilliant blue. Bands marked 1-6 in the active 
fraction 10 were excised and identified by mass spectrometry. 
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Figure 3.7: Monocyte/neutrophil elastase inhibitor cannot activate endothelial 
ERK. 
 
A- Resting HUVEC monolayers were treated with PBS (Nil), fMLP-stimulated 
neutrophil conditioned medium (CM) or 600, 400 or 200 ng/ml monocyte/
neutrophil elastase inhibitor (MNEI), for 10 min. HUVEC ERK activation was de-
termined by western blotting whole cell lysates with an Ab to phosphorylated ERK.  
B- Resting HUVEC monolayers were treated with fMLP-stimulated neutrophil 
conditioned medium (CM), or 6 or 2 ng/ml monocyte/neutrophil elastase inhibitor 
(MNEI). HUVEC ERK activation was determined by western blotting whole cell 
lysates with an Ab to phosphorylated ERK. Test indicates samples irrelevant to this 
experiment. 
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3.4. Investigation of S100A8 and S100A9  

S100A8 and S100A9 heterodimerise to form calprotectin, a protein previously shown to be 

involved in leukocyte extravasation [163, 164]. In addition to the heterodimer calprotectin, 

S100A8 and A9 have each been shown to dimerise and form other multimeric complexes [165]. 

Although S100A8 and A9 were present in inactive fractions (Figure 3.6), it is probable that the 

S100A8 and A9 in these fractions arose from multimers different to that present in the active 

fraction 10. S100A8 and A9 were therefore investigated further for endothelial ERK-activation 

activity, despite being observed in inactive fractions.  

 

3.4.1. Effect of calprotectin Ab on neutrophil factor-induced ERK activation 

To determine if the S100A8/A9 heterodimer, calprotectin, could activate ERK in HUVEC, a 

calprotectin mAb was added with stimulated neutrophil conditioned medium to resting HUVEC. 

The rationale behind this experiment was that the mAb could bind calprotectin in neutrophil 

conditioned medium and prevent ERK activation, if indeed calprotectin was the ERK-activating 

neutrophil factor. The mAb exclusively recognises the 27E10 epitope on the calprotectin 

molecule and not S100A8 or S100A9 individually. The results from this experiment were 

variable. In the vast majority of experiments, the calprotectin mAb had no effect and could not 

inhibit ERK activation by neutrophil conditioned medium (Figure 3.8), however some inhibition 

was occasionally observed (Figure 3.9) As S100A8 and A9 are highly abundant in neutrophils 

and large quantities are secreted following fMLP stimulation (Figure 3.10), it was probable that 

in most experiments the amount of antibody added was insufficient to bind all the secreted 

calprotectin.  

 

3.4.2. Generation of S100A8 and S100A9 over-expressing cell lines 

The treatment of endothelial cells with recombinant S100A8 and S100A9 was an alternative 

approach to investigate whether they are activators of endothelial ERK. Hence S100A8 and 

S100A9 were cloned and stably-expressed in HEK293 cells and the recombinant proteins 

purified to determine if they could activate ERK alone or in combination following calcium-

induced dimer formation. Both S100A8 and A9 were cloned with HA and myc tags fused to the 



  

 

Figure 3.8: Calprotectin Ab does not inhibit ERK activation induced by 
fMLP-stimulated neutrophil conditioned medium. 
 
Upper panel- Resting HUVEC monolayers were treated with PBS (Nil), 
0.25μg/ml PMA, conditioned medium obtained from both unstimulated (CM-
fMLP) and fMLP-stimulated neutrophils (CM+fMLP) and fMLP-stimulated 
conditioned medium with 5μg calprotectin mAb (CM + 5μg 27E10 mAb). HU-
VEC ERK activation was determined by western blotting whole cell lysates 
with an Ab to phosphorylated ERK. 
Lower panel- The membrane reprobed with anti-total ERK Ab after stripping 
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Figure 3.9: Calprotectin Ab can occasionally inhibit ERK activation 
induced by fMLP-stimulated neutrophil conditioned medium. 
 
Upper panel- Resting HUVEC monolayers were treated with PBS (Nil), 
0.25μg/ml PMA, supernatant from a calprotectin immunoprecipitation 
from neutrophil-conditioned medium (27E10 I.P. S/N), fMLP-stimulated 
neutrophil conditioned medium (CM+fMLP) and fMLP-stimulated condi-
tioned medium with 5μg calprotectin mAb (CM + 27E10 mAb). HUVEC 
ERK activation was determined by western blotting whole cell lysates with 
an Ab to phosphorylated ERK. 
Lower panel- The membrane reprobed with anti-total ERK Ab after strip-
ping 
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Figure 3.10: Visualisation of proteins present in fMLP-stimulated 
neutrophil conditioned medium. 
 
Proteins secreted from 1 x 106 neutrophils stimulated with fMLP were 
separated on a 15% SDS-PAGE gel and visualised by staining with 
coomassie brilliant blue. 
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N-termini respectively, however neither protein could be detected by western blotting using in-

house Abs directed to these tags (data not shown), therefore commercial calgranulin A (S100A8) 

and calgranulin B (S100A9) antibodies were used instead. Many clones expressed S100A9 

(Figure 3.11), but only one clone expressing S100A8 was generated (Figure 3.12). The S100A8 

clone subsequently lost expression after it was frozen down (Figure 3.13), consequently plans to 

test the effect of the S100A8/A9 complex formation on ERK activation in HUVECs could not be 

carried out. 

 

3.4.3. S100A8 and S100A9 purified from neutrophils do not activate endothelial ERK 

As neutrophils are an abundant source of S100A8 and A9, it was decided that the S100s would be 

purified from neutrophils rather than re-establishing a S100A8 over-expressing cell line. S100A8 

and S100A9 were purified following a protocol loosely based on that described by van den Bos 

and colleagues [158]. Neutrophil lysate was subjected to a 55% ammonium sulphate precipitation 

to exploit the solubility of the S100 proteins at high ammonium sulphate concentrations. The 

resulting supernatant was dialysed and fractionated by anion exchange chromatography (Figure 

3.14A and B). To test the effect of purified S100A8 and S100A9 on ERK activation, amounts of 

the purified protein equivalent to that present in unfractionated neutrophil conditioned medium 

used previously were added to HUVEC. As the neutrophil conditioned medium contained a 

mixture of proteins and the anion exchange column fractions had varying amounts of S100A8 

and A9, the relative amounts of S100A8 and S100A9 between samples were estimated visually 

following resolution by SDS-PAGE and coomassie-staining the gel (Figure 3.15). On this gel, the 

amount of neutrophil conditioned medium was too low for the S100A8 band to be visible. This 

was not surprising as S100A8 was generally present at lower concentrations compared to 

S100A9 in both neutrophil conditioned medium and neutrophil lysate (see Figures 3.10 and 

3.14B for examples). Therefore the amount of purified proteins added from each fraction was 

based on the amount of S100A9 present in each sample. Fractions 16, 17 and 18 were visually 

estimated to contain approximately 60%, 500% and 30% the amount of S100A9 observed in 

neutrophil conditioned medium, respectively. As 100µl conditioned medium (from 5 x 106 

neutrophils) was used to elicit ERK activation in HUVEC and only 20µl was loaded on this gel, it 

was determined that 140µl fraction 16, 20µl fraction 17 and 170µl fraction 18 would be tested on 

HUVEC for ERK activation. To test for the effect that S100A8 and A9 heterodimerise to form 
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Figure 3.11: Analysis of S100A9 expression in G418-resistant HEK293 clones.  
 
S100A9 was cloned into pcDNA3 and transfected into HEK293 cells, then grown 
in the presence of G418 to select for stable transformants. Isolated colonies were 
propagated individually and equal amounts of total protein from each clone were 
analysed for S100A9 expression by western blotting using an anti-calgranulin B 
(S100A9) Ab. Vector transfected lysate (pcDNA3) was included as a negative con-
trol. 
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Figure 3.12: Analysis of S100A8 expression in G418-resistant HEK293 clones.  
 
S100A8 was cloned into pcDNA3 and transfected into HEK293 cells, then grown 
in the presence of G418 to select for stable transformants. Isolated colonies were 
propagated individually and equal amounts of total protein from each clone were 
analysed for S100A8 expression by western blotting using an anti-calgranulin A 
(S100A8) Ab. Neutrophil lysate (Neut lysate) was included as a positive control. 
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Figure 3.13: Western blot showing loss of S100A8 expression in stably 
transfected clone. 
 
The S100A8 expressing clone was thawed after cryopreservation and found to 
have lost expression (S100A8 lysate). Neutrophil and pcDNA3 lysates were 
included as positive and negative controls, respectively. The S100A8 clone 
processed in the same way as neutrophils described in section 3.4.3 (purified 
S100A8), also failed to produce a detectable amount of S100A8 by western 
blotting with an Ab to calgranulin A (S100A8). 
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Figure 3.14: Purification of S100A8 and S100A9 from human neutrophils. 
 
Following precipitation of contaminating proteins with 50% ammonium sulphate, 
the resulting supernatant was dialysed and fractionated by anion exchange chroma-
tography.  
A) Total protein elution profile from anion exchange chromatography of dialysed 
material.  
B) Proteins present in the MonoQ fractions were resolved by 15% SDS-PAGE and 
visualised by staining with coomassie brilliant blue. S100A8 and S100A9 are indi-
cated 
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Figure 3.15: Comparison of purified S100A8 and S100A9 with levels in 
neutrophil conditioned medium. 
 
20μl MonoQ fractions 16, 17 and 18 were compared to 20μl neutrophil con-
ditioned medium (CM) on a 15% SDS-PAGE stained with coomassie bril-
liant blue. 
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calprotectin in the presence of calcium [165], each fraction was also incubated with calcium for 

30 min before their addition to HUVEC. Following the incubation of each treatment on HUVEC 

monolayers, it was found that fraction 17 activated ERK, regardless of the presence of calcium 

(Figure 3.16). Fraction 16 was also able to give a small amount of ERK activation. Fraction 18 

however had no effect, despite also containing both S100A8 and S100A9. Inexplicably, the 

calcium alone control spuriously activated ERK in this experiment, which was not observed in 

subsequent experiments (Figure 3.18). To investigate why fraction 17 could activate ERK 

whereas fraction 18 could not, both fractions (along with fraction 16) were analysed for annexin 

A1 content, a protein that was also a constituent of neutrophil conditioned medium whose role in 

activating endothelial ERK was being investigated concurrently with S100A8/A9 (see chapter 4). 

Western blot analysis of these fractions using an annexin A1 Ab established that fractions 16 and 

17 contained greater amounts of annexin A1 compared to fraction 18, with fraction 17 containing 

the most (Figure 3.17). A band the approximate size of annexin A1 (37kDa) was also observed in 

fraction 17 following staining with coomassie blue (Figure 3.15). To verify these results, purified 

annexin A1 (outlined in section 4.5) and fraction 18, which contained very little annexin A1, 

were tested on HUVEC. It was found that only annexin A1 could activate endothelial ERK and 

fraction 18 could not, both of which were independent of calcium treatment (Figure 3.18). To 

eliminate the possibility of a synergistic effect of annexin A1 and S100A8/A9, a mixture 

containing half annexin A1 and half fraction 18 was also tested on HUVEC. There appeared to be 

no synergy between the proteins, and the small increase in phospho-ERK levels was probably 

due to annexin A1 (Figure 3.18). These results confirmed that S100A8 and A9 were not the 

factors in fMLP-stimulated neutrophil conditioned medium responsible for activating ERK. A 

more thorough investigation into the role of annexin A1 in endothelial ERK activation and 

neutrophil transmigration is detailed in chapter 4. 
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Figure 3.16: MonoQ fraction 17 from S100A8/A9 purification can activate 
endothelial ERK in HUVEC. 
 
Resting HUVEC monolayers were treated with MonoQ fractions 16, 17 and 18, 
+/- 10mM CaCl2. PMA and CaCl2 controls were also included. HUVEC ERK 
activation was determined by western blotting lysates with an Ab to phosphory-
lated ERK. 
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Figure 3.17: Annexin A1 content in purified S100A8/A9 
MonoQ fractions. 
 
Annexin A1 content in equal volumes of MonoQ fractions 16, 
17 and 18 was analysed by western blotting using an Ab to hu-
man annexin A1. 
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Figure 3.18: Purified annexin A1, but not purified S100A8 and S100A9, can 
activate ERK in HUVEC.  
 
Upper panel- Resting HUVEC monolayers were treated with MonoQ fraction 18 
(F18) and purified annexin A1, +/- 10mM CaCl2. A sample with equal volumes of 
fraction 18 and annexin A1 + 10mM CaCl2, equating to half that added in the sam-
ple alone treatments, was also tested. PMA and CaCl2 controls were also included. 
HUVEC ERK activation was determined by western blotting whole cell lysates 
with an Ab to phosphorylated ERK. 
Lower panel- The membrane reprobed with anti-total ERK Ab after stripping, 
which highlights an uneven transfer of proteins to the PVDF membrane. 
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______________________________________________________________________________ 

DISCUSSION 

 

Activation of the ERK signalling pathway in endothelial cells has been shown to be crucial for 

neutrophil and eosinophil transmigration to occur, using both static and shear-flow in vitro 

models of transmigration [97, 99]. Previously our laboratory has shown that stimulated 

neutrophils secrete a soluble protein that is able to activate endothelial ERK [99]. In the present 

study, a strategy to identify the ERK-activating protein was formulated where soluble proteins 

released following neutrophil stimulation would be purified, with resulting candidate proteins to 

be analysed by mass spectrometry. The final purification scheme was relatively simple, after gel 

filtration chromatography of fMLP-stimulated neutrophil conditioned medium isolating the ERK-

activating protein into just one fraction. The simplicity was largely due to the ERK-activating 

protein being a secreted protein, thus reducing the number of contaminating proteins encountered 

in comparison to the purification of cytosolic proteins. Other purification protocols were also 

evaluated, such as ammonium sulphate precipitation and anion/cation exchange chromatography 

(data not shown), however the purity of the active fraction from gel filtration chromatography 

was far superior. 

Following mass spectrometry analysis of proteins present in the active fraction from gel filtration 

chromatography, MNEI, annexin A1, annexin A3, chloride intracellular channel protein, S100A8 

and S100A9 were identified. A literature search of chloride intracellular channel protein 

highlighted that the protein did not have an obvious role in immune cell recruitment, aside from 

its intracellular function in chloride ion transport following neutrophil stimulation [166], as the 

name suggests. The presence of chloride intracellular channel protein in the active fraction was 

therefore thought to be a consequence of neutrophil degranulation rather than specific secretion 

following neutrophil stimulation and was not investigated further. 

Neutrophil elastase is a serine protease with an established role in promoting neutrophil 

transmigration [167, 168] and it was therefore considered unlikely that its inhibitor, MNEI, could 

be a potential candidate for the pro-transmigration, ERK-activating protein. As expected, when 

purified recombinant MNEI was tested on HUVEC, no observable effect on phospho-ERK levels 

was detected. 
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Annexin A3 (also known as lipocortin III) was also investigated as a potential candidate for the 

ERK-activating neutrophil protein. Annexin A3 is a highly abundant protein in human 

neutrophils, comprising 1% of total cytosolic protein but is expressed at low levels or is 

undetectable in other cell types [169]. It has been shown to accumulate around the phagosomal 

region when neutrophils ingest opsonised yeast [170] and also promotes the aggregation of 

isolated specific granules from neutrophils in vitro in a calcium-dependent manner [169]. 

Evidence also suggests that annexin A3 can be secreted from neutrophils following stimulation 

[171]. This combined with the annexin A1 results detailed in chapter 4, led to the cloning of 

annexin A3 with a StrepII tag fused to the C-terminus, which was stably over-expressed in 

HEK293 cells (Appendix 2A). Unfortunately however, using conventional methods to purify 

annexin A3 by resins directed to the StrepII tag were unsuccessful (Appendix 2B). In light of the 

role of annexin A1 in neutrophil transmigration, further investigation into annexin A3 in this 

context is certainly warranted and is discussed in greater detail in chapter 6. 

In contrast to the other candidates, the identification of S100A8 and S100A9 (also known as 

myeloid related proteins 8 and 14, respectively) appeared far more intriguing. A host of studies 

implicate S100A8 and S100A9 in a range of acute and chronic inflammatory disorders, including 

cystic fibrosis, inflammatory bowel diseases, rheumatoid arthritis, bronchitis and allograft 

rejection [172-176]. S100A8 and S100A9 are highly expressed in granulocytes, comprising 40-

50% of total cytosolic protein [177], and myeloid cells staining positive for these proteins are the 

first immune cells to infiltrate inflammatory lesions [178, 179]. A close correlation between 

S100A8 and S100A9 serum levels and disease severity has led to the suggestion that both 

proteins could potentially be used as biomarkers for inflammation, as S100A8 and S100A9 can 

be detected in patients before the hallmarks of disease onset are evident [180, 181]. In the context 

of inflammation, evidence suggests that S100A8, S100A9 and the calprotectin heterodimer must 

be secreted for the proteins to exert an effect and has been shown to occur in both neutrophils 

[182] and monocytes [183] following their stimulation. S100A8 and S100A9 have also been 

detected extracellularly on vasculature where myeloid cells have transmigrated [184, 185] and 

have been shown to interact with several endothelial receptors [164, 172, 185], where blocking of 

one of these receptors was found to also inhibit neutrophil extravasation [164]. This data 

appeared to fit well with our data showing endothelial ERK activation by a soluble neutrophil 

protein being essential for neutrophil transmigration in vitro. To determine if calprotectin is a 

component of stimulated neutrophil conditioned medium involved in activating endothelial ERK, 

a mAb raised against an epitope specific to the calprotectin heterodimer, but not the S100A8 or 



75 
 
S100A9 subunits, was used. The heterodimer was investigated rather than the individual 

subunits, given the clear role for calprotectin in the immune response combined with the 

observation that calprotectin would be closer in size to proteins eluting in the ERK-activating 

fraction 10 resulting from gel filtration chromatography of neutrophil conditioned medium 

(Figure 3.5). When this mAb was added with neutrophil conditioned medium to HUVEC, it 

occasionally inhibited ERK activation in HUVEC (Figure 3.9). The inhibitory effect appeared 

dependent on the degree of ERK activation, in that when there was a weak endothelial response 

to neutrophil conditioned medium, the calprotectin mAb could inhibit ERK activation. However 

when a strong response was elicited by stimulated neutrophil conditioned medium (Figure 3.8), 

the mAb had no effect on phospho-ERK levels. This suggested that different amounts of 

calprotectin may be secreted by neutrophils between experiments and given the large amounts of 

S100A8 and S100A9 observed in neutrophil conditioned medium (Figure 3.10), the variability in 

inhibition by the calprotectin mAb could be due to insufficient quantities of the mAb being added 

to the blocking experiments. Therefore, rather than persisting with the calprotectin mAb to block 

ERK activation, it was decided that an alternative approach be used, i.e. to purify S100A8 and 

S100A9 and determine if each alone or in combination could activate endothelial ERK. 

Following the unsuccessful attempt at purifying recombinant S100A8 and S100A9, the proteins 

were ultimately purified from human neutrophils. In hindsight this was probably a more suitable 

direction to take, as all naturally occurring S100A8/A9 complexes secreted from neutrophils 

could be purified. After the addition of fraction 18, which contained both S100A8 and S100A9 

(Figure 3.18), no effect on endothelial ERK was observed, even with the addition of calcium to 

promote the formation of S100A8/A9 complexes. Although tests were not carried out to verify 

that S100A8 and S100A9 purified from neutrophils retained activity, buffers and conditions 

described by van den Bos et al [158] were followed, which resulted in the purification of active 

proteins. Unlike fraction 18, fraction 17 could activate ERK but the effect was determined to be 

due to contaminating annexin A1 also present in the fraction, rather than S100A8/S100A9. 

Although annexin A1 was identified as the ERK-activating factor in stimulated neutrophil 

conditioned medium in parallel studies (see chapter 4), it remains that the calprotectin mAb was 

also able to inhibit ERK activation on several occasions. It is unclear how the Ab produced this 

effect, however studies investigating S100-annexin complex formation may shed some light. 

There are 25 members in of S100 family of proteins and seven of those have been shown to 

interact with at least one member of the annexin family of proteins [186]. Annexin A1 has been 

shown to interact via the N-terminal domain with S100A11 [187] and with dicalcin, another 
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member of the S100 family, through the C-terminal core of the protein [188]. If the calprotectin 

mAb non-specifically recognised S100A11, dicalcin or an additional unidentified member of the 

S100 family that can bind annexin A1, the observed ERK inhibition by the mAb could have been 

an indirect effect caused by sequestration of annexin A1 away from the endothelium and thus 

prevented interaction. Alternatively, calprotectin may have been able to weakly bind to annexin 

A1, however immunoprecipitation experiments carried out to confirm a calprotectin-annexin A1 

interaction were inconclusive (data not shown). Although a direct interaction has not been 

reported in the literature, results in Srikrishna et al [164] found that S100A8, S100A9 and 

annexin A1 assembly at carboxylated glycan endothelial receptors was involved in neutrophil 

transmigration, thus suggesting an interaction between these proteins. 

Other preliminary experiments were also carried out to investigate whether additional types of 

white blood cells were capable of producing an ERK-activating factor similar to stimulated 

neutrophils. The mononuclear cell layer (buffy coat) resulting after density-gradient separation of 

human peripheral blood was isolated and stimulated with fMLP. The resulting conditioned 

medium was found to activate ERK in HUVEC in the same manner as fMLP-stimulated 

neutrophil conditioned medium (Figure 3.2), indicating that a soluble protein was also being 

released from these cells. Although lymphocytes, monocytes and platelets are all present in the 

mononuclear cell layer, monocytes were most likely the cell type responsible for producing the 

ERK-activating factor after fMLP stimulation, as they express all three formyl peptide receptors 

(FPR) [189], whereas lymphocytes do not express FPR [190]. Purified eosinophils were also 

stimulated with fMLP to determine if a soluble ERK-activating protein was secreted, as 

eosinophils are known to respond to fMLP stimulation and release a range of pro-inflammatory 

mediators [191]. The conditioned medium from fMLP-stimulated eosinophils did not induce 

ERK activation in HUVEC, which could indicate a number of possibilities: that eosinophils 

cannot produce an ERK-activating factor, that they can not release a soluble form of the ERK-

activating factor or that fMLP is not an appropriate inducer. This experiment was attempted only 

once however and should be repeated to be confident of these findings, especially considering the 

results from a study showing ERK-dependent eosinophil transmigration across HUVEC 

monolayers under shear-flow [97], although in this study ERK activation was suggested to be the 

result of endothelial VCAM-1 and/or E-selectin engagement. Western blot analysis to detect 

annexin A1 in the stimulated conditioned medium from eosinophils and mononuclear cells was 

not carried out, as annexin A1 induced ERK activation had not been confirmed at that stage. This 

experiment needs to be performed with the inclusion of additional relevant proinflammatory 
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mediators, before drawing any conclusions relating to ERK activation by soluble annexin A1 and 

subsequent extravasation of white blood cells other than neutrophils. 
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______________________________________________________________________________ 

SUMMARY 

 

The key purpose of experiments performed in this chapter was to screen proteins present within 

conditioned medium from fMLP-stimulated neutrophil to identify the one responsible for 

activating ERK in endothelial cells, which is required for neutrophil transendothelial migration. 

Mass spectrometry analysis detected MNEI, annexin A1, annexin A3, chloride intracellular 

channel protein, S100A8 and S100A9 all within the active fraction of partially purified neutrophil 

conditioned medium. Given their function in inflammation and leukocyte extravasation, S100A8 

and S100A9 initially appeared to be the likely candidates; however S100A8 and S100A9 purified 

from neutrophils failed to have any effect on endothelial phospho-ERK levels. Following the 

systematic testing of other potential targets, annexin A1 was found to be the ERK-activating 

protein in neutrophil conditioned medium. The role of annexin A1 in ERK activation and 

neutrophil transmigration is addressed further in chapter 4, with the effects of annexin A1 on the 

endothelium detailed in chapter 5. 
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Chapter 4 

ANNEXIN A1 ACTIVATES ENDOTHELIAL ERK TO  

PROMOTE NEUTROPHIL TRANSENDOTHELIAL MIGRATION 

___________________________________________ 
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______________________________________________________________________________ 

INTRODUCTION 

 

Studies carried out using mass spectrometry to identify the protein in the active fraction of fMLP-

stimulated neutrophil conditioned medium (detailed in chapter 3) revealed that annexin A1 was a 

component of this fraction. However, other studies [192] have suggested that annexin A1 is an 

anti-inflammatory agent rather than pro-inflammatory as expected of the ERK-activating factor. 

Nevertheless, its potential role as the ERK-activating factor was investigated further (as will be 

expanded upon herein) because annexin A1 Abs could effectively block ERK-activation induced 

by neutrophil conditioned medium and recombinant annexin A1 induced ERK activation in 

HUVEC. 

Annexin A1, also known as lipocortin 1, is a 37 kDa member of the annexin superfamily of 

calcium and phospholipid-binding proteins. Thirteen members of the annexin family have been 

described to date in humans, with a wide distribution of expression across different species and 

tissues, however localisation varies considerably [193]. The annexins are structurally 

characterised by two principle domains: the N-terminal domain and a C-terminal protein core that 

is highly conserved and is responsible for binding to negatively charged phospholipids in a 

calcium-dependent manner. Conversely, the N-terminal domain can vary in length and is the 

most divergent region of the otherwise highly conserved members of the annexin family. The 

unique N-terminus of each annexin protein is thought to convey the functional diversity and 

biological specificity required for the activity of each protein. Contained within this domain are a 

number of phosphorylation and protease recognition sites that regulate activity and localisation 

[194, 195].  

Annexin A1 is a multi-faceted protein with a number of functions ranging from membrane 

fusion, inflammation, apoptosis, cell signalling and regulation of cell growth and differentiation 

[196]. Annexin A1 is particularly abundant in human neutrophils and comprises between 2-4% of 

total cytosolic protein. The majority of annexin A1 detected in inflamed tissues has been shown 

to be a consequence of neutrophil infiltration [197, 198]. Annexin A1 is predominantly cytosolic 

and localised in gelatinase granules of resting neutrophils, however 50-70% is rapidly mobilised 

to the plasma membrane upon the activation and adhesion to endothelial cells, where it is then 

proteolytically cleaved [199-201]. Consequently, the predominant form annexin A1 remaining 

within the neutrophil is N-terminally cleaved following extravasation. N-terminally truncated 
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annexin A1 is also secreted from neutrophils following adhesion to endothelial monolayers [202] 

and has been detected on the surface and within endothelial cells in close proximity to the site of 

neutrophil adhesion and extravasation [192, 200], however the mechanism by which truncated 

annexin A1 is taken up by endothelial cells is unknown. As observed with other annexins, 

annexin A1 possesses sites within the N-terminal domain that target the protein for glycosylation, 

phosphorylation and limited proteolytic processing [203], where such post-translational 

modifications can result in a number of effects. Annexin A1 contains phosphorylation sites for 

kinases including protein kinases A and C [204], TRPM7 channel kinase [205], hepatocyte 

growth factor receptor [206] and epidermal growth factor receptor [207]. Phosphorylation of 

annexin A1 can alter its sub-cellular localisation, where dexamethasone and IL-6 have been 

shown to induce serine phosphorylation leading to the translocation of annexin A1 to the cell 

surface [208, 209]. Annexin A1 phosphorylation appears to facilitate binding to the plasma 

membrane as phosphorylation decreases the concentration of Ca2+ required for phospholipid 

binding [210]. Proteolytic cleavage of annexin A1 has also been found to increase its affinity for 

Ca2+ and also reduce the Ca2+ requirement for membrane binding [194]. Once located at the 

plasma membrane, there is evidence that phospholipid-bound annexin A1 is more susceptible to 

proteolysis [194]. 

Arguably, the best-characterised feature of annexin A1 and N-terminal peptide derivatives is the 

profound anti-inflammatory effect exhibited on leukocyte activation and extravasation [211, 

212]. Annexin A1 was originally described as a glucocorticoid-inducible protein with the ability 

to inhibit phospholipase A2 activity and therefore the generation of prostaglandins [213]. Both the 

full length protein and a peptide derived from the N-terminus, Ac2-26, were shown soon after to 

display anti-inflammatory properties in a number of acute models of inflammation [214, 215]. 

Following on from these early findings, a host of studies utilising neutralising antibodies and 

exogenously administered protein have described further anti-inflammatory actions for annexin 

A1 and Ac2-26 in vitro and in vivo [211, 216], many of which primarily affect neutrophil 

function and trafficking. Perhaps the most compelling data from this set of studies was the 

generation of the annexin A1 knockout mouse, which demonstrates an irregular inflammatory 

response [217]. Annexin A1-null mice display a heightened response to exogenous stimuli in 

models of acute and chronic inflammation [218]. These inflammatory events take longer to 

resolve compared to wild-type mice and are resistant to the anti-inflammatory effects of 

glucocorticoids [219, 220]. Other features quantified included an upregulation of other annexins, 
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increased spontaneous migratory behaviour of leukocytes and altered leukocyte adhesion 

molecule expression (reviewed in [217]). 

Evidence is emerging that annexin A1 may also play an important regulatory role in tumour 

development. The detection of annexin A1 in clinical cancer tissues has clearly shown altered 

expression, however whilst expression is reduced in some cancers, it has been observed at 

elevated levels in others [221]. Given the variation of annexin A1, this may indicate that 

expression is linked to factors such as cancer progression, tumour type or differentiation status, 

however its precise function still remains to be identified. 

Through the use of blocking antibodies and recombinant annexin A1, the experiments performed 

in this chapter confirmed that annexin A1 was the ERK-activating factor present in fMLP-

stimulated neutrophil conditioned medium. Unexpectedly, it was determined that the active form 

of annexin A1 was not full length protein, but a truncated product potentially generated following 

neutrophil calpain I cleavage. 
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______________________________________________________________________________ 

RESULTS 

 

4.1. Annexin A1 Ab inhibits endothelial ERK-activation by fMLP-stimulated neutrophil 

conditioned medium 

As outlined in chapter 3, annexin A1 was identified as a component of fMLP-stimulated 

neutrophil conditioned medium by mass spectrometry (Figure 3.6, band 2). To determine if 

annexin A1 was the ERK-activating factor, an annexin A1 mAb was added with the neutrophil 

conditioned medium to endothelial cells and its ability to neutralise the ERK-activating effect 

was examined. The level of activated ERK in HUVEC induced by neutrophil conditioned 

medium was markedly reduced in the presence of the annexin A1 mAb when compared to that of 

HUVEC treated with conditioned medium alone (Figure 4.1). In contrast, a control irrelevant, 

isotype matched mAb to keyhole limpet hemocyanin (KLH) had no effect on ERK activation 

induced by neutrophil conditioned medium (Figure 4.1). This suggested that annexin A1 could be 

the ERK-activating factor in neutrophil conditioned medium. An annexin A1 immuno-depletion 

experiment was also performed, where the protein A sepharose-Ab-annexin A1 complex was 

removed from the conditioned medium. When annexin A1 immunodepleted neutrophil 

conditioned medium was tested on resting HUVEC, its potency in activating ERK was 

significantly reduced when compared to conditioned medium alone (Figure 4.1). This further 

supported the role of annexin A1 as the ERK-activating protein in neutrophil conditioned 

medium. To ensure the ERK-inhibiting effect was not peculiar to the annexin A1 monoclonal Ab, 

an annexin A1 polyclonal Ab was also tested and showed identical results (Figure 4.2), although 

an irrelevant rabbit IgG control should have also been tested to validate this result. 

 

4.2. Annexin A1 Ab inhibits endothelial ERK-activation by IL8-stimulated neutrophil 

conditioned medium 

A wide range of pro-inflammatory mediators involved in the inflammatory response can 

stimulate neutrophil degranulation. Therefore to determine if the release of annexin A1 is specific 

to fMLP or if it is pertinent other neutrophil activators, neutrophils were incubated with the pro-

inflammatory cytokine IL-8 and the resulting conditioned medium was tested on resting HUVEC 

monolayers for endothelial ERK activation. IL-8 stimulated neutrophil conditioned medium  



  

 

Figure 4.1: Annexin A1 mAb inhibits ERK-activation in HUVECs induced by 
fMLP-stimulated neutrophil conditioned medium. 
 
Upper panel- Resting HUVEC monolayers were treated with PBS (Nil), 0.25μg/ml 
PMA as a positive control, neutrophil conditioned medium (CM), neutrophil condi-
tioned medium with 5μg annexin A1 mAb (CM + AnxA1 mAb), supernatant from 
an annexin 1 immunodepleted neutrophil-conditioned medium (AnxA1 I.P S/N), 
neutrophil conditioned medium with 5μg irrelevant anti-KLH mAb (CM + KLH 
Ab), for 10 min.  HUVEC ERK activation was determined by western blotting 
whole cell lysates with an Ab to phosphorylated ERK. 
Lower panel- The membrane reprobed with anti– total ERK Ab after stripping. 
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Figure 4.2: Annexin A1 pAb inhibits ERK activation in HUVECs induced by 
fMLP-stimulated neutrophil conditioned medium. 
 
Upper panel- Resting HUVEC monolayers were treated with PBS (Nil), unstimu-
lated neutrophil conditioned medium (Unstim CM), fMLP-stimulated neutrophil 
conditioned medium (CM), and neutrophil conditioned medium + 5μg annexin A1 
pAb (CM + AnxA1 pAb). HUVEC ERK activation was determined by western 
blotting whole cell lysates with an Ab to phosphorylated ERK. 
Lower panel- The membrane reprobed with β-tubulin Ab. 
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Figure 4.3: Annexin A1 mAb inhibits ERK activation in HUVECs induced by 
IL-8-stimulated neutrophil conditioned medium. 
 
Upper panel- Resting HUVEC monolayers were treated with PBS (Nil), unstimu-
lated neutrophil conditioned medium (unstimulated CM), IL-8-stimulated neutro-
phil conditioned medium (IL8 CM), IL-8 neutrophil conditioned medium + 5μg 
annexin A1 mAb (IL8 CM + AnxA1 Ab), and fMLP-stimulated neutrophil-
conditioned medium (fMLP CM). HUVEC ERK activation was determined by 
western blotting whole cell lysates with an Ab to phosphorylated ERK. 
Lower panel- The membrane reprobed with β-tubulin Ab. 
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could activate endothelial ERK (Figure 4.3). Furthermore, the addition of annexin A1 mAb to IL-

8-stimulated conditioned medium effectively reduced ERK activation to a degree similar to that 

induced by conditioned medium from unstimulated neutrophils (Figure 4.3). This indicated that 

neutrophil stimulation and subsequent release of the ERK-activating factor was not limited to 

stimulation by the formyl peptide receptors and could also be released in response to IL-8 

receptor binding. 

 

4.3. Annexin A1 Ab inhibits neutrophil transendothelial migration in vitro 

We have previously shown that endothelial ERK activation is an essential requirement for 

neutrophil transmigration to occur [99]. Therefore the effect of the annexin A1 Ab on neutrophil 

transmigration was investigated. This was conducted using an in vitro model of neutrophil 

migration across a confluent monolayer of cultured HUVEC, as outlined in materials and 

methods (Figure 2.4). Transmigration was induced by the addition of an exogenous 

chemoattractant gradient (fMLP) or by activating the endothelial cells with TNF-α, a cytokine 

that is released during the pro-inflammatory response and activates endothelial and immune cells 

in vivo. The addition of annexin A1 Ab to the assay significantly impaired neutrophil 

transmigration across HUVEC monolayers in response to an fMLP gradient (Figure 4.4, reduced 

by ~ 3.5 fold) and across TNF-α-activated HUVEC (Figure 4.5, reduced by ~ 3 fold) compared to 

the control isotype-matched KLH Ab. Basal levels of transmigration can be seen in the first 

column of Figures 4.4 and 4.5, where neither a stimulus nor Ab was added to the assay. This data 

suggested that blocking neutrophil induced ERK activation in endothelial cells with the annexin 

A1 mAb could effectively inhibit neutrophil transendothelial migration in vitro. 

 

4.4. Cloning and expression of human annexin A1 in human embryonic kidney cells 

Inhibition of endothelial ERK activation induced by neutrophil conditioned medium as well as 

neutrophil transmigration by the annexin A1 Ab suggested annexin A1 was critical for activating 

endothelial ERK that is essential for transmigration. It was therefore investigated whether 

purified recombinant annexin A1 could activate endothelial ERK. Untagged human annexin A1 

was cloned from human granulocyte mRNA and inserted into the pcDNA3 mammalian 

expression vector, where expression is driven by the CMV promoter (Figure 2.3). The entire  



  

 

Figure 4.4: Annexin A1 mAb inhibits neutrophil transendothelial migration 
induced by fMLP in vitro. 
 
HUVEC monolayers were established on Transwells as described. 5 x 105 neu-
trophils were added to the top chamber with 5μg annexin A1 mAb (AnxA1), 
5μg irrelevant KLH mAb (KLH) or without antibody (-). Transmigration was 
measured across unstimulated endothelium, with and without a 10nm fMLP gra-
dient, and expressed as a percentage of the total amount of neutrophils added. 
The experiment was conducted 3 times in triplicate. *** p<0.0001 (unpaired t-
test comparing AnxA1 and KLH columns). Bars indicate +/- SEM. 
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Figure 4.5: Annexin A1 mAb inhibits neutrophil transendothelial migration 
across TNF-α activated HUVEC in vitro. 
 
HUVEC monolayers were established on Transwells as described and were either 
activated with TNF-α (4ng/ml) for 4h before conducting the assay or were left un-
treated. 5 x 105 neutrophils were added to the top chamber with 5μg annexin A1 
mAb (AnxA1), 5μg irrelevant KLH mAb (KLH) or without antibody (-). Transmi-
gration was measured and expressed as a percentage of the total amount of neutro-
phils added. The experiment was conducted 3 times in triplicate. *** p<0.001 
(unpaired t-test comparing AnxA1 and KLH columns). Bars indicate +/- SEM. 
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cDNA was sequenced and determined to be mutation free. The annexin A1 plasmid was 

transfected into HEK293 cells and clonal cell lines stably expressing annexin A1 were generated 

following selection with geneticin (G418). Annexin A1 expression levels in the HEK293 clones 

was analysed by western blotting (Figure 4.6). The high level of annexin A1 expression in clone 

1 made it the clone of choice for purification of recombinant annexin A1. 

 

4.5. Purification of recombinant annexin A1 

Annexin A1 was purified from clone 1 using an established method employing differential 

calcium precipitation and anion exchange chromatography, previously outlined by Rothhut and 

colleagues [159]. Following calcium precipitation of cell lysates, the pellet was resuspended in 

buffer containing EGTA and a final ultra-centrifugation step performed. The supernatant 

containing annexin A1 was then injected onto a Mono Q anion exchange column and proteins 

were eluted by applying a salt gradient. Total protein eluted from the Mono Q column can be 

seen in Figure 4.7A, and the fractions containing annexin A1 present in these fractions were 

analysed by western blotting (Figures 4.7B). The proteins that passed through the column and did 

not bind to it were TCA precipitated and analysed by western blotting, to reveal that only a small 

amount of annexin A1 did not bind (Figure 4.8). It was therefore concluded that the vast majority 

of the protein was binding to the column and was not being lost in the flow-through. Examination 

of particulate material remaining after resolubilisation with EGTA for annexin A1 by western 

blotting (Figure 4.8) showed that a large amount was retained in the pellet and had not been 

resolubilised completely. Steps were taken subsequently to reduce the amount of annexin A1 

remaining in the pellet, such as increasing the EGTA concentration, increasing the EGTA 

resolubilisation time and sonicating the pellet, but were without success (data not shown). 

Analysis of annexin A1 in the Mono Q fractions showed that the majority of the protein eluted 

rapidly from the column and was present in fractions 1 and 2 (Figure 4.8) and had rapidly eluted 

from the column at a salt concentration very much lower than the reported concentration of 

0.23M NaCl [159]. More annexin A1 further eluted off the column in fractions 9 and 10, 

corresponding to approximately 0.06M – 0.08M NaCl, which is still significantly lower than 

0.23M NaCl. The difference in the amount of NaCl needed to elute annexin A1 from the column 

was probably due to the condition of the Mono Q column, as it had been extensively used and 

had undergone repeated chemical cleaning. Fractions collected after fraction 16 were also 

examined, but no other significant annexin A1 peaks were detectable by western blotting (data  



  

 

Figure 4.6: Analysis of annexin A1 expression in G418-resistant HEK293 clones.  
 
Annexin A1 was cloned into pcDNA3 and transfected into HEK293 cells, then 
grown in the presence of G418 to select for stable transformants. Isolated colonies 
were propagated individually and equal amounts of total protein from each clone 
were analysed for annexin A1 expression by western blotting using an anti-annexin 
A1 mAb. Vector transfected lysate (pcDNA3) was included as a negative control. 
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Figure 4.7: Analysis of annexin A1 levels in Mono Q fractions. 
 
A) Elution profile of total protein from Mono Q anion exchange chromatography. 
B) 30μl of fractions 1-16 were resolved on 10% SDS-PAGE gels and transferred to 
PVDF membranes. Membranes were probed with an annexin A1 mAb. fMLP-
stimulated neutrophil conditioned medium (CM) was also run as a positive control.  
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Figure 4.8: Analysis of annexin A1 levels in Mono Q fractions. 
 
Mono Q fractions and the entire flow-through (FT) were TCA precipi-
tated and run on a 10% SDS-PAGE gel. One-fiftieth of the pellet re-
maining after EGTA resolubilisation(Pellet) was also run on the gel. 
Annexin A1 content was analysed by western blotting with an annexin 
A1 mAb. 
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not shown). Since a significant proportion of annexin A1 eluted in fraction 1, this would be the 

fraction of choice for subsequent analyses. Hence, the level of contaminating proteins present in 

this fraction were analysed by coomassie blue staining (Figure 4.9A) and silver staining (Figure 

4.9B) to determine if the annexin A1 was sufficiently pure to be used. The contaminating 

proteins were found to be negligible, with only two minor bands being detected by silver 

staining. Therefore the annexin A1-containing fraction 1 was deemed to be suitable for use in 

subsequent experiments.  

 

4.6. Purified recombinant annexin A1 activates endothelial ERK 

Purified annexin A1 from fraction 1 was incubated on resting HUVEC monolayers. Western 

blotting analysis showed a marked increase in ERK-activation in cells treated with 1.25 µg/ml 

annexin A1, compared the vehicle control where there was no effect (Figure 4.10). Increasing the 

amount of annexin A1 added to 2µg/ml further increased the degree of ERK-activation (Figure 

4.10). The finding that recombinant annexin A1 could activate endothelial ERK reinforced our 

earlier conclusion from studies using the blocking Abs to annexin A1; that the ERK-activating 

factor present in fMLP-stimulated neutrophil conditioned medium was annexin A1. Further 

characterisation of annexin A1 and its role in neutrophil transmigration were therefore carried 

out. 

 

4.7. Truncated annexin A1 activates endothelial ERK 

During the purification of recombinant annexin A1, both full-length and a 33 kDa truncated form 

of annexin A1 routinely co-fractionated, with their ratio often varying between preparations (see 

Figures 4.7B, 4.9A and 4.9B for examples).  At times, the two forms eluted separately in adjacent 

fractions from the Mono Q column (see fractions 9 and 10, Figure 4.7B). Equal volumes of 

fractions 9 and 10, containing 5µg of total protein, were tested on HUVEC for their ability to 

activate ERK. It was found that fraction 9, containing predominantly truncated annexin A1, 

activated ERK to a greater extent than fraction 10, which contained predominantly full length 

annexin A1 (Figure 4.11), suggesting that the truncated form of annexin A1 is much more active 

than full length annexin A1. Other earlier results were also reviewed in light of this finding and it 

was found that many of the annexin A1 bands observed were not the full length 37kDa form, but  



  

 

Figure 4.9: Analysis of Mono Q Fraction 1. 
 
A) The entire fraction 1 was TCA precipitated, the proteins resolved on a 
10% SDS-PAGE gel and transferred to PVDF membrane. The PVDF was 
stained with coomassie blue to detect total protein. 
B) Proteins present in 40μl of fraction 1 were resolved on a 10% SDS-PAGE 
gel, which was then silver stained to detect total protein. Stars denote con-
taminating protein bands. 
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Figure 4.10: Recombinant annexin A1 activates endothelial ERK. 
 
Upper panel-  Resting HUVEC monolayers were treated with 1.25μg/ml or 2 μg/ml 
recombinant annexin A1 and the corresponding volumes of vehicle control (20mM 
ethanolamine). HUVEC ERK activation was determined by western blotting whole 
cell lysates with an Ab to phosphorylated ERK. 
Lower panel-  The membrane reprobed with anti– total ERK after stripping. 
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Figure 4.11: Truncated annexin A1 activates endothelial ERK. 
 
Upper panel- 5μg of Mono Q fractions 9 and 10 (lower panel) were incubated on 
resting HUVEC monolayers for 10 min, then phosphorylated ERK was detected by 
western blotting. A positive control (fraction 1) containing both forms of the protein 
was also included. HUVEC ERK activation was determined by western blotting 
whole cell lysates with an Ab to phosphorylated ERK. 
Middle panel- The membrane probed with anti-total ERK Ab after stripping. 
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rather a smaller form of the protein (see Figure 3.6, a SDS-PAGE gel of fractionated neutrophil 

conditioned medium used for mass spectrometry where annexin A1 was initially identified). This 

suggested the smaller molecular weight form of annexin A1 present in the protein preparation 

was the form responsible for activating endothelial ERK, instead of the full length protein. 

 

4.8. N-terminal sequencing of annexin A1 present in fMLP-stimulated neutrophil 

conditioned medium 

The results in 4.7 suggested that a truncated form of annexin A1, potentially due to proteolytic 

cleavage, was responsible for activating endothelial ERK. The annexin A1 present in fMLP- 

stimulated neutrophil conditioned medium was subjected to N-terminal sequencing (performed 

by Chris Cursaro, Adelaide Proteomics Centre) with the purpose of identifying potential cleavage 

sites and consequently the protease responsible for cleaving annexin A1. However, after a 

number of attempts using different extraction techniques to obtain annexin A1 from neutrophil 

conditioned medium (extracting the annexin A1 from both SDS-PAGE gel and PVDF 

membrane), the N-terminus could not be detected for the protein (data not shown). Such a result 

could be because the protein is N-terminally blocked by post-translational modifications and 

therefore suggests the protein has not been cleaved by a protease, or simply that the N-terminal 

sequencing reaction was unsuccessful.  

 

4.9. Calpain I proteolysis of annexin A1 yields an ERK-activating product 

Cathepsin D, calpain I and plasmin have previously been shown to cleave annexin A1 in the N-

terminal region after Trp-12, Lys-26 and Lys-29 respectively [222], therefore all three were 

tested. Full length, purified recombinant annexin A1 (40µg total protein) was cleaved with 

human calpain I and the resulting products were assayed on HUVEC (Figure 4.12A). Under these 

conditions, calpain treatment for 20 minutes appeared to result in the greatest degree of ERK 

activation, which persisted for 40 minutes but returned to vehicle-treated control levels by 60 

minutes (Figure 4.12A). Full length annexin A1 alone could not activate ERK (Figure 4.12A). 

This suggests that a calpain cleavage product of annexin A1 activates ERK but that this cleavage 

product may have a limited lifetime. The annexin A1 present in each of these samples (25µg total 

protein, ~2/3 of that assayed on HUVEC) was analysed by western blotting (Figure 4.12B),  



  

 

Figure 4.12: Calpain-cleaved recombinant annexin A1 activates endothelial 
ERK. 
 
A) Upper panel– 40μg partially purified annexin A1 (total protein concentration) 
was proteolysed by human calpain I for the indicated time periods, then incubated 
on resting HUVEC monolayers for 10 min. 40μg uncleaved annexin A1 (AnxA1) 
and vehicle control (vehicle) were also tested. HUVEC ERK activation was deter-
mined by western blotting whole cell lysates with an Ab to phosphorylated ERK.  
Lower panel– The membrane reprobed with β-tubulin mAb. 
 
B) 25μg of calpain-cleaved annexin 1 from each time point was analysed by west-
ern blotting with an annexin A1 mAb. The 60’ calpain cleavage timepoint is ab-
sent. 
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however a cleavage product could not be detected, although a loss of full length protein was 

observed, presumably due to its low concentration as a consequence of its short half-life. In an 

experiment using the same conditions but with the inclusion of additional controls, it was again 

shown that full length annexin A1 could not activate ERK in HUVEC, whereas annexin A1 

cleaved with calpain I could (Figure 4.13). The addition of 1µM calpain I inhibitor during 

annexin A1 proteolysis effectively inhibited ERK activation induced by the annexin A1/calpain I 

mixture (Figure 4.13), most likely by preventing the formation of the annexin A1 cleavage 

product, although again, the cleavage product could not be detected by western blotting (Figure 

4.13). Calpain incubated with the vehicle control could not induce ERK activation above that 

observed in the annexin A1 alone sample (Figure 4.13). Annexin A1 plus inhibitor and vehicle 

alone controls are absent from this blot and should have been included. These results suggested 

that an annexin A1 cleavage product and not the full length form of the protein, was activating 

endothelial ERK. The inability to detect the active cleavage product along with the observation 

that prolonged incubation with calpain I led to a loss of activity suggested that the active cleavage 

product was transient. fMLP-stimulated neutrophil conditioned medium was therefore treated 

with calpain I to determine if the ERK-activating product was being processed by calpain I at an 

additional site, as the only annexin A1 released by neutrophils is proteolytically cleaved in the 

secretion process. The level of annexin A1 in conditioned medium increased following the 

treatment of neutrophils with fMLP compared to unstimulated neutrophils, however annexin A1 

in the same fMLP-stimulated conditioned medium was undetectable after incubation with calpain 

I (Figure 4.14). This indicated that calpain I did indeed cleave at an additional recognition 

sequence located within annexin A1. This was the most likely reason that a product was not 

observable when recombinant annexin A1 was cleaved with exogenous calpain I and that the 

ERK-activating annexin A1 was a transient product in these experiments. 

 

4.10. Calpain inhibitor prevents secretion of active annexin A1 from neutrophils 

To demonstrate that calpain I also plays a role in generating active annexin A1 from stimulated 

neutrophils, a calpain inhibitor was included either during the fMLP-stimulation of neutrophils or 

the endothelium prior to the addition of neutrophil conditioned medium (generated without 

calpain inhibitor). Although the unstimulated conditioned medium and conditioned medium lanes 

have electrophoresed oddly, it was clear that conditioned medium obtained from neutrophils  

 



  

 

Figure 4.13: Calpain-cleaved recombinant annexin A1 activates endothelial 
ERK. 
 
Upper panel- Resting HUVEC monolayers were treated with 20μg partially puri-
fied annexin A1 (AnxA1), 20μg calpain-cleaved purified annexin A1 (AnxA1 + 
calpain), 20μg purified annexin A1 with calpain inhibitor included during calpain 
treatment (AnxA1 + calpain + inhibitor), vehicle control with calpain (Calpain + 
vehicle), vehicle control with inhibitor (Inhibitor + vehicle), for 10 min. HUVEC 
ERK activation was determined by western blotting lysates with an Ab to phos-
phorylated ERK. 
Middle panel- The membrane reprobed with β-tubulin mAb. 
Lower panel– Samples tested on HUVEC were analysed for annexin A1 content by 
western blotting with an Ab to annexin A1. 

pERK 

β-tubulin  

A
nx

A
1 

 

In
hi

bi
to

r +
 v

eh
ic

le
 

A
nx

A
1 

+ 
ca

lp
ai

n 
 

A
nx

A
1 

+ 
ca

lp
ai

n 
+ 

in
hi

bi
to

r 

C
al

pa
in

 +
 v

eh
ic

le
 

AnxA1 

101 



  

 

C
M

 +
 fM

LP
 +

 c
al

pa
in

 

U
ns

tim
 C

M
 

C
M

 +
 fM

LP
 

AnxA1 

Figure 4.14: Annexin A1 content in unstimulated, fMLP-
stimulated and calpain-treated fMLP-stimulated neutrophil 
conditioned medium. 
 
Conditioned medium from vehicle-treated neutrophil condi-
tioned medium, fMLP-stimulated neutrophil conditioned me-
dium and calpain-treated fMLP-stimulated neutrophil condi-
tioned medium were analysed for annexin A1 content by west-
ern blotting with an Ab to annexin A1. 
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stimulated in the presence of the calpain inhibitor could not activate ERK to the same extent as 

when the inhibitor was added to HUVEC but not neutrophils during the stimulation (Figure 4.15). 

This highlights that the effect of the inhibitor was due to the inhibition of neutrophil calpain I, not 

endothelial calpain I. 

4.11. Analysis of peptides from mass spectrometry 

Following the observation that calpain cleavage was essential for generating the endothelial 

ERK-activating factor and the lack of success with obtaining an N-terminal sequence, mass 

spectrometry data of the active annexin A1 found in neutrophil-conditioned medium was returned 

to in an attempt to locate the calpain cleavage site. Tryptic digestion of full-length annexin A1 

would yield the peptides shown in Figure 4.16, however there was no evidence of peptides 1 

(residues 1-9) and 2 (residues 10-26) being present in neutrophil conditioned medium. Peptide 3 

(residues 27-29) of which the C-terminal end sits adjacent to the calpain-cleavage site, was also 

not detected, possibly due to its size and was probably not retained on the reverse-phase column. 

Peptide 4 (residues 30-53) was strongly detected, as were many of the following C-terminal 

peptides. This data suggested that the previously reported calpain cleavage site between Lys-26 

and Ser-27 could potentially be the site recognised by calpain to generate 33kDa annexin A1 

present in fMLP-stimulated neutrophil conditioned medium. A peptide with an N-terminus 

beginning at Ser-37, which follows Val-36 in the intact protein, was also found in the mass 

spectrometry data (Figure 4.16). Tryptic digestion could not have generated this peptide, as 

trypsin specifically cleaves after lysine or arginine residues, which therefore suggests that this 

peptide was generated by an additional protease, most likely neutrophil elastase (see Discussion). 

 

4.12. Annexin A1 N-terminal peptide, Ac2-26, does not activate endothelial ERK 

In numerous studies investigating annexin A1 function both in vitro and in vivo, the N-terminal 

annexin A1 peptide Ac2-26 has been used as it mimics the activity of full length annexin A1 

[211, 223]. This peptide was synthesised and different concentrations were tested on HUVEC, 

but could not activate ERK in the same manner as neutrophil-conditioned medium containing 

truncated annexin A1 (Figures 4.17 and 4.18). To determine if Ac2-26 had a potential inhibitory 

effect on endothelial ERK, the annexin A1 N-terminal peptide was added with neutrophil 

conditioned medium to HUVECs, but did not affect ERK activation (Figure 4.18). This  

 



  

 

Figure 4.15: Calpain inhibitor prevents neutrophil secretion of an ERK-
activating product. 
 
Upper panel- Resting HUVEC monolayers were treated with unstimulated neutro-
phil conditioned medium (Unstimulated CM), fMLP-stimulated neutrophil condi-
tioned medium (CM) and conditioned medium from neutrophils that were pre-
incubated with calpain inhibitor XII for 10 min before fMLP stimulation (CM + 
inhibitor (neuts)). HUVEC were also treated with the calpain inhibitor for 10 min, 
then  with fMLP-stimulated neutrophil conditioned medium (CM + inhibitor 
(HUVEC)). HUVEC ERK activation was determined by western blotting whole 
cell lysates with an Ab to phosphorylated ERK. 
Lower panel- The membrane reprobed with a β-tubulin mAb.   
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Figure 4.16: Annexin A1 peptides identified by mass spectrometry. 
 
Mass spectrometry data returned for annexin A1-containing band 2, Figure 3.6. 
Alternating bold sequences indicate theoretical peptides that would be generated 
following tryptic digestion of full length annexin A1. Peptides underlined in red 
were detected during mass spectrometry analysis. 
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Figure 4.17: Annexin A1 N-terminal peptide, Ac2-26, does not activate  
endothelial ERK. 
 
Upper panel- Resting HUVEC monolayers were treated with 125, 250 and 
500μg/ml Ac2-26. HUVEC were also treated with PMA as a positive control. 
HUVEC ERK activation was determined by western blotting whole cell lysates 
with an Ab to phosphorylated ERK. 
Lower panel- The membrane probed with anti-total ERK after stripping. 
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Figure 4.18: Annexin A1 N-terminal peptide, Ac2-26, does not activate  
endothelial ERK alone and cannot inhibit ERK activation induced by fMLP-
stimulated neutrophil conditioned medium. 
 
Resting HUVEC monolayers were treated with PBS (Nil), unstimulated neutrophil 
conditioned medium (Unstim CM), 250μg/ml Ac2-26, fMLP-stimulated neutrophil 
conditioned medium with Ac2-26 vehicle (CM + vehicle) and fMLP-stimulated 
neutrophil conditioned medium with 250μg/ml Ac2-26 (CM + 250μg/ml  Ac2-26 ). 
HUVEC ERK activation was determined by western blotting whole cell lysates 
with an Ab to phosphorylated ERK. 
Equal amounts of total protein were loaded in each lane but the blot was not 
reprobed to verify this, however the intensity of non-specific bands indicate even 
loading. 
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confirmed that the N-terminal portion of annexin A1, proximal to the calpain cleavage site, did 

not possess the capacity to activate ERK like the C-terminal calpain cleavage product, nor could 

it inhibit ERK activation induced by annexin A1 present in neutrophil conditioned medium. 
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______________________________________________________________________________ 

DISCUSSION 

 

This chapter identified the pro-inflammatory, ERK-activating protein of interest present in fMLP-

stimulated neutrophil conditioned medium as annexin A1. Both annexin A1 monoclonal and 

polyclonal Abs had the ability to inhibit ERK-activation induced by neutrophil conditioned 

medium (Figures 4.1 and 4.2), presumably by binding to annexin A1 and preventing it from 

interacting with its endothelial receptor. In addition, when annexin A1 was removed from 

conditioned medium by immunoprecipitation, the depleted conditioned medium could no longer 

activate endothelial ERK, which further confirmed that annexin A1 was the soluble ERK-

activating protein. The Ab behaved similarly in an in vitro model of neutrophil transmigration, 

where it significantly inhibited transmigration in response to fMLP and across activated 

endothelial monolayers (Figures 4.4 and 4.5). Cumulatively, these results suggested that 

following the secretion of annexin A1 from stimulated neutrophils, it functions in a pro-

inflammatory manner by activating endothelial ERK to promote transmigration. 

In direct contrast, the current literature pertaining to annexin A1 describes it as an anti-

inflammatory protein with a well-established role in mediating the effects of glucocorticoids 

[224]. Exogenously administered annexin A1 and peptides derived from the N-terminal region 

display strong anti-inflammatory effects both in vitro [225] and in vivo in several models of acute 

inflammation [215, 226-229], through an inhibitory effect on neutrophil recruitment [211, 230] 

and interference with neutrophil adhesion to the endothelium [216, 231]. In light of the data in 

these studies, the initial results observed showing an inhibitory effect of the annexin A1 mAb on 

endothelial ERK activation and neutrophil transmigration were regarded with caution. To 

demonstrate unequivocally that annexin A1 could activate endothelial ERK, the activity of 

exogenously administered annexin A1 on HUVEC needed to be evaluated. It was therefore 

resolved that annexin A1 would be over-expressed and purified using established protocols to 

address this issue. As human annexin A1 is glycosylated in vivo [232], its over-expression was 

performed in a mammalian cell line rather than in bacteria, so this and other potentially relevant 

post-translational modifications would be present on the recombinant protein. Expression in 

mammalian cells also circumvented potential issues of LPS contamination of purified protein, as 

HUVEC are particularly reactive to LPS and could become artificially activated if LPS was 

present in the final protein preparation [233, 234]. Initial experiments showed that the addition of 
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purified annexin A1 could increase phospho-ERK levels in HUVEC (Figure 3.18), however 

further investigation found that this was not due to full length annexin A1. Recombinant annexin 

A1 purified from mammalian HEK293 cells was generally comprised of two forms present in the 

active fraction: the 37kDa full length protein and a smaller molecular weight form of 

approximately 33kDa. The presence of this smaller molecular weight form was not surprising as 

it has been widely observed in the literature, but investigations into its biological function have 

been limited to calcium requirements for membrane binding [194, 235].  Following the 

separation of the two forms, it was found that full length annexin A1 had no effect on endothelial 

ERK, whereas the smaller molecular weight form alone was sufficient to induce ERK-activation 

(Figure 4.11). A question still remained however, regarding the origin of the truncated protein. 

As annexin A1 can be glycosylated in vivo, the two annexin A1 bands observed could reflect 

differences in glycosylation of the protein, thus providing an explanation as to why annexin A1 

species of different molecular weights were observed. It was also possible that the truncated form 

of annexin A1 was the result of proteolytic activity. It is well established that annexin A1 

possesses signals within the N-terminal domain that target the region for post-translational 

modification [236-238] and proteolysis [239, 240]. This occurs in many cell types, including 

neutrophils where phosphorylation, proteolysis and then secretion of annexin A1 results after 

activation [200, 202]. This suggested that that the smaller molecular weight form of annexin A1 

observed could potentially be N-terminally truncated due to proteolysis. 

To identify the protease responsible for cleaving annexin A1 into its ERK-activating form, N-

terminal sequencing of the annexin A1 cleavage product was attempted, however a sequence 

could not be obtained. Truncated annexin A1 was prepared for N-terminal sequencing in two 

ways. Purified recombinant annexin A1 from HEK293s was initially used (the preparation shown 

in Figure 4.9B, which contained a higher proportion of cleaved annexin A1), despite full length 

protein being present. Full length annexin A1 is N-terminally blocked due to an acetylation 

modification [241] and will therefore not generate a signal to interfere with data obtained from N-

terminal sequencing truncated annexin A1. As a signal could not be obtained using this method, 

fMLP-stimulated neutrophil conditioned medium was fractionated using gel filtration 

chromatography, then the ERK-activating fraction separated by SDS-PAGE and transferred to 

PVDF membrane. The annexin A1 band was excised, extracted from the membrane and 

subjected to N-terminal sequencing, however this method also failed to yield a sequence. The 

effectiveness of the N-terminal sequencing reaction was questioned, as both reactions also failed 

to identify the species of annexin A1 cleaved between Val-36 and Ser-37 by neutrophil elastase 
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[242], which was known to be present in the annexin A1 band from the original mass 

spectrometry data where annexin A1 was initially identified as a possible target (Figure 4.16). It 

was therefore concluded that the problem probably resided in the N-terminal sequencing rather 

than the protein preparation itself. Due to the lack of availability of an alternative sequencing 

service, another method was required to identify the N-terminus of ERK-activating annexin A1. 

A number of proteases have been shown to cleave annexin A1 in the N-terminal domain: 

cathepsin D [222], calpain I [222], plasmin [222], neutrophil elastase [242, 243], proteinase 3 

[244] and an unidentified matrix metalloprotease [245]. As the ERK-activating fractions 

contained a form of annexin A1 of approximately 33kDa (Figure 4.7B), cleavage sites located 

within the first 30 amino acids were investigated, with a particular focus on cathepsin D, calpain I 

and plasmin. Calpain I, which has a recognition site after residue 26 in annexin A1, was first 

tested to ascertain whether it could generate an annexin A1 cleavage product capable of 

activating ERK in endothelial cells. The reasoning behind this choice was the widely accepted 

fact that an increase in cytoplasmic calcium is required for signal transduction events involved in 

the neutrophil response to inflammatory stimuli [246, 247] and calpain I is a calcium-dependent 

neutral protease present in neutrophils that is activated following fMLP stimulation [248]. This is 

in contrast to cathepsin D and plasmin, which do not require calcium for proteolytic activity. 

Additionally it has been shown that annexin A1 cleavage in activated neutrophils strictly requires 

calcium [249]. It was found that the incubation of HUVEC with full-length recombinant annexin 

A1 cleaved with calpain could increase phosphorylated ERK levels (Figures 4.12 and 4.13). ERK 

activation induced by annexin A1 cleaved by calpain for 60 minutes appeared diminished 

compared to the other time points, probably due to inactivation of calpain I. The aspartic protease 

cathepsin D and the serine protease plasmin are also documented as being able to cleave annexin 

A1 in the N-terminal domain [222]. These were also tested and were not able to generate annexin 

A1 cleavage products capable of activating ERK in endothelial cells (Appendix 3). Furthermore, 

the calpain inhibitor was able to completely inhibit the generation of the active form of annexin 

A1, suggesting that other proteases were not involved in this process. This suggested that the 

calpain cleavage of annexin A1 in neutrophils is a specific processing event required to confer the 

ability to activate endothelial ERK.  

ERK activation induced by the annexin A1/calpain mixture was presumably due to the formation 

of an annexin A1 cleavage product; however the presence of a processed form of annexin A1 in 

the reaction mixture could not be verified by western blotting (Figures 4.12B and 4.13). This was 
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intriguing, as two lines of evidence indicated that that calpain I converted inactive full length 

annexin A1 into an active form, namely; the ability of exogenous calpain I to generate ERK-

activating annexin A1 and the loss of secretion of active annexin A1 from neutrophils when pre-

treated with a calpain inhibitor prior to fMLP stimulation (Figure 4.15). Together this suggested 

that a calpain cleavage product in the neutrophil conditioned medium was responsible for the 

ERK activation observed. As the recombinant annexin A1 data convincingly showed that it could 

activate endothelial ERK, the problem had to lie in the detection of the annexin A1 cleavage 

product. When annexin A1 was cleaved endogenously, either in neutrophils or HEK293 cells, the 

cleavage product could be observed by both western blotting and by coomassie staining if the 

preparation was large enough (Figures 4.7 and 4.9). However when the protein was cleaved in 

vitro with exogenously applied calpain I, the annexin A1 was probably processed to a point 

where no full-length protein was remaining, due to the addition of excessive amounts of protease. 

There is the possibility that an additional calpain cleavage site is located elsewhere on the 

protein, so that following an initial calpain I cleavage event to produce a transient ERK-activating 

product, annexin A1 is then cleaved again and results in the epitope recognised by the antibody 

being removed. Indeed if annexin A1 is behaving in a similar manner to other chemokines, such 

as TNF-α and IL-8 [160], only minute amounts are required to achieve an effect and would not be 

detectable by western blotting. As an exact calpain I recognition sequence is not known [250], 

annexin A1 could not be screened for additional calpain I cleavage sites. To test this hypothesis 

however, fMLP-stimulated neutrophil conditioned medium was cleaved with calpain I, which 

resulted in the loss of the annexin A1 band recognised by the antibody following western blotting 

(Figure 4.14). This suggested that an additional calpain cleavage site is located within the 

annexin A1 sequence, which may be responsible for the difficulty in detecting the ERK-

activating calpain cleavage product generated in vitro. To support this theory, annexin A1 treated 

with calpain I should have been analysed by silver staining to identify all cleavage products. 

In an effort to verify the N-terminus of ERK-activating annexin A1, mass spectrometry data that 

originally identified annexin A1 in neutrophil conditioned medium was reanalysed (Figure 4.16). 

Aligning annexin A1 peptides from the mass spectrometry analysis to the full annexin A1 

sequence highlighted a number of features. Significantly, no N-terminal peptides corresponding 

to the first 29 amino acids were returned. This was not surprising for peptide 3, which would not 

be retained on the reverse phase column due its small size. However peptides 1 and 2 (notably, 

calpain I cleaves immediately after the last amino acid of peptide 2) did not display 

characteristics that would prevent them from being ionised. A number of peptides at the C-
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terminus were also not returned for reason pertaining to the properties of these peptides, with the 

exception of one. The C-terminal peptide ILVACGGN would only be singly charged during the 

analysis and was therefore not subjected to automated fragmentation to give internal sequence 

information, as a peptide cannot be confidently identified from a singly charged ion. Other 

peptides from the C-terminus, AFYQK and GDYEK would also not have been detected in the 

analysis due to their size. Therefore the only remaining C-terminal peptide that was unaccounted 

for was MYGISLCQAILDETK, for which there appears to be no explanation. An additional 

peptide containing an N-terminus of Ser-37 was also identified (Figure 4.16), which could not 

have been generated through tryptic digestion and indicates processing by another protease. 

Interestingly, a truncated form of annexin A1 with Ser-37 has also been identified in 

bronchoalveolar lavage fluid from cystic fibrosis patients [242], which was attributed to 

neutrophil elastase activity. However because another peptide was returned aligning to the 

sequence preceding Ser-37, it was improbable that this was the N-terminus of ERK-activating 

annexin A1. Whilst calpain cleavage from the C-terminus cannot be ruled out, proteolysis after 

residue 26 appears most likely given the extrusion of the N-terminal domain of annexin A1 

following calcium binding [251] and that the two N-terminal peptides preceding the calpain 

recognition site were not returned in the analysis. 

Ac2-26 is an acetylated annexin A1 peptide that has been shown to mimic the anti-inflammatory 

activity of the full length protein [215], thus it has been used extensively to investigate the effects 

of annexin A1 in vitro and in vivo [223, 225, 252, 253]. Conveniently, the Ac2-26 peptide also 

corresponds to the N-terminal portion of annexin up to the calpain cleavage site, where calpain 

cleavage occurs between residues 26 and 27. This provided the perfect means to test whether the 

N-terminal portion of annexin A1 possessed the capacity to activate endothelial ERK in a similar 

manner to calpain-cleaved annexin A1. Like full length annexin A1, Ac2-26 was unable to 

activate ERK in HUVEC, even when an excess of peptide was added (Figure 4.17). Therefore 

despite reports showing that Ac2-26 possesses comparable anti-inflammatory activity to full 

length annexin A1, the peptide failed to mimic the pro-inflammatory properties of calpain-

truncated annexin A1. This presents an interesting situation however, where annexin A1 appears 

to mediate both pro- and anti-inflammatory signals in the context of neutrophil extravasation. The 

area responsible for the anti-inflammatory activity displayed by annexin N-terminal peptides has 

been narrowed down to a stretch of residues ranging from 19-26 [254]. Cleavage with calpain I 

would remove this sequence from annexin A1, therefore abolishing the anti-inflammatory effect 

from the remaining C-terminus of the protein. To determine if the N- and C-terminal portions of 
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annexin A1 were competing for the same endothelial receptor to give opposing effects, Ac2-26 

was incubated on HUVEC with neutrophil conditioned medium to assess whether the peptide 

could inhibit ERK activation. Ac2-26 had no inhibitory effect, suggesting that the two annexin 

A1 entities were signalling through different endothelial receptors, which was interesting given 

the findings described in section 5.2. This set of experiments highlighted that calpain cleavage of 

annexin A1 was a specific processing event required to generate an ERK-activating product and 

that the source of the activity resided in the C-terminal core of the protein.  

It has been shown that glucocorticoid treatment results in annexin A1 upregulation in many cells. 

To determine if glucocorticoids could stimulate the secretion of annexin A1 from neutrophils, 

neutrophils were stimulated with dexamethasone and the resulting conditioned medium was 

assayed on HUVEC. The effect of dexamethasone-stimulated neutrophil conditioned medium on 

ERK activity could not be effectively analysed however, as it was found that dexamethasone 

alone could inhibit phospho-ERK levels in HUVEC (Appendix 4). The inhibitory effect of 

dexamethasone was particularly obvious in this line of HUVEC, as it displayed an elevated level 

of basal ERK phosphorylation which dexamethasone could effectively reduce. The mechanism 

behind this inhibition was unclear, especially since a recent study has shown the exact opposite in 

that dexamethasone treatment increased phospho-ERK levels in HUVEC, although this was 

following a 60 minute incubation period and therefore may be involved in the activation of 

alternate signalling cascades [255]. 

An interesting difference observed between this study and published data is that 

immunoneutralisation of annexin A1 with annexin A1 Abs has been shown to exacerbate 

inflammation and reverse the protective anti-inflammatory effects afforded by glucocorticoids 

[212, 224, 229, 230]. However in our static model of neutrophil transmigration the annexin A1 

Ab essentially inhibited all transmigration across HUVEC. It is possible that the Ab was 

inhibiting transmigration in two ways: 1) by binding to truncated annexin A1 released from 

neutrophils to prevent ERK-activation in HUVEC and 2) by binding to annexin A1 present on the 

neutrophil surface to prevent transmigration by posing as a steric hindrance. The effectiveness of 

annexin A1 Abs in modulating neutrophil extravasation would presumably hinge on the epitope 

that is recognised by the Ab, whether it is specific to the full length protein, truncated annexin A1 

or the N-terminal domain. Many of the studies showing the exacerbation of inflammation 

following passive immunisation with annexin A1 Abs used antiserum to the N-terminal peptide 

only [229, 230], which would not recognise the pro-inflammatory truncated form of annexin A1. 
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These experiments would serve to remove full length annexin A1 and leave the pro-inflammatory 

truncated form still functioning, which explains the increased inflammatory activity, particularly 

if full length annexin A1 plays a role in resolving inflammatory events. This is important to keep 

in mind when reviewing data from experiments where annexin A1 expression has been 

investigated under inflammatory conditions, as the Abs used to detect annexin A1 may only 

recognise certain forms of the protein and not others. 
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______________________________________________________________________________ 

SUMMARY 

 

Annexin A1 was identified as a component of stimulated neutrophil conditioned medium that 

could activate endothelial ERK. To confirm if this was the protein responsible, annexin A1 Abs 

were added to neutrophil conditioned medium to determine if they could immunoneutralise 

annexin A1 and abolish the ERK-activating effect. The Abs inhibited ERK-activation induced by 

neutrophil conditioned medium and additionally inhibited neutrophil transmigration towards a 

chemoattractant and across activated endothelial monolayers in an in vitro model of neutrophil 

transmigration. Although this provided compelling evidence that the soluble neutrophil protein 

was annexin A1, the vast majority of literature reporting the involvement of annexin A1 in 

inflammation describes it as being anti-inflammatory. The hypothesis that annexin A1 was the 

endothelial ERK-activating protein was further confirmed when recombinant annexin A1 was 

produced and was found to increase phospho-ERK levels in HUVEC. Intriguingly, the 

purification of recombinant annexin A1 resulted in two forms being produced; full length 

annexin A1 and a smaller molecular weight form of approximately 33 kDa. This shorter annexin 

A1 product has been described as biologically inactive in the literature, however when its activity 

was compared to full length annexin A1, the smaller form was responsible for inducing ERK-

activation and the full length protein had no effect. As a number of protease recognition sites are 

located in the N-terminal domain of annexin A1, this was pursued as the likely mode of annexin 

A1 truncation. Calpain I, a calcium dependent protease that is activated upon neutrophil 

stimulation with chemoattractant and has also been shown to cleave annexin A1 after Lys-26, 

was able to modify full length inactive recombinant annexin A1 into an unidentified product that 

possessed the capacity to activate endothelial ERK. A calpain I inhibitor was also found to inhibit 

neutrophils from secreting an ERK-activating protein following stimulation with chemoattractant, 

further suggesting that calpain I is involved in the release of pro-inflammatory annexin A1 from 

neutrophils.  

This chapter describes a previously unrecognised, pro-inflammatory function for annexin A1 and 

suggests that a truncated form, most likely generated following calpain I cleavage, is responsible 

for the pro-inflammatory activity observed. Additional experiments need to be performed to 

confirm this hypothesis. 
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Chapter 5 

EFFECTS OF ANNEXIN A1 

ON THE ENDOTHELIUM. 

___________________________________________ 
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______________________________________________________________________________ 

INTRODUCTION 

 

Experiments carried out up to this point were focussed on characterising annexin A1 as the 

soluble neutrophil factor and the features involved in its generation. The direct effects of 

endothelial ERK activation induced by annexin A1 and how this modulated neutrophil 

transendothelial migration remained unclear however, so experiments were directed towards 

addressing this aspect.   

Until this point, the identity of the endothelial receptor for truncated annexin A1 had also 

remained elusive. The only known receptors for annexin A1 and Ac2-26 are the formyl peptide 

receptors (FPRs), a class of 7 transmembrane domain G-protein-coupled receptors [189, 223, 

254]. To date, the FPR family consists of three proteins in humans: FPR, FPRL-1 (formyl peptide 

receptor like 1) and FPRL-2 (formyl peptide receptor like 2). FPR, the first described member of 

the family, has the ability to bind N-formylated peptides with high affinity and is the chemotactic 

receptor involved in neutrophil response to fMLP [256]. As the only known sources of N-

formylated peptides are of bacterial or mitochondrial origin, this suggested a role for the receptor 

in host leukocyte recruitment in response to bacterial infection. FPRL-1 and FPRL-2 were later 

identified as related receptors through a low-stringency hybridisation screen using FPR cDNA, 

where FPRL-1 possesses 69% identity to FPR [257-259] and FPRL-2 shares 56% and 83% 

identity with FPR and FPRL-1 respectively [260, 261]. FPR and FPRL-1, but not FPRL-2, are 

expressed on neutrophils and endothelial cells [262]. It has been established that full length 

annexin A1 and Ac 2-26 are ligands for FPRL-1, and while Ac2-26 has been shown to bind FPR, 

the ability of full length annexin A1 to bind FPR is a matter of speculation [223, 252]. 

Interestingly annexin 1 has been implicated in binding to a carboxylated glycan receptor present 

on bovine lung, which appeared to be part of a complex with the pro-inflammatory proteins 

S100A8 and S100A9 [164]. However bovine annexin A1 bound to the carboxylated glycan 

receptor was found to be a truncated form devoid of the first 12 amino acids when aligned to 

human annexin A1 and annexin A1 derived from other species. As neutrophil transendothelial 

migration is a highly complex process involving many molecules, narrowing down the effect of 

endothelial ERK activation to a particular protein or process without knowing the endothelial 

receptor through which it was being activated would be difficult. It was anticipated that the 

identification of the endothelial receptor for truncated annexin A1 would assist in identifying the 
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downstream consequences of ERK activation, or at least limit the number of possibilities required 

to be investigated.  

Although able to significantly attenuate the degree of neutrophil transmigration, endothelial 

ERK-inhibition has previously been shown to have no effect on β2-integrin-mediated neutrophil 

adhesion to HUVEC monolayers [99]. This suggests that endothelial ERK activation is not 

necessary for the initial adhesion of neutrophils to endothelial cells, but may be important for the 

subsequent steps in transendothelial migration, such as ICAM-1 clustering for the formation of 

transmigratory cups or the actual diapedesis step. Following neutrophil adhesion, endothelial 

transmigratory cup structures enriched in ICAM-1 and VCAM-1 have been shown to form 

around transmigrating neutrophils and are engaged during both paracellular and transcellular 

transmigration [81, 83]. To determine if annexin A1 Abs could affect transmigratory cup 

formation during transcellular and paracellular neutrophil transmigration, an assay was devised 

that monitored the endothelial adhesion molecule ICAM-1 during this process. 

This chapter provides evidence that truncated annexin A1, like the full length protein and Ac2-

26, signals through the FPR family to activate ERK in HUVEC. Furthermore, it was found that 

neutrophil adhesion to HUVEC monolayers and subsequent transcellular migration was impaired 

following treatment with annexin A1 blocking Abs. This highlighted a novel role for annexin A1-

induced ERK-activation in transmigratory cup formation during neutrophil extravasation. 
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______________________________________________________________________________ 

RESULTS 

 

5.1. fMLP-stimulated neutrophil conditioned medium does not increase endothelial 

monolayer permeability 

It has been previously proposed that the isometric tension generated following endothelial cell 

activation by stimulated neutrophils leads to increased paracellular permeability, therefore 

facilitating leukocyte extravasation through the endothelial monolayer [148, 263]. To investigate 

the effect of fMLP-stimulated neutrophil conditioned medium on endothelial permeability, 

conditioned medium was added to confluent HUVEC monolayers and the permeability to FITC-

conjugated dextran was measured after a 1 hour incubation period. It was found that there was no 

significant difference in the monolayer permeability between conditioned medium treated and 

vehicle alone treated cells (Figure 5.1). In contrast, thrombin, a known inducer of endothelial 

permeability [264], was used as a positive control and produced an elevated rate of FITC-dextran 

flux through the HUVEC monolayer. The ERK inhibitor U0126, which has been shown to block 

neutrophil transmigration by inhibiting endothelial ERK-activation [99], slightly decreased 

permeability when added alone but had no significant effect in the presence of neutrophil 

conditioned medium. Therefore neutrophil conditioned medium did not appear to alter the 

paracellular permeability of the endothelial monolayer. 

 

5.2. Formyl peptide receptor antagonist inhibits ERK activation by neutrophil-conditioned 

medium 

Annexin A1 has been shown to be a ligand of formyl peptide receptor like-1 (FPRL-1) [252]. 

Therefore a non-selective FPR antagonist, Boc2 (Boc-Phe-Leu-Phe-Leu-Phe), was employed to 

determine the effect of blocking this receptor family on endothelial ERK activation by 

neutrophil-conditioned medium. Treatment of HUVEC with Boc2 resulted in a dose-dependent 

inhibition of ERK activation induced by fMLP-stimulated neutrophil-conditioned medium, with 

20µM antagonist markedly reducing ERK activation (Figure 5.2A). The vehicle alone could not 

inhibit ERK activation in the same manner, nor could Boc2 non-specifically inhibit ERK 

activation induced by PMA (Figure 5.2B). This data confirmed that truncated annexin A1 

 



 

 

Figure 5.1: fMLP-stimulated neutrophil conditioned medium does not alter HU-
VEC monolayer permeability to FITC-conjugated dextran. 
 
HUVEC monolayers grown in Transwells were treated with the indicated samples mixed 
with FITC-conjugated dextran in the apical chamber for 1h. FITC-conjugated dextran 
present in the basolateral chamber was sampled at 10 minute intervals for the duration of 
the experiment. Figure shows one representative experiment performed of a total of 
three, each in triplicate. Error bars indicate SEM. Lines of best fit were generated by lin-
ear regression analysis. ** p<0.01, one-way ANOVA, followed by Tukey’s multiple 
comparison post test, comparing the Thrombin slope to each of the treatments. The 
slopes from other treatment groups were not significantly different. 
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Figure 5.2: Pre-treatment of HUVEC with Boc2 inhibits ERK activation in-
duced by fMLP-stimulated neutrophil conditioned medium. 
 
A) Upper panel- Resting HUVEC monolayers were pre-treated with either 10 or 
20 μg/ml Boc2 for 10 min as indicated. HUVEC were then treated with fMLP-
stimulated neutrophil conditioned medium with calpain inhibitor (CM + calpain 
inhibitor) or  fMLP-stimulated neutrophil conditioned medium (CM) for 10 min. 
HUVEC ERK activation was determined by western blotting whole cell lysates 
with an Ab to phosphorylated ERK. Lower panel- The membrane reprobed with β-
tubulin Ab. 
B) Resting HUVEC monolayers were pre-treated with 10 μg/ml Boc2 or a equiva-
lent volume of 50% methanol vehicle control for 10 min as indicated. HUVEC 
were then treated with unstimulated neutrophil conditioned medium (Unstim CM), 
fMLP-stimulated neutrophil conditioned medium (CM) or PMA (0.25μg/ml) for 10 
min.  
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released from fMLP-stimulated neutrophils was signalling through the FPR family on the 

endothelium to activate ERK and permit neutrophil transmigration. 

 

5.3. Annexin A1 N-terminal peptide, Ac2-26, cannot inhibit neutrophil transendothelial 

migration in vitro 

A number of reports have shown that annexin A1 and the N-terminal peptide, Ac2-26, exert their 

anti-inflammatory effects on neutrophils by signalling through FPRL-1 [252]. Given the results 

in section 5.2, the effect of the peptide on transmigration was evaluated by adding a titration of 

Ac2-26 to the in vitro model of neutrophil transmigration, which was driven by a 10nM fMLP 

chemoattractant gradient. The inclusion of the peptide did not significantly inhibit the level of 

neutrophil transmigration at any of the concentrations tested (Figure 5.3). The duration of the 

transmigration assay was reduced from 1 hour to 15 or 30 min (Figure 5.4), but Ac2-26 again did 

not affect neutrophil transmigration at these shorter time points. These results indicated that Ac2-

26 could not significantly inhibit neutrophil transmigration in this experimental system.  

 

5.4. Exogenous annexin A1 protein can reduce neutrophil transendothelial migration in 

vitro 

Annexin A1 protein was also added with neutrophils to the transmigration assay to determine if 

transmigration could be increased by the addition of ERK-activating truncated annexin A1. 

Annexin A1 preparations amounting to 10 and 20 µg total protein were added with neutrophils to 

the apical chamber of the Transwells and 10nM fMLP was added to the basolateral chambers to 

establish a chemoattractant gradient to ensure neutrophil activation. After compiling the data 

from six experiments conducted in triplicate, the overall effect of adding exogenous annexin A1 

to the assay was to decrease transmigration compared to the vehicle control (Figure 5.5). This 

indicated that the annexin A1 protein preparation that was added could interfere with neutrophil 

transmigration. This is in direct contrast to the results described in section 5.3 where the annexin 

A1 N-terminal peptide had no effect on neutrophil transmigration. The annexin A1 preparations 

used contained both full length and truncated forms of the protein, where Figure 4.9 shows one 

such preparation that was used. Given that truncated annexin A1 is the predominant form 



 

 

Figure 5.3: Annexin A1 N-terminal peptide, Ac2-26, does not affect neutrophil 
transendothelial migration. 
 
HUVEC monolayers were established on Transwells as described and were either 
activated with TNF-α (4ng/ml) for 4h before conducting the assay or were un-
treated. 10nM fMLP was added to the basolateral chambers of the indicated sam-
ples. 5 x 105 neutrophils were added to the apical chamber with indicated concen-
trations of Ac2-26 or vehicle corresponding to amount added for 200μg/ml Ac2-26. 
Transmigration of neutrophils into the basolateral chamber of the Transwell was 
measured and expressed as a percentage of the total amount of neutrophils added. 
Experiment was performed twice in triplicate. Error bars indicate SEM. 
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Figure 5.4: Annexin A1 N-terminal peptide, Ac2-26, does not affect neutrophil 
transendothelial migration. 
 
HUVEC monolayers were established on Transwells as described and were activated 
with TNF-α (4ng/ml) for 4h before conducting the assay or were left untreated. 10nM 
fMLP was added to the basolateral chambers of the indicated samples. 5 x 105 neutro-
phils were added to the apical chamber with 150μg/ml Ac2-26 or equal volume of 
vehicle. Transmigration was allowed to proceed for the indicated time. Neutrophil 
transmigration into the basolateral chamber of the Transwell was measured and ex-
pressed as a percentage of the total amount of neutrophils added. Experiment was per-
formed once in triplicate. Error bars indicate SEM. 
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Figure 5.5: Effect of exogenously administered annexin A1 on neutrophil  
transendothelial migration in-vitro. 
 
HUVEC monolayers were established on Transwells as described and were either 
activated with TNF-α (4ng/ml) for 4h before conducting the assay or were un-
treated. 10nM fMLP was added to the basolateral chambers of the indicated sam-
ples. 5 x 105 neutrophils were added to the apical chamber with the indicated con-
centrations of annexin A1 or equimolar vehicle corresponding to the amount added 
for 20μg/ml annexin A1. Neutrophil transmigration into the basolateral chamber of 
the Transwell was measured and expressed as a percentage of the total amount of 
neutrophils added. n= 6 for 10μg AnxA1 and n=4 for 20μg AnxA1, with each ex-
periment conducted in triplicate. ** p< 0.01, one-way ANOVA with Bonferroni’s 
Multiple Comparison Post-test (annexin A1 treatment groups compared to vehicle 
treatment). Error bars indicate SEM. 
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secreted by activated neutrophils, it is likely that the full length annexin A1 in the preparation is 

the form that is interfering with neutrophil transmigration. 

 

5.5. Annexin A1 mAb interferes with neutrophil transcellular migration 

As it has been previously shown that endothelial ERK activation was not required for β2-integrin-

mediated neutrophil adhesion to HUVEC monolayers [99], this suggested that molecules 

downstream of the adhesion phase were involved in ERK-mediated neutrophil transmigration. As 

the endothelial adhesion molecules ICAM-1 and VCAM-1 are components of transmigratory 

cups that have been shown to form around transmigrating neutrophils [81, 83], an assay was 

developed to visualise transmigratory cups during neutrophil transmigration by monitoring 

ICAM-1. This assay was used to measure the effect of the annexin A1 Ab on transmigratory cup 

formation. 

 

5.5.1 Assay development  

The assay was based on experiments performed by Carman et al [81], where these experiments 

primarily examined monocyte transmigration. Briefly, HUVEC monolayers grown on glass slides 

were activated with TNF-α to induce ICAM-1 and VCAM-1 upregulation. Neutrophils were 

stimulated with fMLP to activate adhesion molecules required for neutrophil-endothelial 

interactions. Stimulated neutrophils were added to activated HUVEC monolayers for a 2 min 

period, then non-adherent neutrophils were washed away. The HUVEC were then fixed and 

probed with in-house ICAM-1 or VCAM-1 mAbs [154] and an Alexa488-conjugated anti-mouse 

secondary Ab. 

 

5.5.1.1 TNF-α stimulation 

To ensure ICAM-1 and VCAM-1 were being sufficiently upregulated on the surface of HUVEC 

monolayers following TNF-α stimulation, a 6h time course was carried out (Figure 5.6). As 

shown in Figure 5.6, 4-6h stimulation was suitable as this showed an adequate level of ICAM-1 

and VCAM-1 staining on the cell surface. 
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Figure 5.6: TNF-α induced ICAM-1 and VCAM-1 upregulation on HUVEC. 
 
HUVEC monolayers were stimulated with TNF-α for 2, 4 or 6 hours, then washed, fixed 
and stained for either ICAM-1 or VCAM-1 and visualised by indirect immunofluores-
cence using Alexa488-conjugated anti-mouse secondary Ab. Magnification x200. 
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5.5.1.2 Neutrophil incubation with HUVEC monolayers 

Following HUVEC activation with TNF-α, neutrophils were stimulated with 100nM fMLP for 2 

min before being added to the HUVEC. In pilot experiments, stimulated neutrophils were 

incubated with HUVEC for a period of 30 min, as published results investigating monocyte 

transmigration had used incubation times varying between 10 min to 1 hour [81]. However it was 

found that the majority of neutrophils had migrated through the HUVEC monolayer by 30 min 

and were located between the HUVEC monolayer and the glass slide (data not shown). The 

remaining neutrophils present on the apical surface of the monolayer after 30 min did not display 

discernable ICAM-1 staining in the form of a transmigratory cup (data not shown). To determine 

an optimal neutrophil incubation time, stimulated neutrophils were added to activated HUVEC 

monolayers and monitored using real-time light microscopy. It was observed that a considerable 

portion of transmigration occurred 2-3 min after the addition of neutrophils to HUVEC, 

following a short crawling phase of approximately 15-30 seconds. To arrest neutrophil 

progression at a point where transmigratory cups were in the early stages of forming around the 

neutrophil (so ICAM-1 staining would be readily observable) neutrophils were incubated with 

HUVEC for 2 min, non-adherent neutrophils washed away, then the monolayer and attached 

neutrophils were immediately fixed. Slides were stained with ICAM-1 to visualise transmigratory 

cups, along with DAPI to emphasise areas of neutrophil adhesion to the monolayer. Following 

staining with an ICAM-1 mAb, rings of staining around the periphery of the neutrophils were 

detected and ICAM-1 enriched projections extended from the HUVEC to surround and 

encapsulate the transmigrating neutrophil (Figures 5.7, 5.8 and 5.9). DAPI was also used as an 

indicator of neutrophil progression, as the intensity of DAPI staining decreased as neutrophils 

penetrated further into the monolayer (Figure 5.8). The assay conditions were therefore 

considered suitable to further examine transmigratory cup formation during neutrophil 

transendothelial migration. 

 

5.5.1.3 HUVEC monolayer integrity 

At the commencement of each experiment, the integrity of HUVEC monolayers were examined 

and validated by light microscopy before use to ensure cell-cell contacts were well-formed and 

that the monolayers were confluent. HUVEC monolayer integrity was additionally confirmed 

following staining with AgNO3 to visualise the HUVEC borders (Figure 5.10), where it was also 
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Figure 5.7: Visualisation of transmigratory cup formation around migrating neutro-
phils. 
 
HUVEC monolayers were stimulated with TNF-α for 4h, then fMLP-stimulated neutrophils 
were added for 2 min. Non-adherent neutrophils were then washed away and the monolay-
ers fixed. Transmigratory cups were visualised by staining for ICAM-1 and a corresponding 
bright field image was also taken to visualise the neutrophils. Magnification x 600. 
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Figure 5.8: Visualisation of transmigratory cup formation around transmigrating 
neutrophils. 
 
HUVEC monolayers were stimulated with TNF-α for 4h, then fMLP-stimulated neu-
trophils were added for 2 min. Non-adherent neutrophils were then washed away and 
the monolayers fixed. Transmigratory cups were visualised by staining for ICAM-1 
(green) and both HUVEC and neutrophil cell nuclei were stained with DAPI (blue). A 
and B show a composite ICAM-1/DAPI image, with C showing DAPI staining alone. 
Image A is higher on the focal plane than B to highlight the neutrophil being encapsu-
lated by endothelial ICAM-1-enriched projections (white arrow). The white arrow in-
dicates a transmigrating neutrophil, orange arrows indicate neutrophils adherent to the 
apical surface of the HUVEC monolayer and the pink arrow shows an example of a 
HUVEC nucleus. Magnification x 600.  
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Figure 5.9: Visualisation of transmigratory cup formation around neutrophils 
transmigrating transcellularly and paracellularly. 
 
HUVEC monolayers were stimulated with TNF-α for 4h, then fMLP-stimulated neu-
trophils were added for 2 min. Non-adherent neutrophils were then washed away and 
the monolayers fixed. Transmigratory cups were visualised by staining for ICAM-1 
(green) and both HUVEC and neutrophil cell nuclei were stained with DAPI (blue). 
Image set A shows transcellular migration and image set B shows paracellular migra-
tion. White arrows indicate transmigrating neutrophils and pink arrows indicate HU-
VEC nuclei. Magnification x 600.  
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Figure 5.10: Silver-stained HUVEC monolayer. 
 
HUVEC were seeded at high density onto fibronectin-coated glass slides and grown 
overnight. Monolayers were washed and stained with 1% AgNO3, washed and 
fixed with 4% paraformaldehyde. Magnification x600. 
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found that the addition of neutrophils did not adversely affect the monolayer (Figure 5.11). Small 

‘holes’ were occasionally observed at intercellular junctions following staining for ICAM-1 and 

VCAM-1 (see Figure 5.6 for an example), although AgNO3 staining showed this was not an 

accurate reflection of the state of the monolayer during the experiment and was most likely the 

result of the immunohistochemistry process. Unexpectedly, neutrophil transmigration could also 

be observed following staining with AgNO3, where light diffraction at the neutrophil plasma 

membrane was noticeably reduced in transmigrated neutrophils compared to those adherent to the 

apical surface of the HUVEC monolayer (Figure 5.11). 

 

5.5.2 Neutrophil adhesion to endothelial monolayers and ICAM-1 staining in 

transmigratory cups is reduced in the presence of annexin A1 mAb 

Given the inhibitory effect of the annexin A1 Ab on endothelial ERK activation and neutrophil 

transmigration, the Ab was tested using the assay developed to analyse its effects on 

transmigratory cup formation. A decrease in the total number of neutrophils adhering to HUVEC 

in the presence of the annexin A1 Ab was found, compared to Nil treatment (Figure 5.12). 

Despite the difference observed in total numbers of adherent neutrophils, >90% of these 

exhibited ICAM-1 staining around the periphery of the cell, independent of the treatment or 

method of transmigration employed by the neutrophil (transcellular or paracellular) (Figure 5.13). 

It was apparent however, that the overall intensity of ICAM-1 staining in the transmigratory cups 

of annexin A1 Ab treated samples was reduced compared to that of the Nil and KLH mAb treated 

samples. Figures 5.14 and 5.15, showing Nil and annexin A1 Ab treatments from the same 

experiment respectively, are representative images of multiple experiments and highlight the 

difference in intensity of transmigratory cup ICAM-1 staining between the different treatments. 

The intensity of ICAM-1 staining in all transmigratory cups was quantified by averaging multiple 

grey value measurements taken from each and normalising this value to surface ICAM-1 staining 

on HUVEC. Multiple readings from each transmigratory cup were required as the ICAM-1 

staining would often be irregular, depending on the topography of the endothelial cells and the 

neutrophil, combined with the occurrence of lateral neutrophil locomotion, which could also 

affect endothelial ICAM-1 clustering surrounding the neutrophil. It was found that the average 

intensity of ICAM-1 staining in the transmigratory cups for Nil and KLH mAb-treated samples 

were higher than those from the annexin A1 mAb treatment (Figure 5.16, mean denoted by red 

line), despite there being no significant difference in surface ICAM-1 staining between the 
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Figure 5.11: Silver-stained HUVEC monolayers with adherent neutrophils. 
 
HUVEC were seeded at high density onto fibronectin-coated slides and grown overnight. 
HUVEC monolayers were stimulated with TNF-α for 4h, then fMLP-stimulated neutro-
phils were added for 2 min. Non-adherent neutrophils were washed away, then the 
monolayers were stained with 1% AgNO3 and fixed. Magnification x600. 
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Figure 5.12: Annexin A1 mAb inhibits neutrophil adhesion to activated HU-
VEC monolayers. 
 
HUVEC monolayers were stimulated with TNF-α for 4h, then fMLP-stimulated 
neutrophils were added for 2 min. Non-adherent neutrophils were washed away 
and the monolayers fixed. The total amount of adherent neutrophils from 30 rep-
resentative fields of view (x 200 magnification) was determined from 3 individual 
experiments. 
** p<0.005, unpaired t test. Error bars indicate SEM. 
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Figure 5.13: ICAM-1 is present in >90% of transmigratory cups surround-
ing adherent neutrophils. 
 
Following adhesion to activated HUVEC monolayers, the percentage of neutro-
phils displaying ICAM-1 staining around the periphery was determined. 811 
neutrophils contained within 59 representative fields of view were counted and 
the percentage of neutrophils with ICAM-1 transmigratory cup staining was 
calculated for Nil, AnxA1 mAb and KLH mAb treatments. Data was compiled 
from three individual experiments, where each experiment was performed in 
duplicate using 2 lines of HUVEC obtained from different women. Error bars 
indicate SEM. 
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Figure 5.14: Nil treat-
ment. 
 
HUVEC monolayers were 
stimulated with TNF-α for 
4h, then fMLP-stimulated 
neutrophils were added for 
2 min. Non-adherent neu-
trophils were then washed 
away and monolayers were 
fixed. Transmigratory cups 
were visualised by staining 
for ICAM-1 (green) and 
both HUVEC and neutro-
phil cell nuclei were stained 
with DAPI (blue). White 
arrows indicate examples of 
transmigratory cups. 
Magnification x 200. 
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Figure 5.15: AnxA1 Ab 
treatment. 
 
HUVEC monolayers were 
stimulated with TNF-α for 
4h, then fMLP-stimulated 
neutrophils were added for 2 
min with the annexin A1 Ab. 
Non-adherent neutrophils 
were then washed away and 
monolayers were fixed. 
Transmigratory cups were 
visualised by staining for 
ICAM-1 (green) and both 
HUVEC and neutrophil cell 
nuclei  were stained with 
DAPI (blue). White arrow 
indicates an example of a 
transmigratory cup with 
strong staining, pink arrow 
indicates an example of a 
transmigratory cup with 
weaker intensity. 
Magnification x 200 

Composite 

ICAM-1 

DAPI 

139 



 

 

Figure 5.16: Annexin A1 Ab reduces the intensity of ICAM-1 staining in 
transmigratory cups surrounding adherent neutrophils. 
 
Four measurements of ICAM-1 intensity in each transmigrator cup were taken 
from transmigrating neutrophils displaying ICAM-1 staining around the pe-
riphery. These measurements were averaged and expressed as a percentage 
relative to averaged HUVEC surface ICAM-1 staining. Red bars denote mean 
ICAM-1 staining in transmigratory cups for each treatment. 400 transmigratory 
cups in total from 59 representative fields of view were analysed from Nil, 
AnxA1 mAb and KLH mAb treatments from three individual experiments. 
Each experiment was performed in duplicate using 2 lines of HUVEC obtained 
from different women. *** p<0.0001, unpaired t test comparing Nil and 
AnxA1 mAb treatments. 
 

Nil AnxA1 mAb KLH mAb

0

100

200

300

400

Treatment:

***

C
up

 in
te

ns
ity

 re
la

tiv
e

to
 s

ur
fa

ce
 IC

A
M

-1
 (%

)

140 



141 
 
treatments (Figure 5.17). Reduced levels of neutrophil adhesion and ICAM-1 staining within 

transmigratory cups of annexin A1 Ab treated samples suggested that endothelial ERK activation 

induced by annexin A1 was involved in the clustering of ICAM-1 around the neutrophil to form 

the transmigratory cup and engage the neutrophils to the endothelium. 

 

5.5.3 The inhibitory effect of annexin A1 Ab is greater on transcellular than paracellular 

transendothelial migration 

As transmigrating neutrophils using both transcellular and paracellular mechanisms were 

observed in this assay, the ratio of each mode of transmigration was calculated from neutrophils 

surrounded by endothelial ICAM-1 projections. In the absence of the annexin A1 Ab, it was 

found that the majority of transmigration initiated was via the transcellular pathway in this in 

vitro system (68% ± 2.5% transcellular, Nil, Figure 5.18), which was not significantly different to 

treatment with an irrelevant isotype-matched Ab (data not shown). However following treatment 

with the annexin A1 Ab, the bulk of transmigrating neutrophils were doing so in a paracellular 

manner (39% ± 2.3% transcellular, AnxA1 mAb, Figure 5.18). When the ratios of paracellular 

and transcellular migration were plotted as a percentage of total adherent neutrophils for each 

treatment (Figure 5.18), it became apparent that paracellular migration was unaffected by the 

annexin A1 Ab and its effects of transendothelial migration was predominantly on the 

transcellular route. 

  



 

 

Figure 5.17: Annexin A1 Ab has no effect on total HUVEC surface ICAM-
1 staining. 
 
Four measurements of HUVEC surface ICAM-1 staining were taken and aver-
aged from 59 representative fields of view where transmigratory cup intensity 
was quantified. The data from Nil, AnxA1 mAb and KLH mAb treatments from 
three individual experiments were compiled. Each experiment was performed in 
duplicate using 2 lines of HUVEC obtained from different women. Error bars 
indicate SEM. 
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Figure 5.18: Annexin A1 Ab reduces the level of transcellular transmigra-
tion. 
 
Following adhesion to activated HUVEC monolayers, the mode of transmigra-
tion of 400 neutrophils displaying ICAM-1 staining was examined and the per-
centage of neutrophils transmigrating via the transcellular or paracellular route 
was calculated. Paracellular and transcellular migration was plotted as a percent-
age of total adherent neutrophils for each treatment (as determined in Figure 
5.12). The data from Nil and AnxA1 Ab treatments are from three individual ex-
periments. Each experiment was performed in duplicate using 2 lines of HUVEC 
obtained from different women. Error bars indicate SEM. 
*** p<0.0001, unpaired t-test comparing transcellular transmigration between 
Nil and AnxA1 Ab treatments. Paracellular transmigration was not significantly 
different between the treatments. Error bars indicate SEM. 
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______________________________________________________________________________ 

DISCUSSION 

 

Although calpain-truncated annexin A1 had been confirmed as the soluble neutrophil protein 

responsible for inducing endothelial ERK activation, the down-stream effects of ERK activation 

and how this mediated neutrophil extravasation was unclear. The experiments performed in this 

chapter showed that ERK-activation induced by truncated annexin A1 was being mediated 

through the FPR family and that blocking neutrophil-derived annexin A1 with annexin A1 Abs 

could reduce neutrophil adhesion and transmigration by impairing endothelial transmigratory cup 

formation. 

Before it was established that annexin A1 was the protein responsible for endothelial ERK 

activation, the possibility that stimulated neutrophil conditioned medium was augmenting 

transmigration through increasing endothelial monolayer permeability was initially investigated. 

A number of studies have suggested that leukocyte transendothelial migration is facilitated by an 

increase in endothelial permeability chiefly through the “stiffening” and contraction of 

endothelial cells via myosin light chain phosphorylation to introduce paracellular openings in the 

monolayer [5, 148, 263, 265], although others have suggested there is no effect on permeability 

[85, 149]. To investigate this concept, the paracellular flux of FITC-conjugated dextran through 

HUVEC monolayers was monitored following treatment with stimulated neutrophil conditioned 

medium (Figure 5.1). FITC-dextran flux was unaltered in the conditioned medium treatment, 

indicating that ERK activation was not involved in increasing endothelial monolayer 

permeability. Neutrophil transendothelial migration can result in increased permeability of the 

vasculature to small particles and solutes [266], however the unrestricted leakage of large 

proteins during transmigration is highly unlikely, with the exception of disease states [267, 268], 

as the primary function of the endothelium is to act as a selective barrier to protect the blood 

stream and maintain fluid homeostasis [269]. Thus a non-specific increase in permeability during 

transmigration would be unlikely as it would contradict the very purpose of the endothelium and 

the tightly controlled nature of leukocyte extravasation would be pointless. 

Although it was known that endothelial ERK-activation promoted neutrophil transmigration, how 

the downstream signalling events affected the endothelium were unknown. The identification of 

the endothelial receptor for annexin A1 was sought as it could potentially offer clues into the 
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function of annexin A1-induced ERK activation. As it had been previously shown that full length 

annexin A1 and Ac 2-26 are ligands for FPRL-1 and FPR [223, 252], the possibility that 

truncated annexin A1 was activating ERK through the FPR family was investigated. 

Furthermore, despite truncated annexin A1 being routinely detected in exudates from a number of 

inflammatory conditions [198, 242, 270, 271], the binding of this form of annexin A1 to the FPRs 

has not been investigated. This is presumably due to the assumption it was cleaved owing to 

elevated protease levels in inflamed tissues or was generated purely as a mechanism to deactivate 

the anti-inflammatory parental protein and was not thought to be a molecule possessing 

biological activity. To this end, a nonselective FPR antagonist, Boc2, was used to determine if it 

could block the activity of truncated annexin A1 on endothelial cells. Boc2 could effectively 

inhibit ERK-activation induced by neutrophil conditioned medium but not the PMA positive 

control, indicating that truncated annexin A1, like full length annexin A1 and Ac2-26, could bind 

to the FPRs to induce ERK activation (Figure 5.2). A study by Hayhoe and colleagues has shown 

that FPR or FPRL-1 transfected HEK293 cells treated with either recombinant annexin A1 or 

Ac2-26 resulted in ERK activation, which was postulated to inhibit neutrophil adhesion [252]. 

However previous results from our laboratory demonstrated that ERK inhibitors had no effect on 

neutrophil adhesion to TNF-α endothelial monolayers [99]. In further opposition to the above 

report, results from this study indicated that full length annexin A1 could not activate ERK in 

HUVEC, although the source of this difference may lie in the cell lines used and the degree of 

FPR and FPRL-1 overexpression achieved in the HEK293 cells. As Ac2-26 was shown to signal 

through both FPR and FPRL-1, but full length annexin A1 could only induce ERK activation 

through binding to FPRL-1 [252], it is likely that truncated annexin A1 mediates its pro-

inflammatory effect through FPRL-1, particularly as the N-terminus is absent. However to be 

completely confident of this, the effect of truncated annexin A1 would need to be determined in a 

FPRL-1-expressing cell line devoid of other members of the FPR family. In the likelihood that 

truncated annexin A1 is signalling through FPRL-1, this leads to an interesting scenario where 

the N- and C-terminus of annexin A1 are competing for the same endothelial receptor to give 

opposing functions in the context of inflammation, a concept introduced in chapter 4. FPRL-1 is 

a promiscuous receptor that has been shown to bind a range of structurally unrelated pro-

inflammatory and anti-inflammatory agonists. Many of these agonists are of host-origin such as 

prion protein fragment PrP106-126 [272], LL-37 [273], lipid metabolite lipoxin A4 (LXA4), 

serum amyloid A (SAA) [274], 42 amino acid amyloid β (Aβ42) [275] and annexin A1 [252]. 

PrP106-126, LL-37, SAA and Aβ42 all induce a pro-inflammatory, chemotactic response in 
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human leukocytes and are present during the inflammatory response in their relevant pathologic 

states. While LXA4 has been shown to bind and activate FPRL-1, like full length annexin A1, it 

has anti-inflammatory effects and inhibits neutrophil accumulation by interfering with neutrophil 

chemotaxis [276], adhesion and transmigration through endothelial and epithelial monolayers 

respectively [277, 278]. How FPRL-1 differentially responds to these pro- and anti-inflammatory 

agonists is unclear, though it may be through the inhibition or activation of different signalling 

cascades. Indeed it has been shown that while SAA can bind FPRL-1 to induce neutrophil 

secretion of the proinflammatory cytokine IL-8, LXA4 can partially inhibit this secretion by 

interfering with the activation of signalling pathways stimulated by SAA, including ERK [279]. 

It is therefore conceivable that as cleaved annexin A1 is the predominant form released from 

stimulated neutrophils, its interaction with endothelial FPRL-1 to activate ERK and promote 

neutrophil extravasation could be inhibited by full length annexin A1 released by non-specific 

mechanisms. This inhibition of neutrophil transmigration would serve as a safety mechanism, as 

the unprocessed parental protein is not present under normal conditions and may be an indicator 

of neutrophil hyperactivity, excessive release of intracellular contents or necrosis, as observed in 

several inflammatory disease states [18, 280-282]. 

Given the compelling suite of studies detailing the inhibitory properties of full-length annexin A1 

and peptide derivatives on neutrophil extravasation (reviewed in [283]), the effect of Ac2-26 and 

truncated annexin A1 on neutrophil transmigration was investigated in vitro. These experiments 

were performed based on the hypothesis that the addition of exogenous pro-inflammatory 

annexin A1 would further increase transmigration already driven by a chemoattractant gradient. 

The net result was partly in line with published data, in that that the addition of the truncated and 

full length annexin A1 mixture decreased neutrophil transmigration (Figure 5.5). Ac2-26 

however displayed no significant inhibition (Figure 5.3), despite it previously being shown to 

mimic the anti-inflammatory effects of full length protein [211, 215]. With the benefit of 

hindsight, these experiments were fraught with problems and flawed in design for the hypothesis 

that was being investigated, particularly after the finding that truncated annexin A1 was 

signalling through the FPR family to activate endothelial ERK (Figure 5.2). When these 

experiments were performed, those in Figure 5.2 had not been carried out and there was the 

preconception at the time that truncated annexin A1 was not signalling through FPRL-1 due to 

evidence that the anti-inflammatory effects of annexin A1 are mediated through this receptor 

[284]. The primary factor impacting on the results from these experiments was that annexin A1 is 

a chemoattractant for neutrophils [189] that binds to FPRL-1 and that FPRL-1 is expressed by 
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both endothelial cells and neutrophils. Therefore the addition of annexin A1 with neutrophils into 

the apical chamber of the Transwell would have dual opposing effects; activation of endothelial 

ERK (pro-inflammatory) and desensitisation of neutrophil FPRL-1 (anti-inflammatory). The final 

extent of neutrophil transmigration would balance on the degree of activation of endothelial cells 

and neutrophils by annexin A1 and fMLP respectively, against the desensitisation of neutrophils 

with annexin A1, which would inhibit chemotaxis into the basolateral chamber. The effect of 

neutrophil desensitisation by annexin A1 could not be avoided by adding the protein to the 

basolateral chamber of the Transwell due to the aforementioned chemotactic property of annexin 

A1 for neutrophils, which would have presumably elevated transmigration regardless of whether 

endothelial ERK was activated. It was also very likely that the presence of full length annexin A1 

was contributing to the inhibition of transmigration observed. Despite the full length form not 

preventing endothelial ERK activation by truncated annexin A1, the inhibitory effects on the 

neutrophil were not taken into account at the time and would have almost certainly had an impact 

on the results. The addition of fMLP to activate neutrophils was also needed so that the necessary 

adhesion molecules required for transmigration were upregulated, which is also why the addition 

of annexin A1 alone without chemoattractant was not attempted. It was also interesting that Ac2-

26 had no effect on neutrophil transmigration in this system. Much higher amounts of Ac2-26 are 

generally required to generate the anti-inflammatory effects reminiscent of full length annexin A1 

(see [211] and [283] for examples), therefore the concentrations used in these experiments may 

not have been sufficient to overcome the proinflammatory effects of fMLP and truncated annexin 

A1. 

Several studies detailing the anti-inflammatory effects of Ac2-26 and full length annexin A1 have 

shown this occurs by interfering with the interaction of neutrophils with the endothelium [223, 

228, 252], indicating that annexin A1 signalling through FPRL-1 could be affecting endothelial 

adhesion molecule function. As it has been shown that ERK activation by neutrophil conditioned 

medium does not require neutrophil adhesion to HUVEC [99], adhesion molecules primarily 

involved in the actual transmigration process were investigated. Endothelial ICAM-1 and 

VCAM-1 have been shown to form structures termed “transmigratory cups”, which project from 

the endothelium to capture and envelop transmigrating leukocytes [81, 84]. To this end, the effect 

of the annexin A1 Ab on transmigratory cup formation was investigated. An assay was developed 

based on that described in Carman et al, where the transmigratory cup structure was originally 

identified [81], which was modified to analyse cup formation around transmigrating neutrophils 

by monitoring ICAM-1. The key differences in the previously described assay and the conditions 
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developed in this study were; TNF-α concentration and simulation time (Carman: 100ng/ml for 

12h, Williams: 5ng/ml for 4h), neutrophil stimulation (Carman: no stimulation, Williams: 

100ng/ml fMLP) and neutrophil incubation time with HUVEC (Carman: 10-60 min, Williams: 2 

min). Extended TNF-α stimulation has been shown to induce changes in the morphology of 

endothelial cells in vitro [71], which may have consequences unrelated to the neutrophil 

extravasation process, therefore TNF-α treatment was limited to a period where ICAM-1 and 

VCAM-1 were visibly but not maximally upregulated (4h). Neutrophils were also subjected to a 

short stimulation period with fMLP to ensure that the process of surface adhesion molecule 

activation and upregulation was initiated, which could potentially be required for the 

transmigration process. Lastly, it was found that only a 2 min incubation period was required to 

visualise the formation of endothelial ICAM-1 projections around transmigrating neutrophils. 

Neutrophils adherent to the apical surface of the monolayer were virtually non-existent following 

longer incubation periods and a significant proportion were observed under the HUVEC 

monolayers (data not shown due to difficulty in capturing images). Carman et al and other 

laboratories have described a longer crawling period before transendothelial migration takes 

place in vitro (4 mins, [81]), however by using light microscopy, only a short crawling period of 

15-30 seconds was observed using this assay before many neutrophils vanished from sight under 

the HUVEC monolayer. Possible reasons for the shorter time period required for transmigration 

to take place may be due to the fact that the neutrophils were pre-stimulated and that the HUVEC 

were not washed prior to the addition of the neutrophils. The washing step included by Carman et 

al would remove both TNF-α together with IL-8 secreted from the endothelium as a result of the 

TNF-α stimulation, which would ordinarily stimulate neutrophils. Consequently, the 

unstimulated neutrophils added to their assay would only become activated by adhesion 

molecules upregulated on the endothelium induced by TNF-α stimulation.  Naturally this process 

would take longer compared to a system which has all the components required for 

transmigration already present. It was also noted that holes were formed in the HUVEC 

monolayers and steps were taken to ensure that these holes were not present before or formed 

during the neutrophil incubation step. Despite these efforts, holes present in the monolayer would 

not promote neutrophil transmigration, as transmigration will generally not occur across sub-

confluent or unhealthy monolayer. This especially applied in this assay, as fMLP was located on 

the apical side of the monolayer and was not forming a chemoattractant gradient across the 

monolayer as established for neutrophil transmigration assays in Transwells. Furthermore, holes 

were not observed in the middle of cells where neutrophils were not present, even in longer 
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incubation points, indicating that transcellular pores closed rapidly behind emigrating 

neutrophils. 

As endothelial ICAM-1 projections around transmigrating neutrophils could be visualised, the 

effect of the annexin A1 Ab on transmigratory cup formation was evaluated. It was immediately 

apparent that the Ab was inhibiting neutrophil adhesion to HUVEC, with a 45% reduction in total 

neutrophils adherent in the Ab treated samples compared to the nil treatment (Figure 5.12). Of 

those neutrophils that did adhere, approximately 90% displayed discernable ICAM-1 staining 

around the periphery of the neutrophil, similar to that observed in the Nil and irrelevant Ab 

treated samples (Figure 5.13), however the intensity of this ICAM-1 staining was significantly 

reduced compared to the control treatment cells (Figure 5.14). The reduction in the intensity was 

not due to an effect of the Ab on total ICAM-1 staining, as surface ICAM-1 staining quantified to 

normalise transmigratory cup intensity between images was unchanged across each treatment 

(Figure 5.15). This result further confirmed those shown in Figures 4.4 and 4.5, where the 

annexin A1 Ab inhibited neutrophil transmigration towards a fMLP gradient and across TNF-α 

activated HUVEC. One study has reported a switch from predominantly paracellular migration to 

transcellular migration following extended (24h) TNF-α activation of HUVEC [71], therefore the 

transmigratory mechanism employed by neutrophils displaying ICAM-1 staining was examined. 

It was found that transcellular migration was the principle method employed by transmigrating 

neutrophils in this assay, as indicated by the Nil and control Ab treated samples (Figure 5.18). In 

the presence of the annexin A1 Ab however, the number of neutrophils transmigrating through 

the transcellular route was significantly reduced, whereas the number using the paracellular route 

was not significantly affected by the addition of the Ab. (Figure 5.18). The formation of 

transmigratory cups occurs during both transcellular and paracellular neutrophil transendothelial 

migration [81], which was also observed in this study (Figure 5.13), so the observation that 

annexin A1 Ab predominantly affected transcellular migration was very interesting. It is possible 

that there were additional factors present at the HUVEC cell junctions that were assisting 

neutrophil adhesion to the monolayer at these areas. The weak ICAM-1 staining in the 

transmigratory cups of Ab-treated samples clearly indicated that neutrophil adhesion to HUVEC 

monolayers was impaired by interfering with transmigratory cup formation. It is possible that 

neutrophils that may have weakly adhered could have been washed off and only those migrating 

at the cellular junctions remained through binding to junctional proteins. This would therefore 

give the impression that paracellular migration was the preferred method to traverse the 

endothelial monolayer in the Ab treated samples. A number of proteins have been implicated in 
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the paracellular transmigration process, including PECAM-1, CD99, JAMS, ICAM-2 and VE-

cadherin (reviewed in [34]), so it is possible that neutrophils were binding homo- or 

heterophilically to these molecules, which assisted in maintaining adherence at paracellular 

junctions. A single experiment was carried out to investigate the effect of the annexin A1 Ab on 

PECAM-1 using this assay, however no difference in PECAM-1 levels or distribution was 

observed across the treatments (data not shown). Whilst this experiment needs to be repeated to 

confirm these results, it was not surprising that PECAM-1 was unaffected, as it does not mediate 

leukocyte transmigration in response to TNF-α and leukocytes stimulated with fMLP do not 

require PECAM-1 for transmigration [285]. 

Although it was shown that the annexin A1 Ab reduced the intensity of ICAM-1 staining in 

transmigratory cups, the effect of the Ab was probably greater than Figure 5.14 indicates. 

Realistically, the quantification of transmigratory cup intensity in this experiment was biased 

against the Ab having an effect, as the neutrophils remaining adherent to HUVEC were in the 

minority and probably displayed the minimum baseline level of ICAM-1 staining required to 

initiate transmigration. However as approximately half of the neutrophils were washed off in the 

Ab treated samples due to insufficient tethering to endothelial ICAM-1, therefore the true effect 

of the Ab in reducing ICAM-1 accumulation around transmigrating neutrophils was not reflected 

accurately in Figure 5.14. Although the effect of the annexin A1 Ab was convincing in this assay, 

it would be important to determine how the Ab performs in a flow chamber model of 

transmigration, as shear stress of blood flow exerted on endothelial cell surface molecules has 

signalling consequences and therefore adds a further dimension to the process of leukocyte 

extravasation. 

It was also intriguing that transcellular migration was the primary method utilised by emigrating 

neutrophils in this assay. Previous studies have suggested that paracellular migration is the 

predominant form of transmigration observed in vitro, with only 3-7% of neutrophils 

transmigrating transcellularly across cytokine-activated HUVECs [69, 71, 81]. In contrast, this 

study has shown that 68% ± 2.5% and 70% ± 5.9% of neutrophils were transmigrating 

transcellularly in the Nil and control Ab treatments respectively. These figures are in agreement 

with the numbers observed in vivo by examination of inflamed sections by scanning and 

transmission electron microscopy [63-67], where there is a greater incidence of leukocyte 

transcellular migration compared to paracellular transmigration. Despite this, the idea that 

paracellular migration was the preferred method of extravasation employed by leukocytes 
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became convention [21], which is surprising given reports from leukocyte transmigration studies 

conducted approximately 50 years ago detailing the phenomenon of transcellular migration in 

vivo [63]. This may be because transcellular migration could not be visualised, was not observed 

due to the sub-optimal in vitro transmigration conditions, or was simply overlooked because a 

range of incubation periods were not investigated. However this study and other recent reports 

describe the occurrence of transcellular migration in vitro, accompanied by the formation of 

endothelial ICAM-1 and VCAM-1 enriched transmigratory cups, which together suggest 

transcellular migration is an important route through the vasculature for emigrating leukocytes. 
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______________________________________________________________________________ 

SUMMARY 

 

After demonstrating that that calpain-cleaved annexin A1 was the ERK-activating protein in 

stimulated neutrophil conditioned medium, the annexin A1 endothelial receptor and events 

downstream of ERK activation were investigated to determine how ERK activation influenced 

neutrophil transendothelial migration. The possibility that ERK activation was promoting 

neutrophil transmigration by altering endothelial permeability was eliminated, as conditioned 

medium failed to alter HUVEC monolayer permeability to FITC-conjugated dextran, an assay 

that measures the integrity of intercellular junctions. To identify the endothelial receptor involved 

in ERK-signalling, a nonselective FPR antagonist was utilised as annexin A1 and N-terminal 

peptide derivatives are ligands for the FPR family and have been shown to exert their anti-

inflammatory effects through these receptors. The FPR antagonist inhibited endothelial ERK 

activation elicited by neutrophil conditioned medium, suggesting that annexin A1 in neutrophil 

conditioned medium was signalling through endothelial FPR to facilitate neutrophil 

transmigration. As several studies have shown that annexin A1 promotes neutrophil detachment 

from the endothelium, endothelial adhesion molecules were investigated as potential downstream 

targets for ERK activation during neutrophil transmigration. Using an assay to examine ICAM-1 

in transmigratory cup formation, it was found that the annexin A1 Ab could inhibit neutrophil 

adhesion to HUVEC monolayers, which was due to the Ab interfering with ICAM-1 clustering 

around emigrating neutrophils. Quantification of transmigrating neutrophils highlighted that the 

majority of neutrophils engaged in a transmigratory cup were emigrating via a transcellular 

pathway, which is in agreement with leukocyte transcellular migration observed by several 

laboratories in vivo, however this figure is higher than transcellular migration reported in a 

number of in vitro studies, where paracellular migration was the primary method detected. 

This chapter resolves a number of uncertainties relating to how annexin A1 was signalling to the 

endothelium to modulate neutrophil extravasation. A novel role for annexin A1-induced ERK-

activation in transmigratory cup formation was identified and the importance of this signalling 

pathway was emphasised through the use of annexin A1 blocking Abs, which significantly 

impaired the levels of neutrophil adhesion and transmigration. 
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______________________________________________________________________________ 

DISCUSSION 

 

The present study identified that stimulated neutrophils secrete a pro-inflammatory form of 

annexin A1 that binds to the FPR family on endothelial cells to activate ERK, which in turn 

permits neutrophil passage through the endothelium. Furthermore, it was shown that the 

administration of annexin A1-blocking Abs impaired neutrophil adhesion and emigration by 

interfering with the formation of endothelial transmigratory cup structures. These experiments 

highlighted that annexin A1 is an important mediator in the transendothelial migration of 

neutrophils. 

Leukocyte emigration from blood vessels was originally described in the nineteenth century and 

is a characteristic feature of inflammation. Theories developed by early pioneers in the field still 

hold true over 100 years later; that signals emanating from sites of infection attract immune cells 

[286] and that alterations in the vessel walls are responsible for immune cell emigration [287]. It 

is now undisputed that both leukocytes and the endothelium play an important, proactive role in 

the process of leukocyte diapedesis and the classic 3-step model of extravasation involving 

leukocyte rolling, adhesion and finally transmigration is widely accepted. Additional sub-steps 

have been added in recent times, including intraluminal crawling of neutrophils and monocytes 

on the endothelial surface, which occurs briefly before the act of transendothelial migration in a 

Mac-1 and ICAM-1-dependent manner to increase the efficiency of the process [46, 51]. It has 

also been recently shown that extravasation can occur via two distinct pathways; paracellular 

migration between the tightly apposed cells of the endothelial sheet and/or transcellular migration 

whereby leukocytes pass through individual endothelial cells away from the cell borders [81]. 

Despite the apparent disruptive nature of entire immune cells passing through or between 

endothelial cells, the migrating leukocyte does so with little disturbance to the integrity of the 

endothelium through an exquisitely regulated process involving many surface adhesion 

molecules on both cell types and the activation of corresponding signalling pathways. 

A common phrase encountered in publications on leukocyte extravasation from the 1990s to the 

early 2000s generally amounts to: “The rolling and adhesion steps of leukocyte transmigration 

are well characterised, however little is known about the transmigration process…” [21, 129, 

202].  Naturally this was the impetus behind the study conducted by Stein et al in 2003 which 

screened a range of pharmacological inhibitors to identify signalling pathways important in 
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neutrophil transendothelial migration, which ultimately led to the formation of the present study. 

The transmigration process is still the least characterised step in leukocyte emigration, although a 

number of recent papers published since the commencement of this study have been pivotal in 

demystifying the mechanisms of transendothelial migration. One such paper from Timothy 

Springer’s laboratory identified the arrangement of endothelial transmigratory cups structures, 

enriched in ICAM-1 and VCAM-1, around transmigrating leukocytes to facilitate both 

paracellular and transcellular transmigration [81]. Until this study, in vitro evidence for 

transcellular migration was scarce, with only a small number of groups reporting on this alternate 

process. Consequently, the idea that leukocyte transendothelial migration occurred by 

paracellular mechanisms became dogma, despite a number of compelling studies describing the 

occurrence of transmigration via the transcellular route in vivo using EM techniques. It was 

fortunate that the phenomenon of transmigratory cup formation and transcellular transendothelial 

migration was published at this time as both features were particularly relevant to this study,  

 

6.1. Involvement of annexin A1 in transmigratory cup formation during neutrophil 

transendothelial migration 

Results from this study have implicated annexin A1 in the functioning of ICAM-1 and VCAM-1 

enriched transmigratory cup structures that are formed during the process of neutrophil 

extravasation. In the static assay used to visualise this process, ICAM-1 and VCAM-1 were 

upregulated prior to the addition of neutrophils by pre-stimulation with TNF-α. As the annexin 

A1 Ab inhibited neutrophil adhesion and transmigratory cup formation, this implied that annexin 

A1 activity was required for the tethering of neutrophils to the surface of the endothelium and/or 

the clustering of surface ICAM-1 around the adherent neutrophils, rather than affecting adhesion 

molecule upregulation on the endothelium. ICAM-1 is an essential player in leukocyte 

transmigration, where it is required for both the tethering and arrest of leukocytes to the 

endothelium [71, 84] and in the aforementioned role of transmigratory cup formation to promote 

leukocyte emigration [81]. Endothelial filamin B, an actin cross-linking molecule, has been 

shown to be crucial for ICAM-1-mediated transmigration as the removal of this protein results in 

decreased cell adhesion, impaired ICAM-1 trafficking to transmigratory cups and a consequent 

decrease in total cell emigration [288]. These effects were consistent with those observed 

regarding neutrophil behaviour and transmigration following treatment with the annexin A1 Ab 

in this study. Actin remodelling is an important feature in leukocyte transendothelial migration, 
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as actin polymerisation has been shown to be important in transmigratory cup assembly [81] and 

transcellular migration occurs through actin-rich regions of endothelial cells [72]. These studies 

combined with observations that ICAM-1 can signal to components of the cytoskeleton [289, 

290] suggest that cytoskeletal remodelling events could potentially be down stream of ERK 

activation to allow the lateral movement of ICAM-1/VCAM-1 on the endothelial surface and 

therefore promote neutrophil transmigration [288].  

As the assay used was static and lacking the physiological consequences of shear-stress induced 

by blood flow over endothelial cells [24], the involvement of annexin A1 in this process is purely 

speculative at this stage. It is crucial this experiment is performed in a flow chamber assay under 

more relevant conditions before any solid conclusions can be made on the involvement of 

annexin A1 induced ERK-activation in endothelial transmigratory cup formation.  

Despite the obvious short-comings of the assay in terms of physiological relevance, a number of 

factors were consistent with observations made in vivo. For instance, the high incidence of 

transcellular migration detected was intriguing as these levels were comparable to analyses of 

leukocyte emigration occurring in vivo, but greater than the degree of transcellular transmigration 

observed in in vitro studies. Paracellular migration requires the disruption of adherens junctions 

necessary for the adhesion and mechanical strength of monolayers of cells [61]. It is therefore 

conceivable that the 2 min incubation period of neutrophils with endothelial monolayers used in 

the assay was not sufficient to allow all possible paracellular migration events to occur, as longer 

time periods are required to destabilise junctional protein interactions [61]. If this is true, the 

rapid rate at which transcellular migration occurs lends itself to the idea that this transmigration 

pathway is indeed valid and the preferred method of neutrophil transendothelial migration. 

Alternatively, and probably very likely, there may also be discrepancies in what various 

laboratories determine as paracellular migration. In this study, paracellular migration was labelled 

as such if the borders of neighbouring endothelial cells were both obviously disrupted by the 

neutrophil migrating between them. However if a neutrophil appeared to be making slight contact 

with only one cell boundary without disturbing that of adjacent endothelial cells, combined with 

the observation that the entire neutrophil was moving through the endothelial cell body, this was 

determined as transcellular migration. This is a grey area and obviously very subjective, and 

since paracellular and transcellular migration are not mutually exclusive and both processes 

require transmigratory cup formation, categorising each based solely on surface adhesion 

molecule expression is difficult. 
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Endothelial “dome” structures have also been reported that were found to project and envelop 

transmigrating neutrophils [85]. These are reminiscent of in vivo EM images captured by Hoshi 

and colleagues, where the membranes of endothelial cells were seen to rise and surround 

neutrophils that were emigrating through transcellular channels in the inflamed mouse lip [291]. 

Endothelial ICAM-1 projections were also detected closing over neutrophils that had partially 

migrated through the monolayer using the assay described in this study (see Figures 5.8 and 5.9A 

for examples). 

Although not investigated alongside ICAM-1 in this study, it is likely that endothelial VCAM-1 

would behave in the same manner as ICAM-1 following treatment with the annexin A1 Ab, as it 

is the other predominant component of transmigratory cups [81]. Furthermore, it has been shown 

that VCAM-1 can partially compensate for ICAM-1 during leukocyte transmigration in an 

ICAM-1-deficient mouse model [292]. 

 

6.2. Annexin A1: pro- or anti-inflammatory? 

As stressed throughout this thesis, the observation that annexin A1 was behaving in a pro-

inflammatory manner was a perplexing issue, as the vast majority of annexin A1 studies 

emphasise a potent anti-inflammatory function for this protein. The addition of exogenous 

annexin A1 and N-terminal peptides negatively modulates neutrophil extravasation in response to 

inflammatory stimuli, whilst immunisation with annexin A1 neutralising antibodies promotes 

neutrophil trafficking in models of acute and chronic inflammation [211, 216, 230, 231]. There is 

no question that full length annexin A1 and Ac2-26 can effectively inhibit neutrophil 

accumulation at sites of inflammation, however these effects may not directly translate to the 

normal neutrophil response under early inflammatory events. Upon neutrophil stimulation and 

adherence to the endothelium, annexin A1 is externalised to the plasma membrane, the majority 

of which is the intact form [202]. It appears that proteolytic cleavage of annexin A1 is required 

for secretion from immune cells, as the majority of annexin A1 released from neutrophils is N-

terminally cleaved [199, 243]. Given that only N-terminally truncated annexin A1 is secreted 

from activated neutrophils, studies where exogenous annexin A1 is administered in models of 

inflammation should be regarded with caution as the neutrophils and endothelial cells within 

these systems are being exposed to full length protein that would otherwise not be present in the 

blood stream. This would most likely lead to FPR/FPRL-1 desensitisation and consequently an 

overall reduction in the degree of neutrophil emigration to sites of inflammation. Although 
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annexin A1 does not possess classical signal sequences to target the protein for export, both full 

length and truncated forms are often observed in extracellular fluids and inflammatory exudates 

from inflamed tissues [198, 242, 270, 271]. As truncated annexin A1 is the predominant form 

released following neutrophil stimulation, the mechanisms by which full length annexin A1 is 

generated in these tissues is unknown. As proposed previously, it may be a genuine host response 

where annexin A1 transcription and expression is upregulated in an effort to control the 

inflammatory event and minimise tissue damage at the site of inflammation and could be 

produced by alveolar type II cells or macrophages [293-295]. However an alternative explanation 

is that the presence of full length annexin A1 may also be the result of secondary necrosis of 

apoptotic neutrophils at these sites. Apoptotic neutrophils are generally cleared during the 

resolution of an inflammatory event following phagocytosis by macrophages, which results in the 

suppression of pro-inflammatory cytokines and the release of additional anti-inflammatory 

mediators such as TGF-β and IL-10 from surrounding immune cells [296]. When the number of 

apoptotic neutrophils exceeds the phagocyte-mediated clearance capacity of the organism, the 

apoptotic bodies disintegrate and secondary necrosis occurs [297]. It is therefore conceivable that 

full length annexin A1 could be released from neutrophils in inflamed tissues following 

secondary necrosis, rather than the host organism actively increasing the production of annexin 

A1 at these sites, which may assist in the resolution of the inflammatory events. This may also 

provide a reason why neutrophils continue annexin A1 transcription following extravasation 

[200], as it would be released with the mixture of noxious, pro-inflammatory molecules from 

neutrophils during secondary necrosis and assist in preventing the ensuing immune response.  

 

6.3. Mechanisms and effects of annexin A1 truncation 

The secretion of truncated annexin A1 from stimulated neutrophils has been observed by a 

number of groups and this study has additionally provided a functional role for this cleavage 

product in neutrophil extravasation. Aside from the activation of ERK signalling pathway in the 

vasculature to promote neutrophil transmigration, there is still an unknown purpose for truncated 

annexin A1 after this process. Prior to extravasation, approximately 50% of annexin A1 

mobilised to the surface of neutrophils is intact, however this figure drops to approximately 6% 

following transendothelial migration, where the majority of the protein is secreted and the 

remaining cell-associated annexin A1 is the truncated form and is located inside large vacuoles 

within neutrophils [200]. Since it is believed that annexin A1 is liberated from neutrophils 
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following proteolytic cleavage at the plasma membrane, it is unclear how or why a portion of the 

cleaved protein is then internalised following transendothelial migration. It is possible that not all 

proteolytically cleaved annexin A1 is externalised. A further interesting observation was that a 

pool of truncated, but not full length, annexin A1 was observed within endothelial cells in the 

area surrounding the transmigration site [200]. After agonist binding to G-protein coupled 

receptors, it is often necessary for the receptor/agonist complex to be internalised to activate 

signalling pathways, such as the MAPK pathway [298, 299]. It is therefore reasonable to propose 

that receptor internalisation could also be occurring after truncated annexin A1 binds to 

endothelial FPRL-1 to induce ERK-activation, hence the increased annexin A1 content observed 

within endothelial cells. An alternative explanation may be that residual annexin A1 is non-

specifically deposited during the process of transcellular migration. Endothelial annexin A1 

content was not investigated in this study, as the annexin A1 Abs used in the laboratory detected 

both intact and truncated forms of annexin A1. However this would be an interesting aspect to 

address, especially considering the high incidence of transcellular migration observed using the 

assay developed to monitor transmigratory cup formation around emigrating neutrophils.  

Whilst there are genuine disorders where uncontrolled protease activity results in tissue damage 

and disease, the presence of proteolytic cleavage products is frequently dismissed as the result of 

degradation rather than a specific processing event to yield products with functional activity. 

Such is the case with annexin A1, where the truncated form observed in inflammatory exudates is 

often attributed to non-specific cleavage by elevated concentrations of anti-microbial proteases at 

sites of inflammation. This is in part due to the fact annexin A1 does not a possess a recognisable 

signal peptide, which are sequences present within some proteins that target the molecule to a 

specific location and are later removed by proteolysis to generate a mature, active form of the 

protein. A common theory to explain the presence of proteolytically cleaved annexin A1 in 

inflamed sites is that proteolytic cleavage of full length annexin A1 ablates the anti-inflammatory 

property of the protein [215] and therefore contributes to the elevated influx of neutrophils 

observed in affected tissues in a number of inflammatory diseases. This is despite a number of 

reports highlighting a functional effect following annexin A1 proteolysis such as reduced Ca2+ 

requirement for membrane aggregation, where cleavage of annexin A1 after residue 26 (calpain I 

cleavage site) resulted in a 4-fold increase in Ca2+ sensitivity for membrane binding in a 

chromaffin granule aggregation assay, but cleavage after residues 12 (cathepsin D cleavage site) 

and 29 (plasmin cleavage site) resulted in a 3-fold decrease and no change in Ca2+ sensitivity 

respectively [222]. Another study showed that all three truncated forms had a uniform reduction 
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in Ca2+ required for phospholipid binding, indicating that membrane aggregation and 

phospholipid binding were mediated by separate regions of annexin A1 [194]. A further report 

showed that the intracellular distribution of annexin A1 changed following truncation of the first 

26 amino acids from the N-terminus, which caused a shift in its association from early to late 

endosomes and multivesicular endosomes in baby hamster kidney cells [300]. These studies 

highlighted that small changes to the N-terminus of annexin A1 can significantly alter the 

behaviour of the remaining portion of the protein. Therefore whilst proteolytic cleavage of 

annexin A1 may result in the attenuation of its anti-inflammatory activity as suggested, it does 

not appear that this encompasses the entire story of its involvement in the neutrophil-mediated 

inflammatory response, particularly given the ERK-activating capacity of the calpain cleavage 

product observed in this study.  

Several proteases have been shown to recognise and cleave at sites within the N-terminal domain 

of annexin A1 including cathepsin D [222], calpain I [222], plasmin [222], neutrophil elastase 

[242, 243], proteinase 3 [244] and a matrix metalloprotease [245]. Although many of the reported 

annexin A1 cleavage products do not have an obvious functional role in inflammation, the sole 

purpose of some enzymes involved in its proteolysis may simply be to inactivate anti-

inflammatory annexin A1, whilst other proteases may generate a cleavage product with biological 

activity. It appears that the latter is the case for calpain I in neutrophils, where it was found to be 

involved in the secretion of truncated annexin A1 with the capacity to activate endothelial ERK 

from stimulated neutrophils. The calpains are a family of ubiquitous, calcium-dependent serine 

proteases with a number of functions including cell migration, proliferation and apoptosis [301, 

302]. Neutrophils express two calpain isoforms in particular; calpain I and calpain II, also 

designated as µ-calpain and m-calpain for their micromolar and millimolar Ca2+ requirements for 

activation in vitro, respectively [303]. Calpain I is constitutively active in human neutrophils and 

is expressed at a much higher level than calpain II [304]. Calpain I inhibition has been shown to 

markedly attenuate neutrophil activity and consequently inflammation and disease progression in 

a number of experimentally induced disorders including myocardial, intestinal and renal 

ischaemia reperfusion injury, ulcerative colitis, multiple organ failure and acute pancreatitis [305-

310], however the calpain inhibitors administered in these models were most likely acting on a 

range of different cell types to achieve this effect. Anderson et al have also shown that a calpain 

inhibitor, calpeptin, could promote the detachment of rolling fMLP-stimulated neutrophils from 

monolayers of activated platelets [311]. Following stimulation with fMLP or PMA of neutrophils 

in vitro, neutrophil calpain has been observed to translocate to the plasma membrane and become 
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“activated” in a sense, as it displayed a reduced Ca2+ requirement for proteolytic activity [248, 

312]. A further study from the same laboratory showed that neutrophil internalisation of a calpain 

monoclonal antibody resulted in decreased calpain activity and a concomitant reduction in 

granule exocytosis following fMLP and PMA stimulation, thus suggesting a role for this protease 

in the secretion of neutrophil granule contents [313]. Calpain I has also been implicated in 

neutrophil chemotaxis, where the inhibition of basal calpain I activity induced neutrophil 

polarisation, spreading and random migration [304]. However this inhibition also impaired 

neutrophil chemotaxis towards both fMLP and IL-8 chemoattractant gradients, highlighting that 

calpain I activity is required for a specific, directional response to chemotactic stimuli. Following 

neutrophil stimulation and adhesion to endothelial monolayers, annexin A1 is likewise mobilised 

from neutrophil granules and translocates to the plasma membrane [201], a process which has 

been shown to be dependent on phosphorylation in the N-terminal region in other cell lines [209]. 

Both phosphorylation and membrane association have previously been shown to predispose 

annexin A1 to proteolytic processing [207, 314]. Therefore as calpain I and annexin A1 both 

translocate to the plasma membrane following neutrophil stimulation, it is possible that calpain-

mediated annexin A1 proteolysis may occur at this site and result in the secretion of pro-

inflammatory truncated annexin A1.  

A truncated form of annexin A1 has also been detected on the membranes of specific granules 

and secretory vesicles in neutrophils, but not azurophil granules, where the binding is calcium-

dependent [249, 315]. The binding characteristics of truncated annexin A1 differed to the intact 

protein, which bound to all three neutrophil organelles regardless of the presence of calcium 

[249, 315]. This indicated that either the proteolytic activity resided within the membranes of 

specific granules and secretory vesicles, or that the phospholipid bound form of annexin A1 was 

more susceptible to proteolytic cleavage. Annexin A1 has also been found localised to gelatinase 

granules and is mobilised to the neutrophil plasma membrane following adhesion to the 

endothelium, however the ratio of intact to cleaved protein in these granules was not evaluated 

[201]. This raises the possibility that the different forms of annexin A1 may be subject to 

differential exocytosis from the neutrophil, which may be important in regulating the apparent 

opposing roles exerted by the different forms of annexin A1, especially given the hierarchy of 

neutrophil granule exocytosis following stimulation. Neutrophils regulate the secretion of the 

various granules and secretory vesicles in a specific manner, which ensures a targeted 

inflammatory response and avoids the problem of extensive tissue damage by the release of 

destructive granule contents. Indeed secretory vesicles and specific granules are more readily 
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mobilised following neutrophil stimulation than azurophil granules, which only undergo limited 

exocytosis following stimulation [316], even with potent agonists such as PMA [317]. The 

primary role for azurophil granules is the elimination of engulfed microorganisms in the 

phagolysosome, which is facilitated by the high content of cytotoxic enzymes such as 

myeloperoxidase and neutrophil elastase contained within these organelles [316]. Azurophil 

granule exocytosis generally only occurs when the neutrophil has reached the site of infection 

and is completely activated following extravasation. Alternatively, the majority of secretory 

vesicles can be rapidly discharged from neutrophils following treatment with nanomolar 

concentrations of fMLP, without the release of the remaining neutrophil granules [318]. The 

presence of truncated annexin A1 within these granules is consistent with observations made in 

this study, where low doses of fMLP resulted in the rapid secretion of truncated annexin A1 from 

neutrophils. If truncated annexin A1 is secreted from intravascular neutrophils to promote 

transendothelial migration in vivo, efficient mobilisation would seemingly be an important 

feature to facilitate neutrophil emigration in the immediate vicinity where the inflammatory cue 

was received. It is also significant that annexin A1 was localised to these organelles as the 

contents are less noxious when compared to that of azurophil granules, which would damage the 

vasculature if exocytosed at this early stage. The finding that IL-8 could induce the secretion of 

truncated annexin A1 further lends credence to this hypothesis, as IL-8 also stimulates secretory 

vesicle and specific granule exocytosis [319] and it shows that truncated annexin A1 release can 

be induced by two very different forms of proinflammatory stimuli relevant in the neutrophil-

mediated inflammatory response. It would be interesting to investigate additional stimuli, such as 

LPS to determine if these also have a similar effect. It still needs to be determined when and 

where annexin A1 is cleaved in the neutrophil. Annexin A1 proteolysis could occur in neutrophil 

granules and then be released upon stimulation with other granule contents, or the full length 

protein may possibly be cleaved at the plasma membrane following co-translocation of annexin 

A1 and calpain I to facilitate the secretion of truncated annexin A1. 

Truncated forms of annexin A1 have been particularly noted in bronchoalveolar lavage fluid 

(BALF) from patients with lung diseases such as cystic fibrosis, idiopathic pulmonary fibrosis 

and interstitial lung disease, among others [242, 293, 320, 321]. A number of forms of annexin 

A1 have been detected in BALFs [293, 320], however 33 kDa annexin A1 receives the most 

attention in particular, as unpublished observations suggest that this product loses the capacity to 

suppress inflammation [320]. The presence of truncated annexin A1 is also closely correlated 

with the severity of lung disease and neutrophil infiltration, with no full length protein observable 
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in some patients. The addition of BALF from cystic fibrosis patients to purified annexin A1 

resulted in the cleavage to a 33kDa form, suggesting a protease within the BALF was responsible 

for generating the cleavage product. N-terminal sequencing of the truncated annexin A1 species 

identified Ser-37 as the N-terminus, which was attributed to neutrophil elastase activity, a 

component of azurophil granules, as the addition of exogenous elastase generated a product of 

similar molecular weight [242]. As much of the lung damage that occurs in cystic fibrosis is the 

result of massive neutrophil infiltration, it is not surprising that neutrophil elastase activity was 

observed in BALF from these patients and was responsible for annexin A1 cleavage [322]. These 

experiments do not preclude the possibility that other forms of annexin A1 were present before 

full neutrophil degranulation and elastase cleavage, although the results do suggest that the lack 

of anti-inflammatory, full length annexin A1 in inflammatory disorders is due to increased 

protease content and may exacerbate the inflammatory response. Alternatively, elastase-cleaved 

annexin A1 may also possess the ability to activate endothelial ERK and should have been 

investigated alongside calpain I, cathepsin D and plasmin, as a truncated form of annexin A1 with 

Ser-37 was also found from mass spectrometry analysis of fMLP-stimulated neutrophil 

conditioned medium. 

 

6.4. Regulation of annexin A1 by glucocorticoids 

Many of the studies focussing on the anti-inflammatory and antimigratory effects of annexin A1 

have been formulated based on the involvement of annexin A1 in glucocorticoid-mediated anti-

inflammation. Annexin A1 is abundantly expressed in the anterior pituitary gland and localises 

specifically to folliculostellate cells [323], but it is also found in other areas of the brain in lower 

amounts, such as the hypothalamus [324]. Annexin A1 synthesis is induced in a number of cell 

types following treatment with glucocorticoids [325-327] and has itself been shown to mimic the 

anti-inflammatory effects of glucocorticoids [328]. These findings were further supported by 

studies utilising the annexin A1 knockout mouse, where cycloxygenase-2 levels were elevated 

and glucocorticoids lost their efficacy in inhibiting inflammation in several models of acute 

inflammation [219, 220]. In light of these findings, combined with the observation that 

leukocytes from adrenalectomised rats displayed reduced levels of annexin A1 protein [329], it 

was postulated that annexin A1 was potentially involved in the regulation of the hypothalamic-

pituitary-adrenal (HPA) axis. Cumulatively, these studies suggested that annexin A1 was a key 

molecule involved in mediating the anti-inflammatory effects of glucocorticoids. However in an 
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interesting study performed by Solito et al, it was shown that phosphorylation on residue 27 was 

required for the lipidation and translocation of annexin A1 to the plasma membrane in a murine 

pituitary folliculostellate cell line [209]. Whilst the phosphorylation event was the primary 

finding of the study, it was intriguing that the process was induced by LPS. In a previous study 

by the same group, annexin A1 was similarly translocated to the plasma membrane following 

treatment of the same pituitary folliculostellate cell line with glucocorticoids [330]. This 

effectively suggested that the pro-inflammatory molecule, LPS, was mimicking the actions of 

glucocorticoids by promoting the release of anti-inflammatory annexin A1 from this cell line. 

This of course is entirely paradoxical, as recognised by the authors and it was reasoned that the 

temporal responses of annexin A1 activation by LPS and glucocorticoids are different and 

therefore may provide an explanation for this inconsistency. LPS rapidly induced maximal 

annexin A1 translocation 5 min post-treatment [209], but the response induced by glucocorticoids 

was slow-onset and sustained for several hours. Although not addressed by the authors, it would 

be interesting to investigate whether LPS-stimulated annexin A1 was processed differently at the 

plasma membrane compared to annexin A1 induced by glucocorticoids, as these cell types are 

known to secrete proteins to facilitate paracrine/juxtacrine signalling in the HPA axis. An early 

study investigating the anti-inflammatory effects of annexin A1 showed that dexamethasone 

treatment of lung adenocarcinoma cells caused the translocation of full length and a truncated 

form to the plasma membrane, however it was not determined which forms if any were secreted 

[331]. This was yet another study that highlighted the ambiguous nature of annexin A1 

mobilisation in inflammation, however the suggestion that this could be the result of temporal 

regulation by opposing stimuli may provide an explanation for inconsistencies in the literature, 

particularly in relation to FPRL-1 signalling, as addressed in section 6.5. 

Not all regulation of annexin A1 expression and secretion is mediated by glucocorticoids 

however. One group in particular has shown that increased levels of annexin A1 present in colon 

samples correlated with the degree of inflammation induced by trinitrobenzenesulfonic acid 

(TNBS) in a rat experimental model of colitis [198]. This occurred regardless of glucocorticoid 

treatment or whether the animals had been adrenalectomised or hypophysectomised [197]. This 

indicated that glucocorticoids and other pituitary factors were not involved in the regulation of 

annexin A1 in this setting. It was observed that along with the ~9-fold increase in annexin A1 

expression in inflamed colon specimens, a soluble, truncated form of annexin A1 was also 

detected. This truncated form was only found in the inflamed colon and was not present in non-

inflamed control samples. The presence of the truncated form was also unaffected by 
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glucocorticoid treatment [197], indicating that another process independent of the HPA axis was 

involved in the generation of this product. A further study carried out by the same group found 

that annexin A1 levels were similar in resident colonic cells from control and inflamed colon 

samples, therefore the increased annexin A1 expression was not due to these structural cell types 

[332]. However it was found that neutrophils, along with a small portion of macrophages, were 

the major type of infiltrating leukocytes in TNBS-induced colitis in rats and were responsible for 

the increased expression and secretion of annexin A1 in these areas [332]. The lack of effect of 

glucocorticoids on the generation of truncated annexin A1 expression was interesting, as another 

study showed that in adrenalectomised rats the annexin A1 content was reduced in all subsets of 

leukocytes with the exception of neutrophils, suggesting that neutrophil annexin A1 may be 

regulated by factors distinct from the HPA axis [329]. Therefore the truncated annexin A1 

observed in the inflamed colon of TNBS-treated rats may have been the result of neutrophil 

activity and provides a mechanism for the heightened degree of inflammation and lack of effect 

of glucocorticoids on annexin A1 levels in this model. 

 

6.5. Pleiotropic signalling through the FPRs 

All FPRL-1 agonists identified to date have been shown to elicit a Ca2+ flux upon binding to the 

receptor, however the ultimate effect of this signalling is as varied due to the range of molecules 

to which it can bind. FPRL-1 was originally described as a low-affinity receptor for the 

formylated fMLP peptide, requiring micromolar amounts as opposed to nanomolar amounts 

needed for FPR activation. Since its identification, many agonists and antagonists have been 

shown transduce both pro- and anti-inflammatory effects through this receptor [190]. LL-37 and 

SAA are both pro-inflammatory FPRL-1 agonists that induce a chemotactic response in 

neutrophils and serum levels of both proteins have been shown to dramatically increase during 

inflammatory events. SAA has the capacity to induce NFκB activity, which results in the 

activation of the ERK and p38 MAPK pathways and ultimately transcription of the pro-

inflammatory cytokine IL-8 [279]. However LXA4, an anti-inflammatory protein that is also a 

FPRL-1 agonist, had the ability to inhibit ERK 1/2 and p38 phosphorylation induced by SAA, 

suggesting that inflammation could be modulated by competitive binding of pro- and anti-

inflammatory molecules at this receptor. Another study has shown that LXA4 could inhibit TNF-

α induced pro-inflammatory effects despite TNF-α not being a FPRL-1 agonist [333], indicating 

that LXA4 might also use a receptor distinct from the FPRs. SAA has also been shown to 
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stimulate the generation of TNF-α and IL-10 through FPRL-1, which are pro- and anti-

inflammatory cytokines respectively [334]. It was found however that the upregulation of TNF-α 

was the result of activation of the ERK signalling pathway, whereas IL-10 generation was 

dependent on the activation of MAPK p38 pathway. The generation of these two cytokines 

appeared to be regulated temporally however, and suggests that different agonists to FPRL-1 can 

induce the activation of various signalling cascades, highlighting that this receptor is pivotal in 

mediating different signals in the inflammatory response. 

A similar contradictory theme is also observed with annexin A1, where the anti-inflammatory 

effects of annexin A1 and N-terminal peptides are mediated through FPRL-1 signalling events 

[252], however some observations have also been made where annexin A1 induces pro-

inflammatory responses in cells. Ac2-26 was shown to activate monocytes and induce a 

chemotactic response through the FPRs [189], which ultimately desensitised the cells to fMLP-

stimulated chemotaxis and resulted in decreased leukocyte accumulation. Following TNF-α 

stimulation, annexin A1 has also been shown to induce matrix metalloprotease secretion in 

rheumatoid arthritis synovial fibroblasts following FPRL-1 binding and induction of the ERK 

signalling pathway, among others [335]. Adding a further layer of complexity to the annexin A1 

story, an N-terminal peptide Ac9-25 was found to activate neutrophil NADPH oxidase and 

inhibit this signal at the same time, however the latter was postulated to be mediated by a 

receptor to the distinct from the FPRs [336]. Annexin A1 has also been shown to activate FPR in 

human lung cells, which resulted in the production of the acute phase protein, fibrinogen, in a 

similar manner to IL-6 [337]. 

The wide range of effects observed following FPRL-1 activation may also be augmented due to 

the cell types expressing the receptor. In addition to the phagocytic leukocytes, FPRL-1 

expression has been found in microvascular endothelial cells, epithelial cells, lymphocytes, 

folliculostellate cells and astrocytes [275]. Therefore, the assortment of agonists shown to 

transduce pro- and anti-inflammatory signals through FPRL-1 in a temporal manner, combined 

with the diverse tissue distribution of this receptor, highlights why such diverse signals can be 

achieved through FPRL-1. The exact mechanisms by which FPRL-1 differentially responds to its 

various agonists still remains to be elucidated. 
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6.6 Annexin A1-deficient mice 

Despite our findings, there is an abundance of literature detailing increased inflammatory activity 

occurring in the annexin A1 KO mouse [220] and other annexin A1 knock-out studies where 

neutrophils isolated from the annexin A1 KO mouse demonstrated spontaneous migratory 

behaviour and an exaggerated response to inflammatory stimuli in vitro [338]. One would assume 

that if annexin A1 was a vital protein involved in facilitating neutrophil extravasation, its removal 

would result in the opposite to that published and a degree of neutropenia would be observed. 

However, an upregulation of other annexins, namely annexins 2, 4, 5 and 6, were detected in the 

annexin A1 KO mouse [220], hence it is possible that one of these annexins or other annexin A1-

independent mechanisms of neutrophil transendothelial migration are utilised when annexin A1 

is unavailable. If this is the case, the degree of transendothelial migration would also be increased 

by the lack of anti-inflammatory annexin A1 regulated by glucocorticoids and the HPA axis to 

assist in resolving the inflammatory event. Given the high level of annexin A3 expression in 

neutrophils (approximately 1% total cytosolic protein [169]) and that annexin A3 was detected in 

our screen of stimulated neutrophil conditioned medium together with annexin A1, it would be 

interesting to determine if this member of the annexin family can compensate for annexin A1 loss 

and whether it can be processed and released in a similar manner from neutrophils. Indeed it has 

been shown that annexin A3 expression was increased in the inflamed colon of rats treated with 

TNBS, in a similar manner as annexin A1 [198]. To attempt to address this possibility, HEK293 

cells stably overexpressing StrepII-tagged annexin A3 were generated, however the purification 

of recombinant annexin A3 proved problematic. The fact that annexin A3 is present in stimulated 

neutrophil conditioned medium indicates that it is secreted, which is consistent with the findings 

from studies showing calcium-dependent annexin A3 association with neutrophil granules and 

translocation to the plasma membrane upon cell activation [171, 339]. Therefore annexin A3 

would be an interesting candidate to investigate for a potential role in leukocyte transendothelial 

migration, however it may require processing reminiscent of annexin A1 to be active. 

Another issue to take into consideration is the differences between the mouse and human immune 

systems. Whilst the murine immune system mirrors the human system remarkably well, there 

have been a number of reports that describe subtle immunological variations between the two 

[340-342], which have been extensively reviewed by Mestas and Hughes [343]. One study 

identified that mice treated with interferon-γ antibodies displayed an exacerbation of 

experimental allergic encephalomyelitis and equally, systemic treatment with interferon-γ 
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delayed disease onset [344]. This suggested a protective anti-inflammatory role for the cytokine, 

however it was found that the administration of interferon-γ  to human subjects presenting with 

multiple sclerosis led to a worsening of the disease state [345]. This highlights that while mouse 

models are important for the preclinical modelling of human disease, direct extrapolation to 

human conditions should be done so with caution. This is of particular relevance to the area of 

annexin A1 modulation of immune function, as there are significant differences in the FPR 

family of receptors in humans and mice and variations in the neutrophil-mediated inflammatory 

response. The FPR family in humans currently consists of FPR, FPRL-1 and FPRL-2, however 

there are seven structurally divergent members in mice which display different binding affinities 

for ligand [190, 346]. A difference in blood leukocyte composition between humans and mice has 

also been found, with neutrophils comprising 50-70% of total leukocytes in humans but only 10-

25% in mice [347]. It is unclear if this deviation has any functional consequences, however given 

the importance of neutrophils in the early stages of the human inflammatory response, this would 

be an interesting aspect to investigate. This may indicate that murine models of inflammation 

have an increased reliance on lymphocyte-mediated inflammation, therefore neutrophil-mediated 

inflammation in mouse models would not be entirely comparable to that in humans. 

Consequently the data from annexin A1 deficient mice, the effects on neutrophils and relevance 

to the human immune system are probably not as straightforward as has previously been 

suggested, although it does highlight that annexin A1-targeted therapies for the treatment of 

aberrant inflammation warrant further investigation. 

 

6.7. Proposed model for annexin A1-mediated neutrophil transendothelial migration 

The results generated in this study have expanded upon the current knowledge of annexin A1 

proteolysis and secretion from neutrophils and the effect of this cleavage product on endothelial 

cells to modulate neutrophil extravasation. 

 

6.7.1. Secretion of annexin A1 from neutrophils 

Secretion of truncated annexin A1 can be induced by either fMLP or IL-8, indicating that 

signalling through the FPRs and IL-8 receptor can transduce annexin A1 mobilisation in 

activated neutrophils (Figure 6.1). As shown by previous studies, FPR and IL-8 receptor ligation 

results in an intracellular Ca2+ flux, releasing truncated annexin A1 as a consequence, however it 
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is still unclear what the precise sequence of events are that lie between the Ca2+ signalling and 

annexin A1 secretion. In view of the current literature, it appears that annexin A1 is 

phosphorylated following cell stimulation, which then causes its translocation to the plasma 

membrane. Phospholipid-bound annexin A1 has an increased susceptibility to proteolysis, which 

is most likely the key event that liberates the truncated protein from the neutrophil plasma 

membrane. Annexin A1 proteolysis may also occur in the membranes of certain neutrophil 

granules, resulting in localised production of truncated annexin A1 within the granules. 

Truncated annexin A1 could then be secreted in a regulated manner following neutrophil 

activation and granule exocytosis. Results from this study indicate that calpain I is responsible for 

annexin A1 cleavage, as its inhibition prevents the release of active annexin A1 from neutrophils. 

 

6.7.2. Annexin A1 induced endothelial ERK-activation  

Truncated annexin A1 secreted from activated neutrophils binds to FPR/s present on the 

endothelium, most likely FPRL-1. This results in the activation of the ERK 1/2 signalling 

pathway, which is essential for neutrophil transendothelial migration. ERK 1/2 activation 

possibly signals to components of the cytoskeleton, which then impacts on the formation and 

lateral movement of ICAM-enriched projections on the endothelial surface to capture neutrophils 

and guide their transmigration through the vasculature (Figure 6.2). 

This and other studies discussed in chapter 6 highlight contradictory roles of annexin A1 and its 

endothelial receptor in the context of inflammation. Annexin A1 appears to display opposing 

functions depending on the cell type, factor that induced its activation and the period of time 

following the activation event. It is therefore proposed that annexin A1 is functioning in two 

distinct capacities;  

1) Pro-inflammatory annexin A1. This form of annexin A1 is rapidly mobilised, is generated in 

response to pro-inflammatory mediators and promotes leukocyte trafficking to areas of 

inflammation through effects on vasculature and chemotactic activation of additional leukocytes 

expressing FPRs. Annexin A1 displaying pro-inflammatory properties is modified by proteolysis 

and is most likely limited to immune cells containing such proteases and are capable of rapid 

exocytosis of granular or vesicular contents, such as granulocytes. 

2) Anti-inflammatory annexin A1. This species of annexin A1 is inducible by glucocorticoids and 

is involved in mediating the anti-inflammatory effects of these molecules. Annexin A1 can also 



Figure 6.1: Proposed mechanism of truncated annexin A1 secretion from 
stimulated neutrophils. 
 
Secretion of truncated annexin A1 can be induced by either fMLP or IL-8 (not 
shown), where receptor ligation results in an intracellular Ca2+ flux. Cytosolic 
annexin A1 is then phosphorylated and translocated to the plasma membrane. 
Phospholipid-bound annexin A1 has an increased susceptibility to proteolysis 
and is cleaved at the plasma membrane by calpain I, resulting in its secretion. 
Annexin A1 proteolysis may also occur in the membranes of neutrophil gran-
ules, resulting in localised production of truncated annexin A1 within the gran-
ules. Truncated annexin A1 could then be secreted following neutrophil activa-
tion and granule exocytosis. 
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behave in an anti-inflammatory capacity in areas where the inflammatory response is hyperactive 

and functions to desensitise the FPRs and inhibit the trafficking of cells expressing this receptor 

family to the area. Anti-inflammatory annexin A1 is full length and is primarily secreted by cells 

involved in hormone regulation and signalling within the HPA axis. 

Post-translational modifications of annexin A1, such as proteolysis or lipidation, are important 

features that provide an additional degree of control. Such post-translational modifications are 

most likely the defining process that determines the pro-inflammatory or anti-inflammatory 

effects of annexin A1, a concept particularly emphasised by the results generated in this study. 

 

6.8. Annexin A1-related therapies to treat inflammatory disorders 

The findings from this study and others have revealed a number of aspects related to annexin A1 

signalling that could be exploited in the development of therapies to treat inflammatory disorders. 

In line with the concept that has been extensively covered in the literature, full length annexin A1 

could be administered at sites of inflammation to exert a localised anti-inflammatory effect, or it 

could be introduced systemically to desensitise the FPRs and consequently reduce the level of 

neutrophil extravasation overall. Similarly, FPR receptor antagonists could also be employed to 

interfere with FPR-ligand binding, which would ultimately achieve an anti-inflammatory effect 

by reducing neutrophil activation and prevent truncated annexin A1 from activating endothelial 

ERK. An alternative option may be to develop mAbs or other compounds targeted specifically to 

truncated annexin A1. This could potentially be a more effective approach, as the pro-

inflammatory form of annexin A1 would be rendered inactive whilst the full length anti-

inflammatory protein will remain and be able to assist in the resolution of the inflammatory 

event. 
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______________________________________________________________________________ 

CONCLUSION 

 

The experiments conducted in this study have identified a novel role for annexin A1 in the 

transendothelial migration of neutrophils. Although previously thought to be an inactive 

degradation product observed in a number of disease states, truncated annexin A1 secreted from 

stimulated neutrophils was found to possess pro-inflammatory activity and could activate 

endothelial ERK to promote neutrophil transmigration. Full length annexin A1, which has been 

previously shown to possess potent anti-inflammatory activity, could not activate endothelial 

ERK in the same manner as the truncated form of the protein. Calpain I was also shown to have 

an important function in this process, as the proteolysis of recombinant annexin A1 gave rise to 

an unidentified cleavage product with the capacity to activate endothelial ERK. Furthermore, the 

specific inhibition of neutrophil calpain I during neutrophil stimulation prevented the release of 

active annexin A1, thus supporting a role for calpain I in generating annexin A1 with pro-

inflammatory activity. It was also shown that pro-inflammatory annexin A1 activated endothelial 

ERK through the FPR family, which was an interesting finding given that previous studies have 

demonstrated that full length annexin A1 exerts its anti-inflammatory effects through this 

receptor family. The inhibition of annexin A1 activity with blocking Abs was also found to 

decrease the number of transmigratory cups and the intensity of ICAM-1 staining within them, 

consequently reducing the level of neutrophil adhesion and emigration across endothelial 

monolayers in vitro.  This implicated annexin A1 in the formation of endothelial transmigratory 

cups and highlighted that it was required for efficient neutrophil transendothelial migration. 
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______________________________________________________________________________ 

FUTURE DIRECTIONS 

 

 Before investigating additional endothelial effects induced by annexin A1, the experiments 

outlined in this thesis should be repeated using a flow chamber model to mimic the effects of 

blood flow and shear stress encountered in vivo. It has already been shown that endothelial 

ERK activation is required for neutrophil transmigration under shear; however it would be 

interesting to determine how fMLP-stimulated neutrophils would perform in this assay and 

the effects on the ratio of paracellular to transcellular transmigration. The inclusion of 

annexin A1 Ab in the flow chamber model would confirm whether annexin A1 is inhibiting 

neutrophil transmigration or promoting neutrophil extravasation, as widely reported in the 

literature. The rolling velocity and amount of adherent neutrophils should also be 

determined, as the annexin A1 Ab could potentially interfere with one of these steps in the 

leukocyte recruitment cascade. Monitoring the real-time movement of ICAM-1 and VCAM-

1 in the presence of the annexin A1 Ab would also determine if it is indeed affecting the 

ability of these proteins to cluster around adherent neutrophils. This could be achieved by 

using fluorophore-conjugated antibodies or by expressing ICAM-1/VCAM-1 tagged with 

fluorescent proteins in an endothelial cell line that is more amenable to transfection than 

HUVEC. 

 If it is found that the annexin A1 Ab inhibits ICAM-1/VCAM-1 clustering around adherent 

neutrophils, potential cytoskeletal remodelling events induced by ERK activation should be 

investigated, along with signalling molecules such as Rac1 and Rho. 

 Many studies describing anti-inflammatory effects of annexin A1 have used full length 

protein and N-terminal peptides. Administering calpain-cleaved annexin A1 or annexin A1 

devoid of the first 26 amino acids to mice in the same manner should be performed to 

determine if this increases neutrophil accumulation in inflamed tissues. 

 As annexin A1-deficient mice display an exaggerated response to pro-inflammatory stimuli 

and also show an upregulation of other annexins, it would be worthwhile determining if other 

members of the annexin family of proteins can compensate for annexin A1 loss, initially 

using experiments described in this study. Annexin A3 should be the initial candidate, as it 

was detected in the analysis of secreted proteins in fMLP-stimulated neutrophil conditioned 

medium and appears to be mobilised similarly to annexin A1. Annexin A3 deficient mice, 
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although not yet described, would also be useful for investigating a potential role for annexin 

A3 in leukocyte transmigration. 

 It would be interesting to compare levels of secreted proteins from fMLP-stimulated 

neutrophils purified from wild-type and annexin A1-deficient mice to determine if the lack of 

endogenous annexin A1 alters expression and secretion of other neutrophil proteins. This 

experiment will also be useful in identifying if neutrophils isolated from mice and humans 

respond differently to proinflammatory stimuli.  

 Since eosinophils have been shown to activate endothelial ERK during transendothelial 

migration, the possibility that this occurs through annexin A1-mediated events should be 

more thoroughly investigated using similar experiments to those carried out in this PhD 

project. Monocytes should also be examined alongside eosinophils. 

 The presence of S100A8 and S100A9 proteins have been closely linked to inflammatory 

disorders. As S100A8, S100A9 and annexin A1 have been shown to bind to an endothelial 

receptor required for neutrophil transmigration [164], it would be interesting to determine if 

these proteins form a complex that is relevant in inflammation. The endothelial receptor 

should at least be given further consideration as it may provide a new therapeutic target to 

treat inflammatory diseases. 
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Appendix 2: Overexpression and purification of recombinant StrepII-tagged 
annexin A3. 
 
A) Strep-II-tagged annexin A3 was cloned into pcDNA3 and transfected into 
HEK293 cells, then grown in the presence of G418 to select for stable transfor-
mants. Isolated colonies were propagated individually and equal amounts of total 
protein from each clone were analysed for annexin A3 expression by western blot-
ting using an anti-StrepII-HRP conjugated antibody. 
B) Protein purified using StrepII purification spin columns (Merck, Germany), 
compared to 1μg BSA protein standard. 
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Appendix 3: Cathepsin D and plasmin-cleaved annexin A1 do not activate en-
dothelial ERK. 
 
Upper panel- Resting HUVEC monolayers were treated with 20μg partially puri-
fied annexin A1 (AnxA1), 20μg plasmin-cleaved purified annexin A1 (AnxA1 + 
plasmin), plasmin alone, 20μg cathepsin D-cleaved purified annexin A1 (AnxA1 + 
cathepsin D) and PBS (Nil). HUVEC ERK activation was determined by western 
blotting whole cell lysates with an Ab to phosphorylated ERK. 
 
Lower panel– Samples tested on HUVEC were analysed for annexin A1 content by 
western blotting with an Ab to annexin A1. 
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Appendix 4: Dexamethasone inhibits basal phospho-ERK levels in HUVEC. 
 
Resting HUVEC monolayers were treated with PBS (Nil), unstimulated-neutrophil 
conditioned medium (Unstim CM), fMLP-stimulated neutrophil conditioned me-
dium (CM+fMLP), or dexamethasone at the indicated concentrations and combina-
tion with fMLP-stimulated neutrophil conditioned medium. Unstim CM and Nil 
highlight high basal phospho-ERK levels. HUVEC ERK activation was determined 
by western blotting whole cell lysates with an Ab to phosphorylated ERK. 
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