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Abstract

The inflammatory response is a complex condition that can be visualised

in terms of leukocyte activity at the microcirculatory level. Recent data

show that leukocyte recruitment can be prevented by both the endoge-

nous protein annexin A1 (AnxA1) and activation of its receptor FPR2/ALX

(murine orthologue: Fpr2), thus aiding resolution of the inflammation. Fur-

thermore, AnxA1 is sensitive to oestrogen (E2) and so is a candidate medi-

ator of the sex differences seen in many inflammatory diseases. Using in-

travital microscopy to quantify leukocyte-endothelial cell interactions in the

murine mesentery in real-time and in vivo, we aimed to establish a model

of the systemic inflammatory response and determine the involvement of

the AnxA1-Fpr2 system in effecting anti-inflammation. Lipopolysaccharide

(LPS; 10 µg/mouse I.P.) induced leukocyte rolling, adhesion and emigra-

tion, and plasma protein extravasation, observable at 2, 6 and 24 h after in-

jection in mesenteric venules. At 2 h, leukocyte infiltration was also seen in

the liver and plasma concentrations of TNF-α, IL-6 and IL-10 were raised,

indicating a systemic response. When given 20 min into, or at the end of, a

2 h LPS challenge, the Fpr2 ligands AnxA1Ac2-26 and LXA4 reduced LPS-

induced adhesion, an effect that was blocked by both antagonists that were

either pan-FPR (Boc2) or Fpr2-specific (WRW4). Our model also showed

sexual dimorphisms, in that LPS-induced leukocyte-endothelial cell inter-

actions and plasma TNF-α and IL-10 concentrations were heightened in

females. Ovariectomy revealed a particular role for ovarian hormones be-

sides E2 in the manifestation of these differences, and the use of AnxA1-/-

mice suggests that AnxA1 reduces the animals’ sensitivity to E2. These

data suggest firstly that FPR2/ALX presents an attractive target for novel

anti-inflammatory therapeutics, and secondly that ovarian function is im-

portant in the regulation of inflammation.
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1

Introduction

1.1 General Background

Living organisms, in self-defence against a world of pathogens attempting invasion,

have evolved an arsenal of defences with the intent of maintaining homeostasis. The

innate immune system is highly conserved across the animal kingdom, and its numer-

ous blood- and tissue-based means of defence are extremely effective. The mounting

of an inflammatory response enables the host to combat pathogens at the cellular

and molecular level, by the release of toxins designed to kill foreign cells, as well as

their phagocytosis by host immune cells. However, these processes also place a great

deal of stress upon the host as metabolic activity increases and toxic substances are

released. Therefore a number of safeguards exist to limit the extent of inflammation:

many factors leading to termination ("resolution") of inflammation are switched on by

the pro-inflammatory mediators, which are themselves actively inhibited in a negative

feedback loop. Thus the inflammation is resolved, promoting actions such as wound

healing and clearance of dead cells, and ultimately restoring homeostasis.

In its efficiency, however, the inflammatory response can become deregulated and

cause collateral damage to host tissues, the end result of which is mortality or mor-

bidity. Such causes include an excessive, acute response to a stimulus, as may be

seen during the systemic inflammatory response syndrome (SIRS) that is character-

istic of sepsis in human patients. Alternatively, failure of the host’s own pro-resolving

mechanisms (often overridden by a prolonged pro-inflammatory stimulus) can lead to

17



1. INTRODUCTION

chronic – unresolved – inflammation, which is also responsible for morbidity in numer-

ous diseases. The clinical implications of misplaced inflammation are vast, therefore,

and much benefit would be gained from the development of novel anti-inflammatory

agents that are fast-acting and pro-resolving.

The complexity of the inflammatory response cannot be overstated; even subtle al-

terations in factors as varied as inflammatory stimulus, hormonal milieu or nutritional

status can drastically change the magnitude, efficiency and duration of the host de-

fence. This thesis documents an investigation into the effects of two such influencing

factors: firstly, the interaction of a family of G protein-coupled receptors, the formyl

peptide receptors (FPRs) with endogenous anti-inflammatory ligands; and secondly,

sexual dimorphisms within the systemic inflammatory response.

1.2 The Inflammatory Response

The acute and the chronic inflammatory responses can be equally damaging, al-

though the white cell subtypes and their mediators differ significantly between the

two. The very acute stages of an inflammatory response are of particular interest in

this thesis because early interventions are often critical in disorders such as sepsis

and ischaemia-reperfusion injury. As long ago as AD20, Celsus noted that the in-

flammatory response was recognised macroscopically by the clinical signs of heat,

pain, redness and swelling (oedema) (Rather, 1971). Yet it was not until many cen-

turies later that the microscopic activities of this response were realised. In the 1870s,

Arnold wrote that substances could pass through the vascular wall, followed soon af-

ter by Cohnheim’s discovery that this process also extended to cells. Pioneering a

technique known as intravital microscopy, Cohnheim discovered that mechanical or

chemical injury of a vascular bed resulted first in adhesion of white cells to the vessel

wall and, subsequently, their passage through the wall and into the surrounding tissue:

"It is the veins that attract the notice of the observer; for slowly and

gradually there is developed in them an extremely characteristic condition;

the originally plasmatic zone becomes filled with innumerable colourless

corpuscles... whose adhesiveness makes it difficult for them to escape

18



1.2 The Inflammatory Response

from the wall... and here come to be comparatively motionless... A pointed

projection is seen in the external contour of the vessel wall; it pushes itself

further outwards... grows longer and thicker, throws out fresh points, and

gradually withdraws itself from the vessel wall... Finally... there lies outside

the vessel a colourless, faintly glittering, contractile corpuscle." (Cohnheim,

1889)

More distinct stages of this process, termed the leukocyte recruitment cascade have

since been described (Ley et al., 2007), which enable quantification of the inflamma-

tory response via intravital microscopy. The stages of rolling, adhesion, firm adhesion

and emigration are summarised in Figure 1.1 and we now know that each are medi-

ated by specific sets of adhesion molecules of the classes selectins, integrins and the

immunoglobulin superfamily (IgSF). Following activation, leukocytes initially roll along

Figure 1.1: Leukocyte recruitment following an inflammatory stimulus. (1) Humoral
stimuli such as the bacterial fragments of lipopolysaccharide (LPS) and formylated pep-
tides (fMLP) activate the leukocyte and (2) induce expression of intercellular adhesion
molecules on both the leukocyte and the vascular endothelium. These interact, which (3)
results in capture of the leukocyte to the endothelial cells as it becomes marginalised. (4)
The leukocyte will start to roll along the vascular wall as a result of adhesion molecule
interactions acting to slow the cell in the flow of blood, and (5) eventually adhere as the
interactions become strong enough to arrest the cell entirely. (6) This is finally followed
by emigration of the leukocyte through the vascular endothelium, the pericytes and the
basement membrane to the tissue below, either by the paracellular or the transcellular
route. Stages 4, 5 and 6 can be visualised by intravital microscopy. ROS: reactive oxygen
species. Diagram by EL Hughes, unpublished; information adapted from Ley et al. (2007);
Nourshargh et al. (2010).
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the vascular endothelium in the flow of blood. During this time they are able to survey

their environment and assess the milieu of inflammatory mediators, which enables the

cell to determine the locality of the inflammatory challenge prior to committing to the

suicide mission of emigration.

Figure 1.2: Downstream signalling cascades of TLR4 activation. (Inset) The TLR
family is related to the IL-1R family: both have an intracellular TIR domain, but the TLR
has an extracellular pattern recognition sequence formed of leucine-rich repeats (LRRs)
and exists in a dimeric form. (1) LPS activation of its receptor TLR4 first requires binding
to adaptor molecules LPS binding protein (LPB) and CD14. Ligation of the complex with
TLR4 can activate two signalling pathways. (2) One is the MyD88-dependent pathway,
which activates (3) the NF-κB and (4) the AP-1 transcription factors (TFs). (5) The MyD88-
independent pathway can also activate both (6) the NF-κB and (7) IRF3 TFs. (8) All three
TFs induce expression of anti-microbials and inflammatory mediators from the Toll gene
such as TNF-α; in addition, IRF3 can induce a type I interferon response. Diagram by EL
Hughes, unpublished; adapted from Kumar et al. (2009); Kawai and Akira (2007).
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Figure 1.3: Location of perivascular mast cells in murine mesentery. Showing a
whole-mount murine mesentery stained with toluidine blue. Viewed under a X40 objective,
large numbers of mast cells (MC) can be seen in the mesenteric parenchyma, frequently
in the vicinity of blood vessels (V). (Inset) Upon enlargement, the mast cells can be seen to
consist of a pink cytoplasm and violet granules containing pre-formed mediators such as
histamine, tryptase, TNF-α and cytokines. Scale bar = 100µm. (EL Hughes, unpublished.)

1.3 Pathogen Sensing by the Innate Immune System

Cells are able to detect pathogens via a family of pathogen-activated molecular pat-

tern (PAMP) receptors, the Toll-like receptors (TLRs). TLRs are highly conserved and

of vital importance in innate immune recognition of pathogens. There are ten known

family members in humans (TLR1-10) and twelve in mice (TLR1-9 and 11-13); Table

1.1 gives a more complete list of family members, ligands and their expression. Of

particular importance in relation to the work in this thesis is TLR4 (which recognises
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lipopolysaccharide (LPS, or endotoxin) from Gram-negative bacteria). Like the other

family members (with the exception of TLR1/TLR2 and TLR2/TLR6), TLR4 exists as

a homodimer. The signalling pathway initiated by TLR4-LPS interaction is detailed in

Figure 1.2, along with some of the potentially toxic products of this mechanism; impor-

tantly, LPS is not intrinsically toxic (Beutler et al., 2008) – rather, it is the LPS-driven

inflammatory response ("endotoxaemia") that can be damaging to the host, similar to

that seen in sepsis (Gellerich et al., 2002).

TLRs are generally expressed by myeloid cells (both blood-borne and resident in tis-

sue), endothelia, epithelia, keratinocytes and mucosa, which indicates that their pri-

mary function is to act as the first line of defence in the skin and respiratory, gastroin-

testinal and genitourinary tracts. This enables the host to mount a response whether

the pathogen has entered the bloodstream – in which case blood-borne cells can

reach it directly – or is localised within tissue, which requires leukocytes to extravasate

in order to reach the challenge. In the case of a tissue-based challenge, it is the

perivascular mast cells and macrophages that initiate the inflammatory response via

TLR-mediated detection of pathogens (Applequist et al., 2002; Supajatura et al., 2001,

2002). Figure 1.3 demonstrates the ideal placement of perivascular mast cells for

communication between tissue and vessel. Mast cells are capable of very rapid re-

lease of a variety of acute-phase pro-inflammatory mediators including: histamine and

eicosanoids such as prostaglandin (PG) E2 (which induce vasodilation and oedema);

tryptases and other proteases (which activate endothelia and leukocytes via autocrine

receptor cleavage to induce leukocyte emigration); and TNF-α and chemokines (which

exert pleiotropic pro-inflammatory effects and recruit more leukocytes to the locality)

(Steinhoff et al., 2000; Nathan, 2002; Young et al., 1987; Benoist and Mathis, 2002).

Thus, via alteration of hemodynamic parameters and up-regulation of local gene and

protein expression, the inflammatory response is triggered.
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Receptor Ligand(s) Expression Mouse Human
TLR1 Triacyl lipopeptides Extracellular membrane of

myeloid, T, B, NK, endothelial
and epithelial cells, ker-
atinocytes

+ +

TLR2 Various due to dimeri-
sation with other mem-
bers (namely TLR1 and
6) – incl. lipoproteins,
peptidoglycans, lipote-
ichoic acid, zymosan,
glycolipids

Extracellular membrane of
myeloid, T, B, endothelial and
epithelial cells, keratinocytes

+ +

TLR3 dsRNA Intracellular membrane of
myeloid, T, NK, endothelial
and epithelial cells, ker-
atinocytes, neurons

+ +

TLR4 LPS Extracellular membrane
of myeloid, NK, mast, T,
endothelial and epithelial
cells, keratinocytes

+ +

TLR5 Flagellin Extracellular membrane of
myeloid, T, NK, endothe-
lial and epithelial cells, ker-
atinocytes

+ +

TLR6 TLR2 ligands & diacyl
lipopeptides from my-
coplasma

Extracellular membrane of
myeloid, T, NK, endothe-
lial and epithelial cells, ker-
atinocytes

+ +

TLR7 Virus ssRNA, imidazo-
quinolines

Intracellular membrane of
myeloid, NK, endothelial, T
and B cells

+ +

TLR8 ssRNA, imidazoquino-
lines (due to high ho-
mology with TLR7)

Endosomal membranes of
myeloid, T and B, NK, en-
dothelial and epithelial cells,
keratinocytes

N/F +

TLR9 CpG motifs of bacterial
and viral DNA

Endosomal membranes of
myeloid, T and B, NK, en-
dothelial and epithelial cells,
keratinocytes

+ +
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Receptor Ligand(s) Expression Mouse Human

TLR10 Unclear – highly ho-
mologous to TLR1 and
TLR6

Myeloid, T and B, endothelial,
epithelial cells

– +

TLR11 Unclear – likely
derivatives from
uropathogenic bac-
teria; profilins from
Toxoplasma gondii ; a
component of Taenia
solium larvae

Not fully defined; present in
myeloid and bladder epithelial
cells, neurons

+ –

TLR12 Unclear – a component
of Taenia solium larvae

Not fully defined; present in
myeloid cells and neurons

+ –

TLR13 Unclear – a component
of Taenia solium larvae

Not fully defined; present in
myeloid, ependymal and pial
endothelial cells, astrocytes,
neurons

+ –

Table 1.1: The mouse and human Toll-like receptor (TLR) family, their ligands
and expression profiles. CpG: —cytosine—phosphate—guanine—; dsRNA: double-
stranded RNA; LPS: lipopolysaccharide; N/F: non-functional; NK: natural killer [cell]; ss-
RNA: single-stranded RNA. Assembled from Beutler (2004); Mishra et al. (2008); Kumar
et al. (2009).

1.3.1 Cell Types

1.3.1.1 Neutrophils

The first blood-borne cell type to arrive at the scene during an inflammatory response

is usually the neutrophil (also known as the polymorphonuclear leukocyte, or PMN),

which is capable of phagocytosis of pathogens (or fragments thereof). In addition to

direct pathogen removal, phagocytosis also triggers an efficient two-pronged attack

involving both oxidative and non-oxidative toxins. The oxidative attack is preceded by

a respiratory burst, which increases the cell’s oxygen uptake and enables production

of reactive oxygen species (ROS) and reactive nitrogen species (RNS) such as hydro-

gen peroxide (H2O2), superoxide radicals (·O2
-), hypochlorite (HClO-) and peroxynitrite
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(ONOO-). These oxidative toxins are produced within the vacuoles that occur follow-

ing phagocytosis (phagosomes), acting to peroxidise the pathogen’s membranes. In

addition, a non-oxidative attack can also be employed, as the oxidative attack is not

sufficient to kill some pathogens (such as Candida albicans and S. aureus). To this

end, neutrophils also produce antimicrobial peptides, such as defensins, cathelicidins

and bactericidal/permeability-increasing protein, and enzymes, such as lysozyme and

proteases, to assist breakdown of the pathogen cell (Kindt, 2007).

1.3.1.2 Monocytes

Monocytes are myeloid leukocytes that migrate into tissue and undergo differentiation

into a heterogeneous population of cells (Rees, 2010). Although the turnover of mono-

cytes/macrophages is rapid (around 1 x 106 are released daily in mice and 3 x 1011

in humans (van Furth and Cohn, 1968)), the bone marrow also acts as a reservoir of

(pro-) monocytes which can be quickly mobilised during injury or infection.

Overall, the major functions of monocytes are antigen presentation, phagocytosis

and immunomodulation (Dale et al., 2008). However, they are divided into two sub-

sets, each with a distinct phenotype; this is a highly conserved phenomenon across

mammalian species including mice (Auffray et al., 2009), rats (Ahuja et al., 1995)

and humans (Ziegler-Heitbrock, 2007). The subsets are classed as resident and in-

flammatory, with the latter appearing to be a more mature state of the former (Rees,

2010). Resident monocytes have low expression of the differentiation antigen Ly6C

(mice) or the Fc receptor CD16 (humans) (Ziegler-Heitbrock, 2007; Geissmann et al.,

2003) and respond to CX3CL1/fractalkine but not to CCL2/MCP-1 (Geissmann et al.,

2003), unlike immature bone marrow monocytes, for which the CCR2-MCP-1 receptor-

chemokine system plays perhaps the most dominant role in mobilisation during infec-

tion (Serbina and Pamer, 2006; Combadiere et al., 2008; Engel et al., 2008). Inflam-

matory monocytes are precursors to tissue macrophages as well as some subsets of

dendritic cells.

The different subsets of monocytes display different behaviours: the resident pheno-

type have been seen to display a "patrolling" behaviour in mesenteric vessels, wherein
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they constitutively crawl along the endothelium, rather than undergoing the better-

documented rolling-adhesion-emigration pattern which is limited to the inflammatory

monocyte subset in this tissue (Auffray et al., 2007). Upon infection (or models thereof,

including in the presence of LPS; Maus et al. (2003)) the inflammatory monocytes can

infiltrate affected tissue by the classical pathway in a CCR2-dependent manner, where

differentiation into tissue macrophages occurs. Overall, therefore, the resident mono-

cytes appear to be specialised intravascular sentinels that are capable of providing

a rapid response to injury or infection that includes recruitment of inflammatory cells

(Rees, 2010).

1.3.1.3 Macrophages

Macrophage functions include tissue remodelling during development (Rae et al.,

2007), promotion of blood and lymphatic capillary development (Lobov et al., 2005)

and maintenance of tissue integrity (Machnik et al., 2009). However, they also have

a large role to play in host defence; like mast cells, macrophages are ideally placed

to detect sterile damage or infection, in part via intercalations between neighbouring

cells to enable sampling of the more distal environment (Rees, 2010). Macrophages

are primed by cytokines, which can selectively enhance their function. For exam-

ple, interferon (IFN) -γ increases phagocytosis and intracellular pathogen killing by

macrophages (Gordon, 2007), whilst interleukin (IL) -4 reduces these activities (Gor-

don and Taylor, 2005): the former ("classical") activation pathway is relevant to pathogenic

killing, whilst the latter ("alternative") activation pathway is relevant to helminth control

(Martinez et al., 2009). Crucially, the macrophage becomes committed to a particular

phenotype following activation and is refractory to alternatively-acting stimuli (Rees,

2010; Erwig et al., 1998).

1.3.1.4 Lymphocytes

The lymphocytes are largely involved with antigen presentation and development of

memory within the innate immune system. Their role in an innate immune inflamma-

tory response is often less focused on than that of the neutrophils and monocytes, but

they are involved in the development of immunity. B-lymphocytes become activated

early on in response to LPS, resulting in secretion of immunoglobulins (Andersson
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et al., 1973). This is followed by initiation of a Th1-type response by T-lymphocytes,

which is dependent on direct contact with LPS-primed monocytes (Mattern et al.,

1998). Both of these events contribute towards a phenomenon known as endotoxin

tolerance, wherein the immune response can become desensitised to repeated low

doses of LPS (Chaby and Girard, 1993; Berczi, 1998), as well as LPS as a mediator

of cellular immunity against microorganisms (Heine et al., 2001).

1.4 Cellular Crosstalk: A Mediator-Based Approach

The orchestration of the inflammatory response, particularly the local arrival of leuko-

cyte subsets in a time-dependent fashion, requires cross-talk through numerous chemokine

and cytokine mediators, which are released from both activated leukocytes and the en-

dothelium (Kindt, 2007). The specific array of mediators can depend on the type of

infection and resulting inflammatory reaction, but the overall response of the innate

immune system to LPS is already reasonably well defined, as follows.

1.4.1 Cytokines and Chemokines

Cytokines are a class of small, cell-signalling protein-based molecules that are vital

for the proper orchestration of the inflammatory response (Pober and Cotran, 1990).

Their actions are manifold – primarily immunomodulatory (pro-inflammatory or anti-

inflammatory), but cytokines are also involved in physiological processes unrelated to

inflammation, such as embryogenesis. Specific cell surface receptors on the target

cells effect a cytokine’s actions, be it directed cell movement, apoptosis signalling,

mediator release or gene transcription.

The suite of cytokines released during an inflammatory response varies with both stim-

ulus and time; for example, viral infections invoke different cytokines from bacterial in-

fections, and cytokines with anti-inflammatory actions are generally released at a later

stage than those with pro-inflammatory effects. The pro-inflammatory cytokine profile

during endotoxaemia is already well defined; it is dominated by TNF-α and IL-6 and

-1β and varies little between mammalian species including humans (Andreasen et al.,

2008), pigs (Williams et al., 2009), primates (Hesse et al., 1988; Creasey et al., 1991)
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and rodents (Zhou et al., 2009, 2011). Following a stimulus, TNF-α is usually the first

cytokine to increase, being released from activated leukocytes and endothelial cells by

about 45 min post challenge, and is one of the principle mediators of LPS-governed in-

fection (Beutler et al., 1985; Shalaby et al., 1989). Pro-inflammatory actions of TNF-α

include a febrile response (Beutler et al., 1985) and induction of other cytokines such

as IL-1β and IL-6 (Shalaby et al., 1989; Matsukawa and Yoshinaga, 1998). IL-1β, to-

gether with TNF-α, induces expression of the intercellular adhesion molecule ICAM-1

expression in the vascular endothelium, which aids leukocyte-endothelial cell interac-

tions at the site of tissue injury (Geissmann et al., 2003). IL-6 contributes towards pro-

inflammatory processes, such as induction of hepatic acute-phase proteins (Gauldie

et al., 1987), and mediates the temperature set-point by stimulating PGE2 synthesis,

causing fever (Harden et al., 2006). It can also have indirect anti-inflammatory effects,

by stimulating neural circuits involved with the hypothalamo-pituitary-adrenal (HPA)

axis as well as at different points along the axis; the end result is release of gluco-

corticoid hormones, which have potent anti-inflammatory effects (discussed more in

Section 1.6) together with certain cytokines that also exert anti-inflammatory actions,

namely IL-10 and tissue growth factor (TGF) -β.

Chemokines are chemotactic cytokines; their two main functions are to provide precise

directional cues for the movement and migration of leukocytes during the inflamma-

tory response, and to induce progression from selectin-mediated leukocyte rolling to

integrin-mediated adhesion (Luster, 1998). Cytokine release can be stimulated both

by products of infection, such as LPS and viral fragments, and by acute-phase pro-

inflammatory cytokines such as TNF-α and IL-1β (Baggiolini et al., 1994). Inflamma-

tory processes can drastically alter a cell’s responsiveness to the chemokine milieu,

thus specifically modulating leukocyte recruitment. For example, the chemokine re-

ceptor CCR2, which is constitutively expressed on monocytes (Loetscher et al., 1996),

is down-regulated by LPS, thus rendering the cell unresponsive to the receptor’s lig-

and CCL2/MCP-1; however, reactivity remains towards CCL3/MIP-1α via its receptors

CCR1 and CCR5 (both also constitutively expressed) (Loetscher et al., 1996; Bosco

et al., 2004; Sica et al., 1997). The overriding result of this is to limit monocytes’

chemotactic ability towards CCL2 from macrophages and instead direct it towards

macrophage alarm signals.
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The chemokine profile during an inflammatory response also depends on the in-

flammagen, and partly dictates the leukocyte subsets involved. In LPS-mediated

inflammation, which is primarily neutrophilic in the early stages, IL-8 (mouse homo-

logue: keratinocyte chemoattractant or KC) is a key chemotactic agent produced by

monocytes/macrophages, fibroblasts and endothelial cells (Mukaida et al., 1998; Mat-

sukawa and Yoshinaga, 1998); CCL3/MIP-1α and CCL-4/MIP-1β are also released

from macrophages and promote neutrophilic inflammation (Sherry et al., 1988).

1.4.2 Other Inflammatory Mediators

In addition to protein-based chemokines and cytokines, there is evidence that other

small-molecule mediators are also associated with neutrophil recruitment during LPS-

induced inflammation. In particular, arachidonic acid (AA) metabolism by the cyclooxy-

genase (COX) and lipoxygenase (LOX) enzymes results in a variety of lipid-based

mediators such as thromboxane (TX) A2; prostaglandins (PG) E2 and F2α; prostacy-

clin (PGI2); and leukotrienes (LT) B4 and C4; all of which act in a paracrine/autocrine

fashion during the inflammatory response. Their primary effects are vasodilation and

increased vascular permeability (Narumiya, 2009), although additional actions include

PGE2 synergising with cytokines such as IL-1β to cause fever during endotoxaemia

(Blatteis et al., 2005) and the involvement of LTB4 with the influx of neutrophils in

acute lung injury by LPS (VanderMeer et al., 1995). Many effects of the lipid-based

mediators are synergistic; for example, PGE2 can prime endothelial cells to the per-

meabilising actions of small molecules such as C5a of the complement cascade, the

formylated tripeptide chemoattractant fMLP, bradykinin and histamine (Wedmore and

Williams, 1981; DiStasi and Ley, 2009; He, 2010). Together, the cross-talk between

the plethora of mediators illustrates the complexity of the inflammatory response and

the multiple opportunities for control – or loss thereof.
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Class Name(s) Expression

Selectins
L-selectin; CD62L Leukocytes

P-selectin; CD62P Endothelial cells, platelets

E-selectin; CD62E Endothelial cells

Mucin-like

GlyCAM1 High endothelial venules

CD34 Haematopoietic cells, endothelial
cells, mast cells

PSGL1; CD162 Leukocytes, endothelial cells

MAdCAM1 Endothelial cells

Integrins
VLA-4 (α4; CD49d/β1; CD29) Leukocytes

LFA-1 (αL; CD11a/β2; CD18) T- and B- cells, macrophages,
neutrophils

Mac-1 (αM CD11b/β2; CD18) Granulocytes, natural killer cells,
monocytes, macrophages

IgSF

ICAM-1; CD54 Leukocytes, endothelial cells

ICAM-2; CD102 Endothelial cells

ICAM-3; CD50 Endothelial cells

LFA-2; CD2 T-cells, natural killer cells

LFA-3; CD58 Antigen presenting cells,
macrophages

JAM1 (also JAM-A); CD321 Endothelial tight junctions

JAM2 (also JAM-B); CD322 Endothelial tight junctions

PECAM-1; CD31 Platelets, T-cells, monocytes,
neutrophils, endothelial cells

VCAM-1; CD106 Endothelial cells

MAdCAM-1 Endothelial cells

Table 1.2: Adhesion molecules involved in the leukocyte recruitment cascade.
Common-usage names are listed first, followed by cluster of differentiation (CD) code.
Integrins are listed with their compound names followed by the α and β subunits in brack-
ets. MAdCAM-1 possesses both mucin-like and IgSF domains, hence its presence in
both columns. ICAM: intercellular adhesion molecule; IgSF: immunoglobulin superfamily;
JAM: junctional adhesion molecule; LFA: lymphocyte function-associated antigen; Mac-1:
macrophage-1 antigen; MAdCAM-1: mucosal vascular addressin cell adhesion molecule-
1; PECAM: platelet endothelial cell adhesion molecule; PSGL-1: P-selectin glycoprotein
ligand-1; VCAM: vascular cell adhesion molecule; VLA: very late antigen. Nomenclature
correct in PubMed genome database at time of writing.
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Figure 1.4: Detailing the stages of leukocyte-endothelial cell interactions during
leukocyte recruitment. (A) Rolling is mediated by selectins interacting with their carbohy-
drate ligands; L-selectin and PSGL-1 expression by leukocytes and platelets also causes
leukocyte-leukocyte and leukocyte-platelet interactions. Rolling is permitted by rapid on-
off kinetics of selectin-ligand binding; (B) catch-slip behaviour allows increased load (F) up
to a maximum, due to the selectin’s lectin domain that (C) uncoils with increased F so the
ligand sits more securely in its binding domain. (D) Integrins are constitutively expressed
in a low-affinity conformation, wherein the binding site is folded away and inaccessible to
its ligand. (E) Intercellular signalling within the leukocyte, via selectin-ligand interaction
and chemokine receptor activation, enables accessory protein binding to the integrin’s
intercellular domain. This process activates the integrin so the ligand-binding domain
swings out as the integrin becomes upright and adopts its high-affinity conformation, thus
bringing about arrest of the leukocyte via integrin-IgSF interactions. (F) The intracellular
signalling responsible for integrin activation also polarises the leukocyte via remodelling
of the actin cytoskeleton, enabling it to crawl along a gradient of adhesion molecule ex-
pression (such as PECAM-1 and JAM), until it reaches a junction of endothelial cells.
(G) Finally, the leukocyte emigrates (in this case) via the paracellular route, employing
adhesion molecules present within the junction. ESL-1: E-selectin ligand-1; JAM: junc-
tional adhesion molecule; LFA-1: lymphocyte function-associated antigen-1; PECAM-1:
platelet endothelial cell adhesion molecule-1; PSGL-1: P-selectin glycoprotein ligand-1;
VE-cadherin: vascular-endothelial cadherin. Diagram by EL Hughes, unpublished.
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1.5 Cellular Activity: The Leukocyte Recruitment Cascade

1.5.1 Rolling

Activation of leukocytes in the vicinity of an inflammagen is followed by their capture

onto the vascular endothelium and rolling in the flow of blood, which allows them to

survey the environment and pinpoint the challenge. This occurs with great precision

in a controlled inflammatory response, even to the degree of occurring on just one,

damaged side of a microvessel (Allison et al., 1955). Rolling is primarily mediated

by selectins, which are a family of single transmembrane glycoproteins (Figure 1.4A).

Corresponding with their common lectin domain at the tail end of the cytosolic portion,

selectins bind to sugar moieties such as P-selectin glycoprotein ligand-1 (PSGL-1),

CD34 and E-selectin ligand-1 (ESL-1) (McEver and Cummings, 1997). There are

three family members: E-selectin, expressed on endothelia; P-selectin, expressed on

platelets and endothelia; and L-selectin, expressed on leukocytes. All are up-regulated

during an inflammatory response, although the temporal profiles differ – whilst P-

selectin is rapidly mobilised from intracellular stores by eg. histamine and thrombin

(and hence plays an involvement in leukocyte capture), expression of E-selectin is not

increased until several hours afterwards by signals such as TNF-α.

Selectin-mediated rolling possesses two interesting features. The first is the rapid

on-off kinetics of the adhesion molecule interactions: in order for the leukocyte to

progress along the endothelium, the selectin-ligand bonds need to bind and release in

quick succession, which necessarily means that the bonds between the two are rela-

tively weak. Related to this, the second feature is that of "catch-slip bonds" displayed

by selectin-ligand interactions (Figure 1.4B+C), wherein the strength of the bond varies

with the shear stress inside the vessel – in the simplest terms, the strength of the bond

increases with shear stress up to a maximum ("catch" behaviour), above which it then

falls as load increases ("slip" behaviour) (Thomas, 2008; McEver and Zhu, 2010). The

nature of catch-slip bonds therefore means that rolling can occur in the larger vessels

with faster-moving blood and high shear stress, but that leukocytes can also avoid be-

coming lodged in the smaller, low-pressure vessels of the microcirculation (Beste and

Hammer, 2008; Thomas, 2008).
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1.5.2 Adhesion and Firm Adhesion

Rolling can progress to adhesion upon the induction of integrins, a family of obligate

heterodimeric receptors. They are proteins consisting of one α and one β chain, of

which 18 and 8, respectively, exist in mammals. Although involved in many aspects

of cell-cell interactions, including extracellular matrix physiology and migration of can-

cer cells, only certain members participate in leukocyte-endothelial cell interactions

during the inflammatory response, which are listed in Table 1.2. Integrins associ-

ated with inflammation are constitutively expressed on the surfaces of leukocytes and

endothelia in a low-affinity form (Xiong et al., 2001), meaning they are unable to in-

teract with members of the immunoglobulin superfamily (IgSF) that are their ligands

(Hynes, 2002). Activation occurs through inside-out signalling, either via selectins or

chemokine receptors (reviewed by Hogg et al., 2011), which causes the ligand bind-

ing domain to swing away from the cell membrane, become accessible to its ligands,

and bring about arrest of the rolling leukocyte (Beglova et al., 2002; Nishida et al.,

2006). The integrin activation procedure is explained in more detail in Figure 1.4D+E.

As with selectin-glycoprotein binding, intravascular integrin-IgSF interactions display

catch (but not slip) behaviour, in that they are only stable in the presence of a per-

pendicular force, or shear stress (Chen et al., 2010) – interestingly, structural integrin

activation is also a force-enhanced phenomenon (Alon and Dustin, 2007), which fur-

ther strengthens the theory that catch and catch-slip bonds have evolved to prevent

leukocyte blockage of smaller vessels.

1.5.3 Crawling and Emigration

The tailin accessory protein that is upstream of integrin activation is also coupled to

the actin cytoskeleton. Integrin activation thus facilitates actin remodelling so that

the leukocyte can become polarised and undergo the shape changes necessary for

amoeboid emigration. The polarised leukocyte (Figure 1.4F) consists of a pseudopod

at the leading edge, which is short-lived and rapidly remodelled, and a uropod at the

tail behind the nucleus and cell body (Alon and Dustin, 2007). Following an expres-

sion gradient of adhesion molecules such as PECAM-1 and JAM-2, which are highly

expressed at the junctions of endothelial cells (Figure 1.5) (Woodfin et al., 2009), the
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Figure 1.5: Adhesion molecule expression at endothelial junctions. Showing ex-
pression density of A) junctional adhesion molecule 1 (JAM-1) and B) platelet endothe-
lial cell adhesion molecule 1 (PECAM-1), using confocal microscopy of immunostained
mouse cremaster muscle venules ESL-1: E-selectin ligand-1; JAM: junctional adhesion
molecule; LFA-1: lymphocyte function-associated antigen-1; PECAM-1: platelet endothe-
lial cell adhesion molecule-1; PSGL-1: P-selectin glycoprotein ligand-1; VE-cadherin:
vascular-endothelial cadherin. From Woodfin et al. (2009).

leukocyte crawls until it reaches a site of high-density expression, whereupon emi-

gration can take place via one of two routes. The paracellular route, which is better

understood, involves passage of the leukocyte between two adjacent endothelial cells

(Figure 1.4G). Opening of the tight junction between the endothelial cells enables the

leukocyte to protrude into the junction via adhesion molecule interactions such as

PECAM-1:PECAM-1, Mac-1:JAM-C, LFA-1:JAM-A and PECAM-1:JAM (Muller, 2003;

Ley et al., 2007). The PECAM-1:PECAM-1 bonds are of particular import, because

of their involvement in the maintenance of the endothelial junctions. As the junctions

open to allow egress of the leukocyte, the homophilic endothelial PECAM-1 interac-

tions break and are replaced by leukocyte PECAM-1:endothelial PECAM-1 interac-

tions, which help to maintain endothelial integrity (Dangerfield et al., 2002; Muller,
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2003).

The alternative, transcellular route involves formation of an adhesion molecule-rich

vesicular tunnel through the cytoplasm of the endothelial cell, enabling passage of

the leukocyte via similar interactions to the paracellular route. Although less is known

about the transcellular pathway, it is believed to occur in places where the endothe-

lium is particularly thin and the required migratory distance is shorter. In the same way

that it is more difficult to exit a room via the wall rather than the door, transcellular mi-

gration is the less preferential route (undertaken by only 5-20% of cells (Carman and

Springer, 2004)), although it is more common in the central nervous system (CNS)

and in certain inflammatory situations such as in response to fMLP (Feng et al., 1998;

Engelhardt and Wolburg, 2004) and occurs much faster than paracellular migration

(Cinamon et al., 2004).

Whichever the route through the endothelium, the leukocytes must next pass the base-

ment membrane and pericyte sheath in order to reach the tissue parenchyma. The ex-

pression of matrix proteins such as laminin and collagen varies throughout the base-

ment membrane, with sites of lower density expression (low expression regions; LERs)

co-localising with gaps between pericytes (Wang et al., 2006; Voisin et al., 2010) to

create sites permissive to diapedesis. Neutrophil emigration is facilitated by expres-

sion of proteases such as neutrophil elastase and matrix metalloproteinases (Wang

et al., 2005), which enlarge the LERs and are associated with carriage of laminin

fragments (Voisin et al., 2009). Monocytes, on the other hand, take a less cannonball-

like approach and display a greater degree of deformation and subendothelial motility,

which causes less damage to the extravascular structures (Voisin et al., 2010).

1.5.4 Oedema

Oedema, or plasma protein extravasation (PPE) occurs when endothelial integrity is

compromised and the tight junctions pull apart; this is more common in certain vascu-

lar beds, such as in the lung (Stevens et al., 2000; Goldenberg et al., 2011). Although

certain pro-inflammatory mediators such as histamine and leukotrienes increase vas-

cular permeability independently (Vandenbroucke et al., 2008), the process of leuko-
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cyte transmigration per se will also cause some plasma leakage. A very little will ac-

company the leukocyte during its egress (particularly PMNs in their afore-mentioned

cannonball-like approach), and some will be pushed through outside the vessel by

raised hydrostatic pressure due to increased blood flow in the locality of inflammation

(Sarelius et al., 2006; Sumagin et al., 2008). However, PPE and leukocyte emigration

are independent processes that are often observed taking place in a temporally and

spatially similar fashion due to shared stimuli such as ROS and TNF-α (DiStasi and

Ley, 2009).

Despite causing pain and in some instances reduced mobility, the intended function

of plasma leakage is primarily supportive in most cases, in that it provides nutritive

support to the metabolically-active extravasated leukocytes (Aghajanian et al., 2008).

However, in cases such as endotoxaemia, which is accompanied by hypotension and

endothelial dysfunction, vascular hyperpermeability is considered detrimental and a

contributing factor to tissue hypoperfusion and mortality (Goldenberg et al., 2011).

1.6 Resolution of Inflammation

The resolution of an inflammatory response occurs upon the elimination of granulo-

cytes and the return to baseline of tissue mononuclear cell numbers and phenotypes

(Goldenberg et al., 2011), so that the system returns to homeostasis. Resolution was

once thought to be nothing more than a "fizzling out" of the pro-inflammatory phase;

however, a collection of more recent work has shown resolution to be an active pro-

cess, and if it does not occur then inflammation will persist and cause tissue damage

(reviewed by Gilroy et al., 2004).

A number of anti-inflammatory mediators are thought to be involved not only in damp-

ening pro-inflammatory processes, but also in actively resolving inflammation. Some

are already used clinically as therapeutics (Gilroy et al., 2004); glucocorticoid hor-

mones in particular are well known for their use as anti-inflammatory drugs. Gluco-

corticoids are the product of a stimulated HPA axis, which is classically known for
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responding to stress. As a condition that threatens the homeostatic balance, inflam-

mation is considered a stressor and therefore causes complex, bi-directional commu-

nication with the HPA axis. The main function of this communication is to control the

infection without excessive disruption to homeostasis (John et al., 2003).

Exposure to LPS causes increased plasma glucocorticoid concentrations in humans

(Taudorf et al., 2007; Coyle et al., 2006), rats (Ma et al., 2000), mice (Hadid et al.,

1999) and pigs (Williams et al., 2009). This end-point of glucocorticoid release can

be promoted by action of inflammatory mediators at several different points in the

HPA axis. However, as steroid mediators glucocorticoids can induce a variety of ef-

fects, which are similar whether the excess is endogenous or iatrogenic (Murray et al.,

2000). Not all of these effects are on-target and can include depression and/or ma-

nia (Brown, 2009), atrial flutter or fibrillation (Christiansen et al., 2009), weight gain,

and hyperglycaemia possibly leading to insulin resistance or "steroid diabetes melli-

tus" (Silverstein et al., 1988). In the quest to find more specific mediators that effected

the anti-inflammatory properties of glucocorticoids, attention became drawn to the en-

dogenous Ca2+-binding protein annexin A1 (AnxA1), which was found to show promise

as an anti-inflammatory mediator and is discussed in more detail in Section 1.8.1.

Glucocorticoids have been in use as anti-inflammatory agents for decades, even though

their long-lasting, off-topic effects tend to make their use less desirable. More recently,

however, it has come to light that a change in mediator milieu comes about much

earlier than initially thought (or: prior to glucocorticoid increase following an inflam-

matory stimulus; see Figure 1.6) in order to orchestrate resolution. Bannenberg et al.

(2005) have described a series of "resolution indices" using a mouse model of zy-

mosan peritonitis (although applicable to any granulocyte-mediated, spontaneously-

resolving inflammatory response). In particular, having measured a variety of pro- and

anti-inflammatory mediators, the authors postulated that the interval of resolution (Ri)

was the time between the point of maximum neutrophil infiltration (ψmax) and the time

at which ψmax had fallen by 50 % (1
2ψmax). The concept of Ri is detailed in Figure 1.6,

along with general profiles of the major pro-inflammation and pro-resolution mediators.

This hypothesis illustrates the exquisite temporal coordination required to neutralise a
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challenge during the pro-inflammatory phase and subsequently douse the flames be-

fore excessive tissue damage occurs.

There are two key aspects to successful resolution: a switch from pro- to anti-inflammatory

mediators at the appropriate time; and apoptosis of leukocytes (largely PMNs) with

a pro-inflammatory phenotype. The currently-standing hypothesis is that the initial

phase of activation also programmes the local induction of signalling pathways that

will either self-limit or, after a delay, terminate the inflammation (Serhan and Savill,

2005). Much of this signalling is lipid-based and involves arachidonic acid derivatives;

for example, acute increases in the eicosanoids PGE2 and D2 promote transcription of

enzymes which subsequently generate other classes of eicosanoids such as lipoxins,

resolvins and protectins (Serhan et al., 2002; Levy et al., 2001; Serhan et al., 2000;

Gilroy et al., 1999; Hong et al., 2003). All three mediators have shown powerful pro-

resolution activity (in other words, they limit leukocyte egress and thus reduce Ri) but,

as lipid-based mediators, will act in the locality of inflammation rather than systemi-

cally, which is more the domain of the cytokines.

Cytokines do also promote resolution in a similar manner, although they have the abil-

ity to act on targets distal to the inflammatory locus, often within the central nervous

system. The cytokine profile coordinates a complex sequence of events systemically.

In particular, TNF-α stimulates release of adrenocorticotrophic hormone (ACTH), in

turn eliciting glucocorticoid secretion from the adrenal cortex (Sharp et al., 1989). The

raised IL-1β levels that are elicited by TNF-α also ultimately increase systemic glu-

cocorticoids (Sapolsky et al., 1987). IL-1β production drives that of IL-6, which is

essential for activation of the HPA axis at the levels of the pituitary (Marguette et al.,

1990; Plotnikoff et al., 1998) and the adrenal cortex (Judd and Macleod, 1992), stim-

ulation of which also increases glucocorticoid secretion. In a negative feedback loop,

glucocorticoids then inhibit cytokine production, particularly TNF-α, IL-1β and IL-6 as

well as interferon (IFN)-γ (Falaschi et al., 1994). However, all of these effects occur

late, corresponding with the peak of IL-6 several hours after LPS challenge as well

as the earlier TNF-α peak (Ma et al., 2000; Coyle et al., 2006; Taudorf et al., 2007;

Williams et al., 2009), and so are likely to contribute to the later stages of resolution in

the same way that pro-inflammatory cytokines further the inflammatory response once
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Figure 1.6: Alterations in cell types and mediator levels during an inflammatory
response in mammals. Refers to plasma levels, with the exception of macrophages
(Mφ) which are located in tissue. ψmax: time at which maximum neutrophil (Nφ) infil-
tration occurs; 1

2ψmax: time at which ψmax has declined to 50 % and resolution begins;
AnxA1: annexin A1; IL-1β: interleukin-1β; IL-6: interleukin-6; IL-10: interleukin-10; LTB44:
leukotriene B4; LXA4: lipoxin A4; PGE2: prostaglandin E2; Mo: mononuclear cells; Mφ:
macrophages; TNF-α: tumour necrosis factor-α. Scales are arbitrary and depict relative
temporal relationships between mediator levels. Diagram by EL Hughes, unpublished;
adapted from Stamme et al. (1999); Levy et al. (2001); Damazo et al. (2005); Bannenberg
et al. (2005); Ren et al. (2008); Yeager et al. (2009); Williams et al. (2009).
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it has been initiated by early mediators such as eicosanoids.

In addition to negative self-regulation, the production of pro-inflammatory cytokines

can also provoke release of anti-inflammatory cytokines. One such cytokine is IL-10,

which can reduce PGE2 synthesis (Hickey et al., 1998) and inhibit LPS-stimulated

TNF-α release (thus contributing to inflammatory resolution) and helps prevent lethal-

ity by LPS (Gerard et al., 1993; Fiorentino et al., 1991). Another major player seems

to be TGF-β, which is activated by pro-inflammatory agents including ROS (Barcellos-

Hoff and Dix, 1996), matrix metalloproteinases (MMP) -2 and -9 (Yu and Stamenkovic,

2000) and integrin signalling (Jenkins et al., 2006).

Several pro-resolution factors have dual actions: in addition to limiting granulocyte re-

cruitment, they can also promote non-phlogistic phagocytosis of apoptotic neutrophils

by macrophages and microglia. Two such mediators are the eicosanoid lipoxin A4

(LXA4) and the glucocorticoid-inducible protein annexin A1 (AnxA1; discussed in more

detail in Section 1.8.1) (Godson et al., 2000; Mitchell et al., 2002; Maderna et al., 2005;

Yona et al., 2006). Interestingly, the actions of lipoxins in peripheral blood monocytes is

different from those in granulocytes, in that monocyte chemotaxis is stimulated rather

than inhibited (Maddox and Serhan, 1996; Maddox et al., 1997) without provoking

degranulation or ROS release (Jozsef et al., 2002). These contrasting effects make

sense in relation to resolution, though, in that the non-phlogistic activity of monocytes

is encouraged by lipoxins to clear and repair the inflammatory locus. The act of phago-

cytosis itself also initiates an alteration in the macrophage phenotype from inflamma-

tory to reparative or emigratory, respectively aiding restoration of tissue integrity and

removing ingested granulocytes via the lymphatic system (Serhan and Savill, 2005).

This phenomenon is effectively demonstrated by Ren et al. (2008), who injected apop-

totic PMNs into LPS-treated mice and observed reductions in mortality, serum TNF-α

concentrations and PMN infiltration into organs, as well as raised plasma IL-10 con-

centrations via modulation of monocyte-macrophage activity.
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1.7 Notes on Sepsis

Sepsis is a complex disorder which manifests rapidly following infection (usually bacte-

rial). An overactive systemic inflammatory response syndrome (SIRS) is a key feature

of the sepsis syndrome, although it is often accompanied by numerous other compli-

cations including thrombosis, vascular endothelial dysfunction, and cardiac, metabolic

and cognitive abnormalities (Daniels, 2007; Bone, 1991). It is important to distinguish

between sepsis, severe sepsis and septic shock (see Box 1 for definitions), which are

all blanketed by the sepsis syndrome definition despite each having its own charac-

teristics. The presence of infection is important, as SIRS can also occur in response

to significant tissue injury wherein the release of mitochondrial formylated peptides

activate neutrophils via TLR9 (Zhang et al., 2010); common to all, therefore, is the

hyperactive inflammation resulting from excessive leukocyte activation.

Clinically, sepsis is a growing problem. It is the most common cause of death in

patients already hospitalised for unrelated general surgery (Moore et al., 2009): with a

mortality rate of 35-45 %, is responsible for an estimated 1.8 m deaths worldwide per

annum (Daniels, 2009) and an economic cost of $17 billion (Angus et al., 2001). De-

spite advances in antibiotic therapies, sepsis has actually risen to 10th leading cause

of death in the US, from 13th position in 1987 (National Statistics, 2009). This rise is

probably due, in part, to improved documentation and awareness (Levy et al., 2003) –

but other contributing factors may also include a rise in predisposing factors such as

antibiotic resistance; the number of invasive procedures performed; an ageing pop-

ulation; and numbers of immunocompromised individuals due to diabetes mellitus,

acquired immunodeficiency syndrome (AIDS), organ transplant, chemotherapy treat-

ments, and so on. (Martin et al., 2003; Moore et al., 2009; National Statistics, 2009)

Therapeutic interventions in sepsis have met with limited success. This may be at-

tributed in part to the swiftness of onset of the disease and, until recently, its vague

diagnostic criteria (Bone, 1991). There is evidence that the nature of the underly-

ing infection provokes differing endogenous host responses – for example, between

Gram-positive and Gram-negative bacterial infection (Opal and Cohen, 1999). This is

not necessarily surprising, given the ligand specificity of the TLR family. Unfortunately,
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time is of the essence when treating a patient with sepsis and defining the pathogen

is unlikely to be feasible, hence the quest for a more universal therapy.

The sheer complexity of the disorder is another likely reason for the difficulty in treat-

ment. Excessive leukocyte activity is just one part of the puzzle during sepsis. The

nature of the SIRS means that a cytokine storm takes place, which potentiates a

number of processes including the inflammatory response itself and fever. Activa-

tion of endothelial cells not only facilitates leukocyte-endothelial cell interactions but

also causes endothelial dysfunction, which in turn results in vasodilation and hypoper-

fusion. Furthermore, high levels of adhesion molecule expression on endothelial cells,

leukocytes and platelets can induce microthrombus formation within the microcircula-

tion. Together, these two processes are ultimately a leading factor in the unrescuable

hypotension that is characteristic of septic shock.

There is also a dearth of new therapies reaching the clinic, or meeting success on ar-

rival. Dyson and Singer (2009) discuss the failure of several therapies that had shown

great potential, including TNF-α neutralisation despite its benefits in other diseases

(Bongartz et al., 2006). Probably the single greatest reason for the failure of trans-

lation of animal model successes into the clinic is a case of shutting the stable door

after the horse has bolted. Strategies such as neutralisation of LPS and TNF-α require

very early intervention (by around 2 h post-infection) in order to be effective; realisti-

cally, the majority of sepsis patients are already at a more advanced stage by the time

intervention occurs, by which time downstream cascades have already been initialised

by the early mediators. Therefore, rather than attempting to block the pro-inflammatory

mechanisms, it may be more effective to activate pro-resolution mechanisms, so that

inflammation can be quenched whether in early or advanced stages.

The inflammatory response may, from some perspectives, be considered a neces-

sary evil. Without it, the host becomes subject to insults that cause morbidity or mor-

tality, as evidenced by numerous diseases wherein the host cannot mount a proper

immune response, such as leukocyte adhesion deficiency (LAD (Etzioni, 2009)); ac-

quired immunodeficiency syndrome (AIDS); or severe combined immunodeficiency
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(SCID). Therefore, rather than continuing to attempt medical interventions that neu-

tralise pro-inflammation, the targeting of endogenous pro-resolution pathways opens

the door to numerous novel targets that are modulatory in action, with fewer side-

effects, because they re-balance the response towards homeostasis rather than striv-

ing to block one arm entirely.
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Figure 1.7: Three-dimensional structure of AnxA1. Showing the ribbon structure of
annexin A1 in A) the absence of Ca2+, with the bioactive N-terminal domain tucked up
inside the molecule; and B) in the presence of Ca2+, where the N-terminal domain has
swung out away from the core of the molecule (indicated by arrow). From Rosengarth
et al. (2001).

1.8 Pro-Resolution Systems vs. Anti-Inflammation

1.8.1 Annexin A1

Endogenous glucocorticoids are released by the adrenal glands within minutes in re-

sponse to stress and tissue injury (Munck and Holbrook, 1984) and prevent a po-

tentially exaggerated inflammatory reaction by acting as an internal regulator. Accord-

ingly, removal of glucocorticoids by adrenalectomy causes excessive inflammation and

delayed resolution that, in some cases, results in lethality (Flower et al., 1986; Perretti

et al., 1989).

For many years prior to the surge of interest in pro-resolution agents, glucocorticoids

have been used clinically as anti-inflammatory drugs. However, as steroid hormones,

the actions of glucocorticoids are varied and not always on-target, resulting in side-

effects (particularly with prolonged usage) as discussed in Section 1.6. The quest

to discover a more specific anti-inflammatory agent, which maintained the desirable

properties of glucocorticoids and eliminated the side-effects, culminated in the discov-

ery of an endogenous protein known as annexin A1 (AnxA1; formerly lipocortin 1).

The annexins are a superfamily of Ca2+-binding proteins, thirteen in total. They are

found in eukaryotes and their primary functions as a superfamily appear to be mem-
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brane scaffolding and signalling (Gerke and Moss, 2002; Rescher and Gerke, 2004).

All members share a highly conserved core, consisting of four domains at the C-

terminal, whilst the N-terminal is unique to each family member and confers specific

biological activity upon each (Gerke and Moss, 2002; Gerke et al., 2005).

AnxA1 is 37 kDa in mass. Its core region forms a compact, slightly curved doughnut-

shaped structure, with the Ca2+- and membrane-binding sites located on the upper,

convex surface as detailed in Figure 1.7. In a low Ca2+ environment, the N-terminus

is tucked away within the C-terminal core. However, in the presence of Ca2+ AnxA1

assumes its reversible membrane-docking properties, whilst the N-terminus tail is re-

leased from the core and can effect its supposed biological activities (Rosengarth

et al., 2001) that include membrane organisation and trafficking (Rescher and Gerke,

2004; Skrahina et al., 2008) and intercellular signalling (Babbin et al., 2006; Hayhoe

et al., 2006).

AnxA1 is known to be involved in the inflammatory cascade. The first mechanisms

by which it was shown to act as an anti-inflammatory mediator were by inhibition of

prostanoid release (Cirino et al., 1987), the cytosolic phospholipase 2 (PLA2) pathway

(Amandi-Burgermeister et al., 1997), inducible nitric oxide synthase (iNOS) activity

(Wu et al., 1995) and inducible COX (COX2) expression (Mertz et al., 1994). More

recently, though, it has been shown that exogenous administration of AnxA1 or its

mimetic peptides (eg. AnxA1Ac2-12 and AnxA1Ac2-26) can heavily influence the leuko-

cyte recruitment cascade in vitro and in vivo (Perretti et al., 1993; Walther et al., 2000;

Chatterjee et al., 2005) via interaction with the formyl peptide receptor (FPR) family

(Walther et al., 2000). Furthermore, deletion of the Anxa1 gene also leads to a pheno-

type prone to excessive inflammation, delayed resolution and some lethality (Hannon

et al., 2003; Damazo et al., 2005; Chatterjee et al., 2005) – like that seen in adrenalec-

tomised animals (Flower et al., 1986; Perretti et al., 1989). AnxA1 is expressed par-

ticularly highly in neutrophils, where it is contained within the gelatinase granules at

rest (Oliani et al., 2002), and is involved in the inflammatory cascade (Perretti et al.,

1993; Chatterjee et al., 2005). It was found that the protein’s expression and cellular

localisation could be modulated in a non-genomic manner by glucocorticoids (Flower,
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1988; Christiansen et al., 2009), since its externalisation from the intracellular com-

partment is required so that it can exert its actions outside the cell (Solito et al., 2006;

Buckingham et al., 2003). Together, these publications fuelled interest in the AnxA1

pathway as an anti-inflammatory mechanism.

1.8.2 The Formyl Peptide Receptor Family

Members of the FPR family are classic G protein-coupled receptors, so-named for

their first-known function of causing leukocyte chemotaxis towards formylated pep-

tides (typically, bacteria-derived fMLP has been used in study of the receptor) (Niedel

and Cuatrecasas, 1980). In the decades since the family’s discovery, its members

have become more clearly defined and it has been revealed that the FPR family is in

fact very promiscuous, with differential activation depending on both the ligand and its

concentration (Chiang et al., 2006; Le et al., 2002, 2001).

To date, the story of the FPRs is still very complex and our understanding is far from

complete. In the human there are three family members (FPR1, FPR2/ALX and FPR3)

whilst in the mouse there are eight (Fpr1, Fpr2 and Fpr3, and Fpr-related sequence

(rs) 3-7). The murine receptors Fpr1-3 are thought to be orthologues of the human (Ye

et al. 2009), whilst Fpr-rs3-7 seem to be splice variants or orphan receptors. For ease,

it is the human receptors (FPR1-3) and their murine orthologues (Fpr1-3) that will be

referred to here – however, it is worth bearing in mind that only recently has some

measure of order been established over the nomenclature, which has been unsettled

for some decades. Tables 1.3 and 1.4 shows the old and new names of the receptors

in human and rodent, respectively, along with their commonly-used ligands.

FPR1 was the family member first identified as a PAMP-recognition receptor for its

ability to detect the presence of formylated peptides from bacteria. It is 350 amino

acids long (Boulay et al., 1990); like all other members of the family, it is a product

of a genetic sequence on human chromosome 19q13.3-19q13.4, adjacent to the C5a

receptor which indicates both gene duplication at some stage in a long evolutionary

past, and a related biological function (Bao et al., 1992; Murphy et al., 1992). FPR1 is

implicated in survival during bacterial infection, since Fpr1-/- mice were increasingly
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susceptible to infection by and mortality from Listeria monocytogenes (Gao et al.,

1999), and exemplifies the idea that controlled leukocyte infiltration is necessary for

homeostasis. More recently, the importance of Fpr1 in detecting sterile self-injury has

also been revealed, via detection of damage-associated molecular patterns (DAMPs)

(McDonald et al., 2010), which complements much earlier work showing the ability of

FPR1 to recognise formylated peptides from host mitochondria in addition to those of

bacterial origin (Rabiet et al., 2005).

In 1992, multiple groups published evidence of a second FPR family member iden-

tified as a putative seven-transmembrane receptor that shared sequence homology

with FPR1. It was a protein of many names, known alternatively as formyl peptide

receptor 2 (FPR2; Ye et al., 1992), FPR-like 1 (FPRL1; Murphy et al., 1992), FPR-

homologue 1 (FPRH1; Bao et al., 1992) and related receptor to FPR (RRFPR; Perez

et al., 1992). Now referred to as FPR2/ALX, for its ability to interact with lipoxin A4

(LXA4) and aspirin-triggered lipoxin (Ye et al., 2009) on top of its role as a low-affinity

receptor for formylated peptides (Su et al., 1999), it is 351 amino acids long and has a

69 % homology to FPR1 (Murphy et al., 1992). At the same time, a similar cloning strat-

egy also volunteered a third receptor, FPR3 (Bao et al., 1992; Murphy et al., 1992)).

At 352 amino acids long and with just 56 % homology to FPR1, FPR3 is – perhaps not

surprisingly – unresponsive to fMLP of bacterial origin (Migeotte et al., 2005). How-

ever, formylated mitochondrial peptides do activate the receptor, as they do FPR2/ALX

in preference to fMLP (Rabiet et al., 2005), further cementing the concept of the FPR

family’s role as DAMP- as well as PAMP-receptors. The ligands for FPR2/ALX are

many and varied – in addition to the lipid-based lipoxins, it has also displayed binding

to other endogenous and exogenous protein-based molecules (see Table 1.3), includ-

ing a higher affinity for AnxA1 than the other family members (Perretti et al., 2002;

Gavins et al., 2005; Hayhoe et al., 2006). F2L, an acetylated peptide derivative of

the human heme-binding protein, has been defined as a potent and specific agonist

for FPR3 (Migeotte et al., 2005). This makes it a convenient tool for studies involving

monocytes, as FPR3 is expressed only on monocytes and not on neutrophils, whereas

FPR1 and FPR2/ALX are expressed on both cell subtypes (Migeotte et al., 2006).

Several works to date have used both pharmacological and genetic means to show
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that the protective effects of exogenous AnxA1 or its mimetic peptides (such as AnxA1Ac2-26)

can be negated if FPR members are either blocked or deleted. This is an exciting de-

velopment, as it provides a promising target in terms of anti-inflammatory drug devel-

opment. More recent work has focused on whether there is one specific FPR member

that mediates the anti-inflammatory effects of the AnxA1 pathway. FPR2/ALX in par-

ticular has received attention for its potential as an anti-inflammatory target. Gilroy

et al. (2004) have suggested that FPR2/ALX, as an anti-inflammatory receptor, is of

great importance for controlling the inflammatory response at every stage; it has been

conserved through evolution for multiple uses via multiple ligands and, as such, is

a receptor of economy. Indeed, in a variety of in vivo inflammatory models includ-

ing mesenteric ischaemia-reperfusion, myocardial infarct, carrageenan-induced paw

oedema and serum-induced arthritis, Fpr2 ligand administration reduced inflamma-

tory parameters – particularly leukocyte infiltration – whilst receptor deletion resulted

in markedly increased inflammation (Gavins et al., 2003, 2005; Hecht et al., 2008;

Dufton et al., 2010). Furthermore, the Fpr2-AnxA1 system appears to be involved in

phagocytosis, both of apoptotic pro-inflammatory leukocytes and in a housekeeping

scenario (McArthur et al., 2010; Maderna et al., 2010), consolidating evidence for its

role as a pro-resolution factor.
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Current
name

Previous
name(s)

Expression Agonists Antagonists

FPR1 FPR; FMLP Adrenal glands, adrenal cortical cells, astro-
cytes, bone marrow, carcinoma cells, CNS,
colon, endothelial cells, epithelial cells, eye, fi-
broblasts, heart, hepatocytes, immature DCs,
kidney, Kupffer cells, liver, lung, macrophages,
microglial cells, monocytes, neuroblastoma
cells, neutrophils, ovary, placenta, platelets,
spleen

AnxA1 (and pep-
tides: Ac2-12;
Ac9-25; Ac2-26);
fMLP/analogues;
WKYMVM;
WKYMVm

Cyclosporin H;
CDCA; DCA;
tBOC

FPR2/ALX FPRL1;
LXA4R;
ALXR;
HM63;
FMLPX;
FPR2A;
FPRH1;
FLMP-R-II

Astrocytes, bone marrow, brain, endothelial
cells, epithelial cells, fibroblasts, hepatocytes,
immature DCs, lung, macrophages, microglial
cells, monocytes, neuroblastoma cells, neu-
trophils, placenta, spleen, T and B lympho-
cytes, testis

Aβ42; AnxA1
(and peptides:
Ac2-12; Ac2-26);
fMLP/analogues;
LXA4 ; SAA;
WKYMVM;
WKYMVm

CDCA; tBOC;
WRW4

FPR3 FPRL2;
FPRH2;
FMLPY;
RMLP-R-I

Adrenal gland, DCs, HL-60 cells, liver, lung,
lymph nodes, macrophages, monocytes, pla-
centa, small intestine, spleen, trachea

AnxA1; F2L;
formylated pep-
tides; WKYMVM;
WKYMVm

WRW4

Table 1.3: Adjusted nomenclature of the human formyl peptide receptor (FPR) family, their expression and some
commonly-used ligands. Note that fMLP can act as a ligand for all FPR family members, although it has highest affinity for
FPR1/Fpr1. Ac2-12 or 2-26 (for example), amino acids 2-12 or 2-26 of AnxA1, acetylated; ALXR, lipoxin A receptor; AnxA1, an-
nexin A1; ATL, aspirin-triggered lipoxin; CDCA, chenodeoxycholic acid; CNS, central nervous system; DCs, dendritic cells; DCA,
deoxycholic acid; F2L, formylpeptide receptor (FPR)-like (FPRL)-2 ligand; fMLP, a formylated tri-peptide; FPRL, FPR-like; LXA4,
lipoxin A4; SAA, serum amyloid A; tBOC, di-tert-butyl dicarbonate; WKYMVM/m, a synthetic peptide. Nomenclature correct in
PubMed genome database at time of writing.
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Fpr1 FPR; fMLF-
R

Adrenal gland, anterior pituitary, DCs, hip-
pocampus, hypothalamus, liver, lung, mi-
croglia, mononuclear cells, neutrophils, spleen

Annexin A1
(and peptide
Ac2-26); fMLP
and analogues;
T20 (DP178);
WKYMVm

Cyclosporin H;
tBOC

Fpr2 Fpr-rs2 Anterior pituitary, adrenal gland, DCs, hip-
pocampus, hypothalamus, lungs, microglia,
neutrophils, spleen

Aβ42; AnxA1
(and peptides:
Ac2-12; Ac2-
26); LXA4; F2L;
fMLP/analogues;
SAA; WKYMVm

tBOC; WRW4

Fpr3 Fpr-rs1;
mALXR;
Fprl1

Adrenal gland, anterior pituitary, heart, hip-
pocampus, hypothalamus, liver, lung, mi-
croglia, neutrophils, spleen

Undefined Undefined

Fpr-rs3 Fpr-rs3 Skeletal muscle Undefined Undefined

Fpr-rs4 Fpr-rs4 Unknown Undefined Undefined

Fpr-rs5 Fpr-rs5 Unknown Undefined Undefined

Fpr-rs6 Fpr-rs6 Brain, skeletal muscle, spleen, testis Undefined Undefined

Fpr-rs7 Fpr-rs7 Heart, liver, lung, pancreas, smooth muscle,
spleen

Undefined Undefined

Fpr-rs8 Fpr-rs8 Unknown Undefined Undefined

Table 1.4: Adjusted nomenclature of the rodent formyl peptide receptor (Fpr) family, their expression and some commonly-
used ligands. Note that fMLP can act as a ligand for all FPR family members, although it has highest affinity for FPR1/Fpr1. Aβ42,
amyloid-β peptide 1-42; Ac2-26, amino acids 2-26 of AnxA1, acetylated; ALXR, lipoxin A receptor; AnxA1, annexin A1; ATL, aspirin-
triggered lipoxin; DCs, dendritic cells; F2L, formylpeptide receptor (FPR)-like (FPRL)-2 ligand; fMLP, a formylated tri-peptide; FPRL,
FPR-like; Fpr-rs, FPR-related sequence; LXA4, lipoxin A4; SAA, serum amyloid A; tBOC, di-tert-butyl dicarbonate; WKYMVM/m, a
synthetic peptide. Nomenclature correct in PubMed genome database at time of writing.
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1.9 Sexual Dimorphisms in the Inflammatory Response

1.9 Sexual Dimorphisms in the Inflammatory Response

Given the complexity of the inflammatory response and its internal regulation systems,

it comes as no surprise that most physiological variables can influence it in some way.

One such influence is sex, for sexual dimorphisms have been observed in a great

number of inflammatory diseases. In age-matched human studies, it was shown that

men have an increased risk of atherosclerosis (Kalin and Zumoff, 1990) and infectious

disease (Klein, 2000), whilst women are at greater risk of developing autoimmune dis-

orders such as rheumatoid arthritis, systemic lupus erythematosus and multiple scle-

rosis (Beeson, 1994; Whitacre et al., 1999) and pain disorders such as fibromyalgia

(Wolfe et al., 1995). Of particular relevance here, clinical studies show that females

of child-bearing capability have a lower incidence of and mortality from sepsis (Ober-

holzer et al., 2000; Coyle et al., 2006).

Results from both clinical and animal studies have shown that hormones are largely

responsible for this gender gap, particularly since the gap appears to close in post-

menopausal years (Cutolo and Wilder, 2000). Moderate-to-high circulating concentra-

tions of oestrogens have been shown to have protective effects against inflammation

via multiple mechanisms that include suppression of adhesion molecules and pro-

inflammatory cytokines, both in vitro (Caulin-Glaser et al., 1996; Mukherjee et al.,

2003; Simoncini et al., 2000) and in vivo (Nathan et al., 1999) as well as clinically (Koh

et al., 2001), and in particular can reduce the severity of sepsis (Erikoglu et al., 2005).

AnxA1 is known to be sensitive to oestrogen, both in rodents (Davies et al., 2007)

and in humans (Nadkarni et al., 2011). Whilst oestrogens, as steroid hormones, can

alter physiology in a genomic fashion, it has been suggested by Davies et al. (2007)

that gonadal regulation of AnxA1 expression may contribute to the aetiology of sexual

dimorphisms in a non-genomic manner. This may be evident not just in normal phys-

iology, such as neuroendocrine and host-defence functions, but also in susceptibility

to certain diseases. Pituitary AnxA1 content is significantly reduced in ovariectomised

(OVX) rats, an alteration that can be reversed by administration of exogenous 17β-

oestradiol (E2). Differences within the pituitary have also been seen in AnxA1-/- mice:

Morris et al. (2006) showed that AnxA1-/- male mice had more pituitary corticotroph
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1. INTRODUCTION

cells, of smaller size and with fewer secretory granules, than female AnxA1-/- or wild-

type mice. Additionally, pituitary ACTH and IL-6 were increased in male AnxA1-/- mice,

whilst pituitary IL-6 was reduced in the female AnxA1-/- mice, thus implicating regula-

tion of the HPA axis in sexual dimorphisms of disease. Furthermore, Cover et al.

(2009) observed alterations in the prolactin axis of male AnxA1-/- mice, but not fe-

males, and sexually dimorphic, tissue-specific responses to sex steroids. These ob-

servations by Morris et al. and Davies et al. would fit with the hypothesis that AnxA1

can be induced by glucocorticoids, whilst Cover et al. support the idea that AnxA1 is

involved in sexual dimorphism. Finally, sex differences are seen in disease wherein

altered AnxA1 expression might modulate leukocyte behaviour. Work by Hannon et al.

(2003) found that female AnxA1-/- mice showed increased plasma IL-1β and TNF-α

after zymosan treatment, as well as leukopaenia, but males did not, whilst in humans

oestrogen can up-regulate PMN AnxA1 surface expression (independently of FPR2),

adhesion molecule expression and PMN reactivity under flow (Nadkarni et al., 2011).

There is therefore evidence that oestrogen and AnxA1 can interact and, by doing so,

contribute towards sexual dimorphisms in disease. The way in which this takes place

is likely to be complex, however, as to date most studies have taken a largely in vitro

approach and with little focus on leukocyte-endothelial cell interactions – which, given

the clear sensitivity of PMNs as well as endothelia to both oestrogen and AnxA1 –

seem a likely target for mediation by AnxA1 of oestrogen’s effects on the inflammatory

response.

1.10 Hypothesis

It is hypothesised that the AnxA1-Fpr2 system regulates the inflammatory response

to LPS in terms of leukocyte-endothelial cell interactions, and promotes its resolution.

Correspondingly, pharmacological manipulation of the system will cause reduction in

leukocyte-endothelial cell interactions. Modulation of AnxA1 by oestrogen will partly

contribute towards sexual dimorphisms in LPS-induced inflammation.
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Materials and Methods

2.1 General Materials

Materials used during experimental procedures are listed in Table 2.1.

Material Supplier Location

Microcentrifuge tubes (1.5
ml)

Greiner Bio-One Stonehouse, UK

Needles (26 G) Becton Dickinson UK Oxford, UK

PE10 tubing for cannulae Intramedic Oxford, UK
Pipette tips (20 µl, 1-200 µl
and 200-1000 µl)

VWR Leicestershire, UK

96-well plates VWR Leicestershire, UK

Sutures (Vicryl 4-0) Ethicon Edinburgh, UK

Syringes (1 ml) Becton Dickinson UK Oxford, UK

Table 2.1: General materials used during experimental procedures.
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2.2 General Reagents

Reagents used during experimental procedures are listed in Table 2.2.

Reagent Supplier Location

AnxA1Ac2-26 Cambridge Research
Biochemicals

Cleveland, UK

Boc2 MP Biomedicals West Lothian, UK

Buprenorphine Alstoe Animal Health York, UK

DuoSet ELISA kit for mouse
IL-1β, IL-6 and TNF-α

R&D Systems Abingdon, UK

Fluorescein isothiocyanate
(FITC)-labelled albumin,
bovine

Sigma-Aldrich Poole, Dorset, UK

Formaldehyde solution (40
%)

Sigma-Aldrich Poole, Dorset, UK

Heparin (as sodium salt from
porcine intestinal mucosa)

Sigma-Aldrich Poole, Dorset, UK

Isoflurane Abbott Animal Health Queenborough, Kent, UK

Ketamine Fort Dodge Animal
Health

Southampton, UK

Lipopolysaccharide (LPS)
from E. coli 0111:B4

Sigma-Aldrich Poole, Dorset, UK

Lipoxin A4 (LXA4) Calbiochem Darnstadt, Germany

β-oestradiol 3-benzoate Sigma-Aldrich Poole, Dorset, UK

Peanut oil Sigma-Aldrich Poole, Dorset, UK

WRWWW (WRW4) Tocris Bioscience Ellisville, MO, US

Xylazine Bayer Healthcare Newbury, Berkshire, UK

Table 2.2: General reagents used during experimental procedures.
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2.3 In Vivo Studies

2.3.1 Animals

Wild-type C57BL/6, AnxA1-null (AnxA1-/-) or Fpr2/3-null (Fpr2/3-/-) and their Fpr2/3-

positive counterparts (Fpr2/3+/+) mice aged between 5 and 8 weeks were used. Wild-

type mice were supplied by Charles River Laboratories UK and allowed 72 h to ac-

climatise upon arriving in the Imperial College facility. AnxA1-/- mice on a C57BL/6

background were generated as described in Hannon et al. (2003). Fpr2/3-/- mice and

their Fpr2/3+/+ counterparts were generated by grant of Flower, Buckingham and Mor-

ris as described by Dufton et al. (2010).

All animals were maintained on a standard chow pellet diet with tap water ad libi-

tum using a 12h light/dark cycle, in which the temperature was maintained at 21-23oC.

Animal work was performed under licence according to Home Office regulations (Guid-

ance on the Operation of Animals, Scientific Procedures Act, 1986).

2.3.2 Mesentery Preparation for Visualisation by Intravital Microscopy

Animals were anaesthetised with ketamine (150 mg/kg) and xylazine (7.5 mg/kg) I.P.,

with top-ups given intramuscularly into the thigh as required (in the presence of a pedal

reflex). The right jugular vein was exposed and cannulated for drug administration. A

mid-line incision along the abdominal region was made, and the mesenteric vascular

bed exteriorised and gently placed across a Plexiglass viewing stage, as in Figure 2.1.

Following exteriorisation of the mesentery, the Plexiglass viewing stage was mounted

onto an Olympus "BW61WI" microscope with a water-immersion objective lens (mag-

nification of 40x; LUMPlan FI/IR, Olympus, Japan). The tissue preparation was tran-

silluminated with a 12 V, 100 W halogen light source. 1-5 randomly selected vessels

(20-40 µm wide and 100 µm long) were observed and images acquired with a black-

and-white camera (model CoolSNAP HQ2; Photometrics, Tucson, AZ, US), coupled

to a Windows XP-based computer for recording by Slidebook 4.2 (Intelligent Imaging

Innovations, Inc., Denver, CO, US).
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2. MATERIALS AND METHODS

Figure 2.1: The exteriorised mesentery preparation for intravital microscopy. Show-
ing the arteries branching into the arterioles and capillaries of the microcirculation, sur-
rounded by some adipose tissue, then returning to the venules and the veins. Picture
used with kind permission from Dr. F. Gavins.

2.3.3 Plasma Protein Extravasation

Post-capillary venule leakage was measured by injecting fluoroscein isothiocyanate

(FITC)-labelled albumin (0.25 mg in 5 µl vehicle per g body weight, given intravenously;

Sigma-Aldrich, Poole, Dorset) 5-10 min before recording. The fluorescent light was

switched on and a snapshot of vessel fluorescence was taken using block filter (exci-

tation at 450-490 nm; emission at 535-620 nm).

2.3.4 Temporal Profiling of Leukocyte-Endothelial Cell Interactions

Male wild-type, AnxA1-/-, Fpr2/3+/+ and Fpr2/3-/- mice were challenged with LPS (10

µg/mouse) or saline vehicle given I.P. in a 50µl bolus. After 0 (n=4), 2, 6 or 24 h

(wild-type and AnxA1-/- animals) or 2 h only (Fpr2/3+/+ and Fpr2/3-/- animals; n=5),

the jugular vein was cannulated for drug delivery and the mesentery prepared and

visualised as described in Sections 2.3.2 and 2.3.3. Both arterioles and venules were

observed.
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2.3 In Vivo Studies

2.3.5 Fpr2 Pharmacology

Wild-type mice were challenged with LPS I.P. After 20 min, one of the following was ad-

ministered intravenously via the tail vein in a 100 µl bolus: AnxA1Ac2-26 (100 µg/mouse

in PBS vehicle); LXA4 (0.1 µg/mouse in saline vehicle); Boc2 (10 µg/mouse in 0.02

% DMSO; n=5); WRW4 (55 ng/mouse in saline vehicle); AnxA1Ac2-26 + Boc2 (n=5);

AnxA1Ac2-26 + WRW4; LXA4 + Boc2; LXA4 + WRW4; or respective vehicles. 2 h post-

LPS treatment, the jugular vein was cannulated and the mesentery was exteriorised

and visualised as described in Sections 2.3.2 and 2.3.3.

2.3.6 Real-Time Leukocyte Detachment

Male wild-type and AnxA1-/- mice were challenged with LPS I.P. After 2 h, the jugular

vein was cannulated for drug administration and the mesentery was exteriorised as

described in Section 2.3.2: one venule with an average number of adherent cells was

chosen for observation. AnxA1Ac2-26 (100 µg/mouse) or PBS vehicle (bolus of 100 µl)

was administered via the jugular vein and the number of adherent cells monitored over

a period of 10 min, as previously described by Gavins et al. (2003).

2.3.7 Investigation of Sexual Dimorphisms During Endotoxaemia

2.3.7.1 Ovariectomy and hormone replacement

Female wild-type (n=5) and AnxA1-/- (n=5) mice aged between 5 and 8 weeks were

used, maintained as stated in Section 2.3.1. Animals were anaesthetised with isoflu-

rane and given buprenorphine for analgesia (0.1 mg/kg, S.C.) prior to beginning the

surgical procedure. The hair was shaved from the back and a dorsal central longitu-

dinal slit was made through the skin just below the thorax. The slit was opened up

by blunt dissection and moved to the left until the adipose pad below the abdomen

wall was visible. A small incision was made through the wall over the adipose pad,

which was then pulled through to expose the ovary and uterine horn. A ligature was

made below the ovary, the uterus cut above it, and the ovary and associated tissues

removed. The remainder of the uterine horn was pushed back into the abdominal cav-

ity and the abdominal wall closed with a suture. The contralateral ovary was removed
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similarly, after which the skin was closed with a suture and the mouse allowed to re-

cover in a warming box. Analgesia was given as needed following surgery.

Oestrogen replacement was started on the day of surgery and continued for eight

subsequent days. Animals received a daily subcutaneous injection of 40 ng/mouse

β-oestradiol 3-benzoate (E2) or peanut oil vehicle (Sigma-Aldrich) in a bolus of 50 µl.

2.3.7.2 Visualisation of mesentery by intravital microscopy

Eight days post surgery, animals were challenged with LPS or saline vehicle for 2h.

The jugular vein was cannulated for drug delivery and the mesentery exteriorised and

visualised as described in Section 2.3.2. Plasma extravasation was measured as

described in Section 2.3.3.

2.4 In Vitro Studies

2.4.1 Plasma Cytokine Concentrations

Blood was taken by cardiac puncture. The brain and mesentery were taken and snap-

frozen in liquid nitrogen. Blood was centrifuged at 4oC, 10 000 rpm for 5 min to obtain

plasma. Samples were frozen at -80oC until required, when plasma cytokine and

chemokine analysis was carried out using the standard enzyme-linked immunosor-

bent assay (ELISA) kits for IL-1β, IL-6, and TNF-α (R&D Systems). Plasma cytokine

and chemokine concentrations were calculated from a best-fit curve based on serial

dilutions of standards (n=7), taking into account dilution factors.

2.4.2 Histology

Mice were anaesthetised using ketamine (150 mg/kg) and xylazine (7.5 mg/kg) I.P. for

transcardial perfusion with 10 ml PBS followed by 10 ml formaldehyde. Tissues were

fixed in formaldehyde solution overnight before routine processing to paraffin wax. 4

µm sections were cut on a microtome and stained with haematoxylin and eosin.
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2.4.3 Differential Leukocyte Counts

Blood was taken by cardiac puncture from terminally anaesthetised mice, collected

into heparinised tubes and diluted 1:10 in Turk’s solution (0.01 % crystal violet in 3

% acetic acid). Differential cell counting was performed using a Neubauer chamber

under a light microscope (Nikon Eclipse E400; x40 objective; Nikon, Tokyo, Japan).

Figure 2.2: Measurement of leukocyte-endothelial cell interactions by intravital mi-
croscopy. Vessels that were 20-40 µm wide and 100 µm long were chosen for recording.
A) Cell flux = number of rolling cells passing a fixed point in the vessel in a given time
(expressed as cells/min); B) leukocyte rolling velocity (VWBC) = distance travelled ÷ time
taken (expressed in µm/s); C) leukocyte adhesion = clearly visible cells remaining sta-
tionary on the vessel wall for at least 30 s (expressed as number of cells/100 µm vessel
length); D) leukocyte emigration = number of cells within the tissue 50 µm either side of
the 100 µm stretch of vessel wall (expressed as number of cells/100 x 50 µm2).
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2.5 Data Analysis

2.5.1 Leukocyte-Endothelial Cell Interactions by Intravital Microscopy

Four parameters of visualisation by intravital microscopy were analysed: white blood

cell rolling velocity (VWBC), rolling cell flux, leukocyte adhesion and leukocyte emigra-

tion (described in Figure 2.2).

2.5.2 Plasma Protein Extravasation

Albumin leakage was quantified by measuring mean fluorescence intensity using Im-

ageJ64 (National Institute of Health, USA). Average fluorescence intensity in three ar-

eas was measured: inside the vessel (Flin), outside the vessel (Flout) and background

fluorescence in an area with no obvious leakage (bk). This was done by creating

three 15x15 pixel windows in each area and averaging the measurements (see Fig-

ure 2.3. Albumin leakage was then determined from these values by the calculation:

[(Flout*bk)/(Fin*bk)]*100 %.

Figure 2.3: An example of analysis of plasma extravasation. Showing the points used
for analysis in the vessel of a saline-treated wild-type male by ImageJ64. Solid squares
= sampled fluorescence intensity inside the vessel (Flin); dotted squares = sampled flu-
orescence intensity outside the vessel (Flout); dashed squares = background sampled
fluorescence intensity (bk).

60



2.5 Data Analysis

2.5.3 Real-Time Leukocyte Detachment

The number of adherent leukocytes prior to treatment was established. Following

drug administration, the same adherent leukocytes were monitored and the number

remaining adherent was recorded every 1 min for 10 min. Values are expressed as

% of original adherence and statistical analysis used to compare the area under the

curve.

2.5.4 Statistical Analysis

All values are expressed as mean ± standard error of the mean (SEM). Statistical

significance was determined in Prism 5 (GraphPad Software, La Jolla, USA), using an

unpaired Student’s t-test for two groups or analysis of variance (ANOVA) with Bonfer-

roni’s post hoc test for more than two groups. Data are considered significant when

P<0.05. In most cases n=6 mice/group; however, some animals were lost during

surgery and in these cases n is otherwise stated. Group sizes were determined based

on power calculations performed previously for the project by an in-house statistician.
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Results 1: The Temporal

Inflammatory Response to LPS

3.1 Leukocyte-Endothelial Cell Interactions

LPS induced an inflammatory cascade in mesenteric post-capillary venules of male

wild-type mice, which persisted across the 24 h period assessed. Inflammatory changes

could be visualised, in vivo and in real-time, within the microcirculation; Figure 3.1A

shows a representative image of LPS-induced leukocyte activity in a post-capillary

venule, wherein activated leukocytes can be seen to roll along the vessel wall before

becoming adherent and emigrating into the surrounding tissue. Figure 3.1B confirms

by H&E staining that the neutrophil is the leukocyte subset specifically involved in

the acute stages, which can be seen both adherent to the luminal endothelium and

emigrating through the vessel walls into the mesenteric parenchyma. At 2 h the in-

flammation caused by I.P. injection of LPS is systemic, as shown in Figure 3.1C where

infiltration of neutrophils and plasma cells into the liver tissue can be seen.

Quantification of leukocyte-endothelial cell interactions in mesenteric venules by in-

travital microscopy revealed a significant reduction in VWBC and significantly increased

leukocyte adhesion and emigration at 2, 6 and 24 h post LPS (Figure 3.2A-C), com-

pared to both corresponding saline-treated controls and baseline. Rolling leukocyte
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3.1 Leukocyte-Endothelial Cell Interactions

Time post
treatment (h)

Cell flux (cells/min)

saline LPS

0 24.5 ± 0.9 24.5 ± 0.9

2 109.7 ± 14.1 b 254.0 ± 38.8 a, b

6 158.0 ± 29.0 b 217.0 ± 15.5 b

24 79.0 ± 11.4 b 166.0 ± 13.0 a, b, c

Table 3.1: Effects of LPS on rolling leukocyte flux. Male C57BL/6 mice were treated
with LPS (10 µg/mouse, I.P.) or saline (50 µl/mouse, I.P.). 0, 2, 4 and 24h after the
injection, the leukocyte-endothelial cell interactions in mesenteric venules were quantified
by intravital microscopy in terms of rolling leukocyte flux (expressed as cells/min). Data are
expressed as mean± SEM. n = 4-6 mice/group. aP<0.05 vs. saline-treated counterparts;
bP<0.05 vs. 0 h; cP<0.05 vs. 6 h counterparts using ANOVA followed by Bonferroni’s post
hoc test.

flux was also increased by LPS at 2 h (254.0 ± 38.8 cells/min), 6 h (217.0 ± 15.5

cells/min) and 24 h (166.0± 13.0 cells/min) compared to baseline (24.5± 0.9 cells/min)

and saline-treated controls (109 ± 14.1 cells/min, 158.0 ± 29.0 cells/min and 79.0 ±
11.4 cells/min), respectively; Table 3.1). Saline injection significantly increased rolling

cell flux and decreased VWBC in relation to baseline (but not adherence or emigration),

although the magnitude of the response was significantly greater in LPS-treated mice.

Given that the function of leukocyte rolling is to survey the environment in readiness

to defend against a pathogen or sterile tissue damage, it is likely that the response to

saline vehicle reflects some minor damage caused by the injection itself. In all cases,

arterioles were also observed in the same animals, but no leukocyte-endothelial cell

interactions were induced by saline or LPS injection (data not shown).
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Figure 3.1: Visible leukocyte-endothelial cell interactions in the mesenteric microcirculation after LPS injection. Male
C57BL/6 mice were treated with LPS (10 µg/mouse, I.P.) or saline (50 µl/mouse, I.P.). A) A representative image of the mesenteric
microcirculation 2 h following LPS injection, wherein leukocyte-endothelial cell interactions were quantified in real-time by intravital
microscopy (arrows indicate leukocytes). B) Neutrophil adhesion and emigration into mesenteric tissue were also assessed by
haematoxylin and eosin (H&E) staining (aN = neutrophil adherent to luminal endothelium; eN = neutrophil that has emigrated into
mesenteric parenchyma). C) 2 h after LPS challenge, microabscesses were also visible within liver tissue after H&E staining,
(inset) consisting of neutrophils (black arrows) and B-lymphocytes (white arrows). Images are representative of 2 h LPS treatment.
Scale bar = 10 µm.
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Figure 3.2: LPS induces leukocyte-endothelial cell interactions in the mesenteric microcirculation. Male C57BL/6 mice
were treated with LPS (10 µg/mouse, I.P.) or saline (50 µl/mouse, I.P.). Leukocyte-endothelial cell interactions, viewed by intravital
microscopy, were quantified in mesenteric post-capillary venules 0, 2, 4 and 24h after the injection in terms of: A) leukocyte
rolling velocity (expressed as VWBC); B) number of adherent (stationary for ≥30 s) leukocytes per 100 µm length; and C) number of
emigrated leukocytes per 100 x 50 µm2. Data are expressed as mean± SEM. n = 4-6 mice/group. *P<0.05, **P<0.01, ***P<0.001
using ANOVA followed by Bonferroni’s post hoc test. Scale bar = 10 µm.
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3. RESULTS 1: THE TEMPORAL INFLAMMATORY RESPONSE TO LPS

3.2 Plasma Protein Extravasation

Plasma protein extravasation (PPE) – another cardinal sign of the inflammatory re-

sponse – was also measured across the 24 h window. Figure 3.3A+B show represen-

tative images of plasma leakages 2 h following saline and LPS injection, respectively;

in the LPS-treated animals, a diffuse fluorescence can be seen outside the vessel,

whereas in the saline-treated controls the fluorescence is localised mostly inside the

vessel. Quantification of fluorescence intensity revealed that LPS caused 36.1 ± 4.1

% PPE at 2 h, compared to 20.5 ± 1.5 % in saline-treated controls (P=0.005; Table

3.2). This LPS-induced increase was consistent across the 24 h period and did not

change significantly from the 2 h values. However, at 6 h post injection the PPE in

saline-treated animals was, at 30.5 ± 3.0 %, significantly higher than that measured

at both 2 h (20.6 ± 1.5 %; P=0.01) and 24 h (22.1 ± 1.2 %; P=0.03). Consequently,

PPE in LPS-treated animals was not significantly different from controls at 6 h (35.6 ±
2.9 % vs. 30.5 ± 2.9 %, respectively; P=0.3).

Figure 3.3: Plasma protein extravasation induced by LPS. Male C57BL/6 mice were
treated with LPS (10 µg/mouse, I.P.) or saline (50 µl/mouse, I.P.). 0, 2, 4 and 24h after
the injection, plasma extravasation in mesenteric venules was measured by injection of
FITC-labelled albumin, which remained mostly within the vessel in vehicle-treated animals
(panel A) but diffused into surrounding tissue following LPS challenge (panel B). Images
are representative of 2 h LPS treatment. Scale bar = 10 µm.
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Figure 3.4: Altered levels of pivotal cytokines following LPS treatment. Male C57BL/6 mice were treated with LPS (10
µg/mouse, I.P.) or saline (50 µl/mouse, I.P.). Blood was taken by cardiac puncture 0, 2, 6 and 24 h after the injection and
plasma was assayed by enzyme-linked immunosorbent assay (ELISA) for TNF-α, IL-6 and IL-10. Data are mean ± SEM. n = 3-4
mice/group. *P<0.05, **P<0.01 and ***P<0.001 using ANOVA followed by Bonferroni’s post hoc test.
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3. RESULTS 1: THE TEMPORAL INFLAMMATORY RESPONSE TO LPS

Time post-treatment
(h)

Plasma protein extravasation (%)

saline LPS

0 20.3 ± 0.8 20.3 ± 0.8

2 20. 6 ± 1.5 37.4 ± 6.3 a, b

6 30.5 ± 2.9 b, c 35.7 ± 2.9 b

24 29.0 ± 11.4 d 35.9 ± 2.7 a, b

Table 3.2: Effects of LPS on plasma protein extravasation. Male C57BL/6 mice were
treated with LPS (10 µg/mouse, I.P.) or saline (50 µl/mouse, I.P.). 0, 2, 4 and 24h after the
injection, plasma extravasation in mesenteric venules was measured by injection of FITC-
labelled albumin. Data are expressed as mean ± SEM. n = 4-6 mice/group. aP<0.05 vs.
saline-treated counterparts; bP<0.05 vs. 0 h; cP<0.05 vs. 2 h counterparts; dP<0.05 vs.
6 h counterparts using ANOVA followed by Bonferroni’s post hoc test.

3.3 Plasma Cytokine Concentrations

Plasma concentrations of pivotal pro- and anti-inflammatory cytokines related to LPS-

induce inflammation, TNF-α, IL-6 and IL-10, further indicate that a systemic inflam-

matory response is occurring in response to LPS (Figure 3.4). TNF-α was greatly

increased at 2 h after injection of LPS, to 233.5 ± 73.1 pg/ml compared to ≤ 31.3

pg/ml in saline-treated controls (P=0.03; Figure 3.4A). Similarly, IL-6 was increased

to 378.4 ± 93.1 pg/ml by LPS, from ≤ 31.3 pg/ml in controls (P=0.02; Figure 3.4B).

The large increases in both TNF-α and IL-6 were transient, however, as by 6 h post

LPS injection the levels of both had returned to baseline, where they remained at 24 h.

Plasma IL-10 concentrations followed a slightly different pattern, being maximal at 6 h

post-LPS injection (222.7 ± 150.1 pg/ml, compared to ≤ 31.3 pg/ml in saline-treated

counterparts) and not different at either 2 or 24 h after LPS (Figure 3.4C).
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Figure 3.5: Alterations in circulating leukocyte subsets following LPS treatment. Male C57BL/6 mice were treated with LPS
(10 µg/mouse, I.P.) or saline (50 µl/mouse, I.P.). Blood was taken by cardiac puncture 0, 2, 6 and 24 h after the injection and
differential leukocyte counts performed on whole blood stained with Turk’s solution, using a Neubauer chamber. Data are mean ±
SEM. n = 5-6 mice/group. *P<0.05, **P<0.01 and ***P<0.001 using ANOVA followed by Bonferroni’s post hoc test.
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3.4 Circulating Leukocytes

Leukocyte subsets circulating in the blood were differentially altered by LPS injection.

PMNs were not affected by saline injection at any time point (Figure 3.5A), whereas af-

ter a 2 h LPS challenge numbers had fallen to 0.9 ± 0.1 cells/µl x 103, compared to 2.3

± 0.3 cells/µl x 103 in saline-treated counterparts (P=0.002) and 2.3 ± 0.3 cells/µl x

103 at baseline (P=0.002). LPS-treated mice at 6 h post injection were not significantly

different from saline or baseline, but at 24 h post injection LPS had again caused a

drop in cell numbers to 0.7 ± 0.1 cells/µl x 103, compared to 2.6 ± 0.3 cells/µl x 103

in saline-treated counterparts (P=0.002).

Figure 3.5B shows that monocyte numbers were unaffected by LPS or saline at 2

h post injection, but at 6 h circulating cell numbers had increased in animals given

both LPS and saline. Saline increased cell numbers to a greater level than LPS at 6 h

post injection (2.7 ± 0.3 cells/µl x 103 and 1.5 ± cells/µl x 103, respectively; P=0.02),

which were both significantly raised above baseline (0.5± 0.1 cells/µl x 103; P=0.0005

and 0.005, respectively). By 24 h, the number of circulating monocytes in both saline-

and LPS-treated mice had declined and were not significantly different from baseline.

As with PMNs, LPS caused a decrease in circulating lymphocytes 2 h post injection

(P=0.048 vs. saline and 0.04 vs. baseline; Figure 3.5C). No response was seen at 6

h, but by 24 h post injection of LPS the number of lymphocytes had increased to 0.5 ±
0.1 cells/µl x 103, compared to 0.1 ± 0.1 cells/µl x 103 at baseline (P=0.01) and 0.1 ±
0.0 cells/µl x 103 in saline-treated controls (P=0.004). There was no response caused

by saline injection at any time point.

3.5 Summary

LPS induces an inflammatory response in mesenteric venules across a 24 h period

as measured by leukocyte-endothelial cell interactions and PPE, indicating a local

inflammatory response initiated by the presence of LPS within the peritoneum. Pro-

inflammatory cytokine analysis and histology of distal tissue indicates that the inflam-

mation is also systemic in nature.
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Response to LPS

The aim of this set of experiments was to develop and validate a model of murine

experimental endotoxaemia, by which the systemic inflammatory response could be

investigated. I.P. injection of 10 µg LPS (∼0.6 mg/kg) caused, within 2 h, local

leukocyte-endothelial cell interactions and vascular leakage, measured using intrav-

ital microscopy of mesenteric venules. Accompanying these changes were increases

in plasma cytokine concentrations (measured by ELISA), whilst H&E staining of liver

sections (a site distal from the inflammatory focus, but which is known to be involved

in the systemic inflammatory response) also revealed migration of leukocytes. Doses

of LPS ranging from 0.5 mg/kg, I.P. (Zhou et al., 2009; McAvoy et al., 2011) to 40

mg/kg, I.P. (Aoyama et al., 2009) have been used to study systemic inflammation;

the low dose of ∼0.6 mg/kg used in the present study was chosen to enable us to

study the inflammatory response, without the potential complications of organ failure

secondary to microcirculatory dysfunction and tissue hypoperfusion or mortality, as is

often seen with higher doses (Zanetti et al., 1992; Aoyama et al., 2009). The data re-

ported in Chapter 3 suggest that over the 24 h period studied, this dose indeed causes

systemic inflammation without inducing drastically detrimental effects on the animal’s

physiology.

The data obtained using intravital microscopy demonstrate that male C57BL/6 mice
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exhibit a classical inflammatory response following low dose LPS administration, which

is characterised by reduced leukocyte rolling velocity and increased rolling leukocyte

flux, adherence and emigration in the vessels studied (Figure 3.2 and Table 3.1). Lo-

cal plasma extravasation was also observed in response to LPS (Figure 3.3), which

corresponds to the cardinal sign of oedema (swelling), whilst increases in plasma con-

centrations of the pro-inflammatory cytokines and evidence of leukocyte infiltration into

other organs (the liver) indicate that the inflammatory response is general and not lo-

calised to the peritoneum. The response to LPS was rapid – observable within 2 h

of LPS administration – and persisted across the 24 h period of study. Although this

inflammatory profile might be predicted given the nature of measurements made at

single time points following LPS treatment by other groups (Allcock et al., 2001), this

is the first time that the response to LPS has been characterised in vivo in terms of

leukocyte-endothelium interactions across a 24 h period.

4.1 Developing the Model of LPS-Induced Peritonitis

When developing this model, the aim was to induce a systemic inflammatory response

that could be assessed in terms of leukocyte-endothelial cell interactions. The sys-

temic inflammatory response syndrome (SIRS) occurs in a number of situations: it

may be caused by sterile injuries, such as burns, haemorrhage or other trauma (Lenz

et al., 2007) or by infection (Levy et al., 2003). LPS was chosen as the inflammagen

because Gram-negative infections cause approximately 50 % of sepsis cases (Martin

et al., 2003); the I.P. route of delivery was chosen because peritonitis contributes to

around 10 % of sepsis cases with E. coli infection being the most common (Angus

et al., 2001; Pieracci and Barie, 2007), therefore presenting a significant clinical prob-

lem. However, the dose of LPS used here (10 µg/mouse, or approximately 0.6 mg/kg)

is at the low end of those studied previously, and was deliberately chosen in order to

activate the vasculature without causing mortality or a drastic decrease in microvascu-

lar perfusion as is seen at higher doses (Zanetti et al., 1992; Damazo et al., 2005). This

was certainly achieved: in the 24 h following LPS injection, local leukocyte-endothelial

cell interactions were observed along with increased plasma concentrations of the

classic inflammatory cytokines TNF-α, IL-6 and IL-10 (Figure 3.4), and infiltration of

leukocytes into distal organs (liver; Figure 3.1C). Despite compelling evidence of a
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systemic inflammatory response, however, there were no differences in mortality prior

to or following administration of anaesthetic for intravital microscopy in the 24 h follow-

ing LPS treatment. This fits with evidence that the LD50 of I.P. LPS in C57BL/6 mice

is >20 mg/kg over a 14 day period (Croker et al., 2007).

4.1.1 LPS Mechanism of Action

Toll-like receptors (TLRs), a family of pattern recognition receptors, are essential for

the detection of microbial products. The receptor for LPS, TLR4, is expressed in the

plasma membrane of numerous cell types including those of myeloid lineage and en-

dothelial cells (Applequist et al., 2002), and initiates an innate immune response (and

associated inflammatory pathology) to tackle the Gram-negative bacterial infection that

is signalled by the presence of LPS (Poltorak et al., 1998). Key to this response is ac-

tivation and recruitment of innate immune effector cells: in the model employed in this

thesis, LPS injected I.P. would bind first to LPS-binding protein and then to CD14,

a serum and cell-surface glycoprotein that (like TLR4) is expressed by most cells of

haematopoietic origin and endothelial cells (Lloyd and Kubes, 2006). The crucial role

of CD14 is transferral of the LPS molecule to the complex comprising TLR4 and its

relevant adaptor proteins, which induce signalling cascades resulting in cellular acti-

vation and production of pro-inflammatory molecules that are both NF-κB-dependent

such as TNF-α and -independent such as CCL5/RANTES (reviewed by Bryant et al.

(2010) and O’Neill and Bowie (2007)). A chemotactic gradient is thereby generated

within the peritoneum, which recruits (in the first instance) neutrophils from the mesen-

teric microcirculation via the process of intravascular rolling, adhesion and emigration

(Lenczowski et al., 1997; De Filippo et al., 2008; Thompson et al., 2008).

The generation of chemokines and cytokines by immune cells resident within the tis-

sue is bypassed when LPS is given I.V. (as is the case in many studies in which

systemic LPS-induced inflammation was examined), where instead the toxin rapidly

and directly activates the endothelial cells. Administration by the I.P. route does still

activate endothelial cells (which also express TLR4) secondary to resident peritoneal

cells: Lenczowski et al. (1997) showed that approximately 10 % of the injected I.P.

dose (0.1 mg/kg in rats) also crosses rapidly into the general circulation, where it can
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be detected as soon as 15 min after injection and continues to increase for a further

75 min. In fact, LPS activation of the endothelium is hypothesised to be a major de-

terminant of neutrophil recruitment into tissues (Andonegui et al., 2002; Zhou et al.,

2009). Taken together with evidence of LPS escape into the general circulation, it is

likely that the relatively low dose of LPS (0.5 mg/kg, I.P.) used in the latter two studies

assists local neutrophil recruitment via local endothelial activation, whereas at higher

doses or via the I.V. route the concentrations are such that system-wide endothelial

activation (and neutrophil infiltration) occurs.

The profile of the inflammatory response (leukocyte-endothelial cell interactions me-

diated by adhesion molecule expression and cytokine production (Ley et al., 2007))

thus varies with route of toxin administration. For example, Eppihimer et al. (1996) re-

ported that I.P. injection of 2 mg/kg LPS induces E-selectin expression within 3 h and

P-selectin expression within 4 h, whilst the same dose administered as an I.V. bolus

raises P-selectin after just 5 min. Similarly, in rats LPS (1 mg/kg LPS I.V.) causes a

sharp but transient rise in the plasma concentrations of TNF-α, IL-1β and IL-6; maxi-

mal concentrations of the three cytokines are reached within a similar timeframe when

the same dose is administered I.P., but the responses are sustained over a longer pe-

riod and the peak concentrations of TNF-α and IL-1β lower, and those of IL-6 higher,

than those in rats treated I.V. (Kakizaki et al., 1999).

4.1.2 Choice of Vascular Bed

The mesenteric vascular bed was chosen for intravital microscopy for several reasons.

Firstly mesenteric vessels are local to the inflammagen and so permit comparison be-

tween local and systemic inflammation. Secondly, the mesentery can be viewed by

light microscopy and thus emigration can also be measured, whereas thicker tissues

such as the liver and the brain require fluorescent probes and a confocal intravital mi-

croscope to measure emigration (Gavins and Chatterjee, 2004; Hughes and Gavins,

2010). The cremaster muscle (which surrounds the testis) can also be visualised by

light microscopy (Gavins and Chatterjee, 2004), but is distal to the site of LPS delivery

and – the third reason for choosing the mesentery – is absent in the female, which

would have prevented the sexual dimorphism experiments presented in Chapters 7
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and 8. The mesentery does also have disadvantages compared to other tissues. In-

travital microscopy as a technique necessitates surgical preparation of the vascular

bed, which may cause activation in itself, but the mesentery is a particularly delicate

tissue and requires great care during handling so that resident peritoneal mast cells do

not degranulate and release histamine, leading to leukocyte rolling (Thorlacius et al.,

1995). For this reason, the murine mesentery can be exteriorised for no more than

30 min without becoming activated, which limits observation length. Additionally, peri-

staltic movements can cause "jerky" videos, making analysis difficult, although fasting

the animal can largely counteract this. Finally, it is an unfortunate fact that fat tends to

collect around the mesenteric vessels and obscures them from view, so younger mice

(aged 4-5 weeks and weighing 11-16 g) are generally used. This can be a major lim-

itation in some instances, where for example a long pre-treatment period is required,

but did not pose a problem in the present study of acute inflammation.

Both venules and arterioles were observed by intravital microscopy in the experiments

in Chapter 3, but significant leukocyte-endothelial cell interactions were only observed

in venules (Figure 3.2). Two major differences between arterioles and venules make

this so: firstly, arterioles express adhesion molecules at much lower densities than

venules (Sumagin and Sarelius, 2006), and secondly the wall shear rate in arterioles

is far higher, which stresses the adhesion molecule interactions beyond their limits so

that the cells detach (or are not captured in the first instance) (Sumagin et al., 2009;

Thomas, 2008). For these reasons, leukocyte-endothelial cell interactions primarily

occur in venules.

4.1.3 Pros and Cons of LPS

The caecal ligation and puncture (CLP) method, which interrupts the barrier between

sterile peritoneum and the bacterial colonies of the gut, is often considered to be the

gold standard of peritoneal sepsis models. This is because it most closely mimics the

situation in the clinic due to the introduction of a mixed population of live microbes

into the peritoneal cavity (Buras et al., 2005; Poli-de-Figueiredo et al., 2008). How-

ever, the responses to CLP are highly variable because the pathogen dose cannot be

well controlled, and hence a large number of animals is required to achieve sufficient
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power for statistical analysis (Poli-de-Figueiredo et al., 2008). Although LPS-induced

inflammation is not considered to be a model of sepsis per se due to the differences in

cytokine and haemodynamic temporal profiles, it does allow certain aspects of SIRS

to be modelled without the disadvantages of CLP. In particular, LPS can be adminis-

tered at a set dose, thereby limiting the variance of the severities of the inflammatory

response. By administering a fixed dose of LPS into the peritoneal cavity, rather than

a dose calculated according to body weight, a consistent quantity of LPS is introduced

into the peritoneal space where the acute inflammatory response is initiated. There-

fore, the LPS peritonitis model used here presents a well-defined, well-controlled sys-

temic inflammatory response by which certain aspects of the clinical syndrome can be

modelled.

4.2 Leukocyte-Endothelial Cell Interactions

Inflammation has frequently been quantified by measurement of leukocyte recruitment

into e.g. an inflamed air pouch (Hannon et al., 2003; Perretti et al., 1993) or as lo-

cal oedema (Perretti and Flower, 1993; Teixeira et al., 1998). Intravital microscopy

has significant advantages over these approaches in that enables direct, real-time

measurement of leukocyte activation and behaviour in specific beds of the microcircu-

lation. Leukocyte-endothelial cell interactions form the basis of a pathogen-associate

molecular pattern (PAMP) -mediated inflammatory response and are typified by rolling,

adhesion and emigration that localises blood-borne leukocytes to the challenge. This

activity of the host defence system is driven by signalling cascades which orchestrate

(under normal circumstances) an exquisitely complex, yet self-regulated, response.

Intravital microscopy can thus help to determine the stage (rolling, adhesion or em-

igration) at which a drug or compound is exerting its effects, and to gain insight to

mediators and adhesion molecules involved. For example, studies combining intravi-

tal microscopy with antibody probes and/or genetically modified mice have helped to

reveal how specific adhesion molecules play discrete, sequential roles in the trans-

migration of neutrophils and monocytes (Wang et al., 2005, 2006; Nourshargh et al.,

2006; Woodfin et al., 2009; Voisin et al., 2010).
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LPS-induced leukocyte-endothelial cell interactions are most probably due to inter-

cellular adhesion molecules which are up-regulated by even extremely low doses of

LPS. Mori et al. (1999) found that LPS (10 µg/kg, I.P.) induces E-selectin in murine

mesenteric endothelial cells within 3 h and P-selectin within 4 h. Furthermore, within

5 h constitutively-expressed ICAM-1 and VCAM-1 increase by 2- and 3-fold, respec-

tively. A dose of ∼2 mg/kg LPS, I.P. – still moderately low – induces more sustained

increases in mesenteric endothelial cell E- and P-selectin expression which are still

evident 7 and 24 h post injection, respectively (Eppihimer et al., 1996), and which

would account for the raised leukocyte-endothelial cell interactions observed here at

24 h post LPS. Cytokines are also capable of up-regulating adhesion molecules: TNF-

α and IL-1β in particular appear to be key in the induction of adhesion molecules

supporting leukocyte-endothelial cell interactions (Sheikh et al., 2003; Woodfin et al.,

2009). These effects are further facilitated by synergistic actions of TNF-αwith chemokines

such as MIF (Cheng et al., 2010), perhaps because TNF-α is known to prime neu-

trophils and increase their potential for inflammatory processes in the presence of an

appropriate stimulus (Zhu and He, 2006).

The systemic inflammatory response caused by the low dose (10 µg/∼0.6 mg/kg,

I.P.) of LPS used in this thesis was evidenced by leukocyte infiltration into the liver, a

site distal from the LPS challenge. The liver is of particular interest during endotox-

aemia and was chosen for study over other organs because it is involved in clearing

the portal blood of LPS (which happens even during the healthy state due to the es-

cape of toxin from gut-derived bacteria) with the aim of preventing spillover into the

systemic circulation (Ramadori and Armbrust, 2001). Therefore, the occurrence of

hepatic pro-inflammatory changes further validates this model by confirming a sys-

temic inflammatory response. The H&E stained liver sections shown in Figure 3.1C

showed neutrophils both within the sinusoids and in the parenchyma, in conjunction

with other leukocytes (B-cells). These observations concur with other findings. For

example, McAvoy et al. (2011) observed by intravital micropscopy hepatic neutrophilia

4 h after injection of LPS (0.5 mg/kg, I.P.) whilst other resident leukocyte populations

in the liver were not affected by the toxin, fitting with their argument that the healthy

liver is home to a number of resident leukocyte populations exclusive of neutrophils.

The results reported in this thesis suggest however that LPS may alter the location of
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these resident leukocytes (such as T- and B-lymphocytes) from the intravascular to the

extravascular compartment, rather than their absolute numbers; perhaps because of

the secretion by hepatocytes of chemattractants such as serum amyloid A (Badolato

et al., 1994). Of further note, histological analysis in the McAvoy study showed that

monocytes are not recruited to the liver during inflammation, which further supports

the histological data in this thesis.

Our finding that circulating neutrophils numbers were reduced by LPS treatment at

all time points studied (Figure 3.5) may be a consequence of leukocyte adhesion and

emigration: fewer cells are available to freely circulate in the blood because they have

localised to a different compartment. This is most likely the case 2 h after LPS injec-

tion, when a rapid efflux of neutrophils into the mesentery and the liver has occurred –

however, at 24 h the reduced neutrophil numbers in circulation could also be a result

of depleted bone marrow stores which will need to be replenished. Like the neutrophil,

circulating lymphocyte numbers were also reduced at 2 h post LPS injection. However,

since histology indicated an absence of lymphocytes in the mesentery but a presence

of B-lymphocytes in the liver, it is perhaps that their early compartmentalisation occurs

in organs distal to the inflammatory focus. These observations are reflected by An-

dersson et al. (1973), who noticed that B-lymphocytes are rapidly activated by LPS in

vitro; it is certainly possible that B-cells in the liver become exposed to LPS, evidenced

by an up-regulation of both TLR4 and TLR2 in murine hepatocytes 2 h after an I.P. LPS

challenge of 0.6 mg/kg (Ojaniemi et al., 2006). The large increase in circulating lym-

phocytes at 24 h post LPS, however, more probably consists of T-lymphocytes, which

have become activated through contact with LPS-primed monocytes (Mattern et al.,

1998). Circulating monocyte numbers displayed a curious increase in saline-treated

animals at 6 h post injection, although a (significantly lesser) increase was also seen

in LPS-treated animals after 6 h; the response of the monocytes to LPS at this time

point may reflect an influence of circadian rhythm and is discussed further in Section

4.4.
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4.3 Plasma Protein Extravasation

Plasma protein extravasation (PPE) was measured in addition to leukocyte-endothelial

cell interactions, firstly because vascular leakage (culminating in swelling) is a cardi-

nal sign of the inflammatory response and, secondly because PPE has recently been

described as the most significant factor contributing towards hypotension and organ

hypoperfusion and, hence, to morbidity and mortality, in sepsis patients (Goldenberg

et al., 2011). Consequently, quantification of PPE assesses another aspect of the sys-

temic inflammatory response modelled by injection of a low does of LPS (10 µg I.P.).

The injection of FITC-albumin allows localised measurement of PPE within the exte-

riorised mesentery (extravascular fluorescence was measured 10 µm either side of

the vessel wall), which is appropriate given the relatively mild inflammatory response

caused by this dose of LPS. Other common methods of quantifying vascular leakage

include measures of paw thickness following injection of a local inflammagen such as

carrageenan (Gastardelo et al., 2009), and I.V. injection of Evan’s blue dye, which can

then be quantified by tissue extraction post mortem (Reutershan et al., 2006). How-

ever, both methods are considered inappropriate for this model because they rely on

vascular leakage into the tissue parenchyma on a larger scale, whilst the FITC-albumin

method enables measurements at the level of the microcirculation. Furthermore, the

FITC-albumin method can be employed in the live animal, whilst quantification by the

Evan’s blue method relies on dye extraction from tissue post mortem and therefore in-

troduces another degree of separation from the leukocyte-endothelial cell interactions

observed by intravital microscopy.

The temporal increase in PPE in response to LPS paralleled the increase in leukocyte

emigration. PPE is often associated with (and can be augmented by) transmigration

of leukocytes (Ookawa et al., 1991; Yi and Ulich, 1992). Despite these observations,

compelling evidence discussed by DiStasi and Ley (2009), Ley et al. (2007) and He

(2010) suggests that it is not the necessary opening of endothelial cell junctions dur-

ing transmigration that simultaneously allows leakage, because the membranes of the

leukocyte and the endothelial cell remain in such remarkable apposition that PPE is

in fact minimal. Endothelial cell contraction and the opening of paracellular gaps to

permit passage of plasma and proteins can certainly occur independently of leukocyte
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passage (Majno and Palade, 1961), although vascular leakage and leukocyte emigra-

tion often appear to occur simultaneously because they can be elicited by interlinked

mechanisms. One such example is the intercellular signalling cascade within the en-

dothelial cell that causes cellular contraction and opening of junctions via PKC and

RhoA, which can be induced both in response to ICAM-1 ligation during leukocyte-

endothelial cell interactions (Clayton et al., 1998; Durieu-Trautmann et al., 1994), and

by pro-inflammatory mediators such as neutrophil-derived ROS (Zhu et al., 2005; Zhu

and He, 2006). Therefore, the relationship observed here between PPE and emi-

gration after LPS challenge would be expected, given that leukocyte-endothelial cell

interactions involving ICAM-1 have taken place, and that in vivo LPS increases other

systemic mediators known to raise vascular permeability such as neutrophil-derived

ROS (Spolarics, 1996) and chemokines such as IL-8/KC (Zhou et al., 2011) – the

receptor for which, endothelial CXCR2, is required for LPS-induced PPE in the lung

(Reutershan et al., 2006).

4.4 Influences of Circadian Rhythm on Baseline Parameters

An interesting aspect of the low dose LPS peritonitis model investigated in Chapter 3

is that it appeared to be subject to a circadian rhythm. This was evidenced by the fact

that 6 h (but not 2 or 24 h) after saline injection, both PPE (Table 3.2) and circulating

monocyte numbers (Figure 3.5) were significantly raised over baseline. The mice in

the Imperial College London animal facility are maintained on a 12h light/dark cycle

(light period = 7:00 am – 7:00 pm). All animals were injected before 10:00 am, but

whereas the 2 h and 24 h groups were therefore assessed by intravital microscopy

before midday and 10:00 am, respectively, the 6 h group was assessed as late as 4:00

pm.

The time of day at which observations are made is of importance in this study because

melatonin, the hormone which classically entrains circadian rhythm, is produced dur-

ing darkness in both diurnal and nocturnal mammals (reviewed by Challet (2007)). At

the time of assessment of the 2 h and 24 h groups, therefore, melatonin levels would

have been higher than when the 6 h group was assessed at 4:00 pm. Melatonin is
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thought to possess immunomodulatory properties. Human diseases such as rheuma-

toid arthritis show circadian rhythm in their severity, which appears to be mediated in

part by melatonin (Cutolo et al., 2005); similarly, a murine model of bacterial paw in-

fection measured oedema, with the findings that oedema was greater during the light

period when melatonin is low (Lopes et al., 1997). This may be due to the fact that

melatonin can be found systemically (it can be detected in serum of mice (Maestroni

et al., 1987)), and is known to be a potent free radical scavenger (Pieri et al., 1994)

which, by reducing a major stimulus for endothelial cells (ROS), would logically down-

play the vascular permeability response.

Melatonin levels would be lower during the afternoon, which may explain why base-

line PPE was higher in the 6 h mice. However, it would then be expected that the

LPS-induced PPE was elevated at 6 h, too. It is possible, therefore, that LPS-induced

PPE at 6 h post challenge has declined in comparison to the measurements made ei-

ther side, and in fact only appears to be in line with both groups due to diurnal rhythm

causing a leakier endothelium. The suggestion would then follow that the LPS-induced

change in PPE is biphasic, possibly reflecting alterations in the leukocyte subset pop-

ulation: an earlier peak around 2 h post LPS coinciding with neutrophil emigration,

followed by a decline in PPE as it is cleared by the lymphatic system, and finally a

second later peak that coincides with increased activity of either monocytes or lym-

phocytes. Since it is known that the murine peritoneal leukocyte population and bone

marrow cell numbers are lower towards the end of the light phase, whilst the overall

circulating leukocyte numbers are higher (Kolaczkowska et al., 2001), monocyte mo-

bilisation at this time of day is implicated when taken together with the data presented

here.

Corticosteroids are also subject to circadian rhythm and have potent immunomodu-

latory effects. Serum corticosterone concentrations in mice are low during the early

light phase, but start increasing rapidly at 1:00 pm and reach a peak at 4:00 pm (Bar-

riga et al., 2001), meaning there would be significantly higher levels of the hormone in

mice 6 h after injection of LPS, vs. 2 h or 24 h post-injection. Whilst plasma extrava-

sation in rat foot pad blisters appears to be independent of the circadian fluctuations

in corticosterone (Gibson et al., 1989), adrenocortical activation, initiated by central
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administration of CRH, can abrogate other components of inflammation such as LPS-

induced (1 mg/kg, I.V.) leukocyte recruitment in rat mesenteric venules via inhibition

of ICAM-1 expression (Casadevall et al., 1999). Therefore, although the baseline fluc-

tuations in PPE observed here are probably independent of diurnal corticosterone

concentrations, other measurements such as leukocyte-endothelial cell interactions

may have been altered by the time of day at which measurements were taken.

4.5 Cytokines

Cytokines are key in the crosstalk that occurs between resident cells, endothelial cells,

leukocytes and bone marrow during an inflammatory response (Pober and Cotran,

1990). It was decided to assay TNF-α (as a key early pro-inflammatory mediator and

HPA axis stimulant); IL-6 (as a later cytokine that, via stimulation of the HPA axis, elic-

its anti- as well as pro-inflammatory properties); and IL-10 (which can be induced by

TNF-α and is an indicator of a resolving response). Upon starting this project, the best

available technique for determining plasma cytokines was ELISA: the results shown in

this thesis were thus obtained using kits for murine TNF-α, IL-6 and IL-10. However, a

major disadvantage of working on mice rather than larger species is that the quantity

of blood and tissue obtained post mortem is small. This greatly limited the number

of ELISA assays that could be conducted as each requires a large plasma volume

(100 µl). In an ideal world it would have been useful to also measure IL-1β, which is

commonly measured in other studies and would therefore help validate the model, and

other anti-inflammatory/pro-resolution mediators such as corticosterone and TGF-β.

Alternative methods that require smaller blood volumes have since become available

for measurement of mediators in plasma, such as the Luminex Multiplex system by

which multiple analytes can be measured in a single sample. However, given that the

earlier experiments in this project had been conducted using ELISA, it was decided to

continue doing so throughout the project in the interest of maintaining continuity.

The increases in the plasma concentration of each of the three cytokines 2-6 h post

LPS injection adds further evidence that the low dose of I.P. LPS was sufficient to

initiate a systemic inflammatory response. The overall pattern of pro-inflammatory

cytokine production reported here correlates with the literature: Zhou et al. (2009)
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showed raised plasma concentrations of TNF-α and IL-1β at 1 and 2 h after LPS (0.5

mg.kg, I.P.) in C57BL/6 mice, with a decline to baseline at 24 h. Curiously, the plasma

TNF-α concentrations reported by by Zhou et al. (>2000 pg/ml) are far higher than

those reported here (200-300 pg/ml) (Figure 3.4). As the LPS in both studies was of

the same E. coli strain and the same potency (600,000 U/mg), this could reflect differ-

ences in technical details of cytokine measurement – for example, the sensitivities of

the ELISA kits used or the purity of the standards. Another possible explanation for this

discrepancy is differences between the mice: although of the same strain, the Zhou

study does not state the sex of the animals. In Chapter 7 of this thesis, a comparison

of male and female mice shows that TNF-α concentrations were higher in females

(>2000 pg/ml) than males (∼700 pg/ml) 2 h after LPS treatment. Therefore, sex dif-

ferences are likely to be an underlying cause of the discrepancy in plasma cytokine

concentrations in the two otherwise very similar models.

By depleting neutrophils, Zhou et al. (2009) also showed that the plasma TNF-α and

IL-1β was not primarily of neutrophilic origin. Many other cells besides blood-borne

leukocytes are capable of such cytokine production during a systemic inflammatory

response. Most immediately, resident cells of the peritoneum are likely to be involved,

as cultured peritoneal macrophages, through expression of TLR4, secrete TNF-α and

IL-6 when stimulated by LPS (Wang et al., 2010). Endothelial cells are also capa-

ble of both cytokine and chemokine production via stimulation by both LPS and other

early inflammatory mediators such as IL-1β and TNF-α (Jirik et al., 1989; Brown et al.,

1994). Furthermore, specialised cells in distal organs such as the Kupffer cells of the

liver are prompted to secrete IL-1β, IL-6 and TNF-α during endotoxaemia as part of

the acute-phase response; it is supposed that systemic release of these cytokines

during endotoxaemia alerts other organs to the presence of the challenge, aiding toxin

clearance (Ramadori and Armbrust, 2001).

As potent inflammatory mediators, cytokine profiles can be useful indicators of cellu-

lar activity during the inflammatory cascade. Of the cytokines measured here, TNF-α

and IL-6 are known to initiate several processes during the innate immune response

to LPS and cause a number of the systemic symptoms seen in human endotoxaemia

and rodent models thereof, including fever, increased leukocyte activity and shock-like
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4. DISCUSSION 1: THE INFLAMMATORY RESPONSE TO LPS

symptoms (Harden et al., 2006; Andreasen et al., 2008). The temporal profiles of

pro-inflammatory cytokines in male wild-type animals demonstrate a reaction to LPS

that peaked 2-6 h post LPS injection (Figure 3.4). It is established that during an

inflammatory response TNF-α is usually the first cytokine to appear, being released

from activated leukocytes and endothelium by about 45 min post challenge (Cavail-

lon et al., 2003). The release of IL-6 also peaked at 2 h, although it can also appear

slightly later in different models. Andreasen et al. (2008) report that the profiles can

differ depending on the mode of LPS administration, and so the timing of the IL-6

peak possibly depends on the duration of the inflammatory stimulus. In addition to

its pro-inflammatory properties, IL-6 can also exert some anti-inflammatory effects by

acting at several points throughout the HPA axis; correspondingly, plasma ACTH and

hypothalamic CRH are also increased by I.P. LPS administration in a temporal profile

that fits well with that of the pro-inflammatory cytokines observed here and in the lit-

erature (Kakizaki et al., 1999). Therefore, some anti-inflammatory actions are partly

modulated by release of glucocorticoids downstream of CRH and ACTH. Cytokines

such as IL-10 also exert important anti-inflammatory effects. These include reduc-

tion of PGE2 synthesis in vitro (Hickey et al., 1998), thus cooling the febrile response

sparked by previously-released pro-inflammatories; inhibition of TNF-α release dur-

ing endotoxaemia, thus contributing to inflammatory resolution; and helping to prevent

lethality by LPS (Fiorentino et al., 1991; Gerard et al., 1993). As a result, plasma con-

centrations of the pro-inflammatory cytokines fall away and by 24 h post LPS challenge

it appears that the inflammation has resolved.

4.6 Concluding Remarks

I.P. injection of LPS elicited sustained local leukocyte-endothelial cell interactions over

a 24 h period, which were neutrophil-dominated in the acute stages. Accompany-

ing these changes was raised PPE microvascular leak, another significant component

of the systemic inflammatory response (Goldenberg et al., 2011). The presence of

inflammatory cells within the liver following LPS challenge indicates the systemic na-

ture of this inflammatory response; the liver’s involvement is of particular interest as

it is known to be involved in the acute phase systemic inflammatory response to LPS

(Badolato et al., 1994; Ramadori and Armbrust, 2001). In particular, the liver is a
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major source of cytokines including TNF-α and IL-6 during the acute phase response

(Ramadori and Armbrust, 2001), plasma concentrations of which were also increased

by LPS.

Characterisation of the in vivo response to LPS in mice revealed that leukocyte-endothelial

cell interactions persist for at least 24 h post LPS challenge. By contrast, and in line

with other published studies (Kakizaki et al., 1999; Zhou et al., 2009), the plasma

concentrations of pro-inflammatory cytokines were maximal within 2-6 h of LPS injec-

tion and had returned to baseline levels by 24 h. The disparity between the temporal

profiles of leukocyte-endothelial cell interactions and plasma cytokine concentrations

could have occurred for two reasons. Firstly, it may be may be that host cells are

damaged during the inflammatory response and cleared by phagocytic actions of the

activated leukocytes to avoid necrosis. A limitation of light intravital microscopy is that

leukocyte subsets cannot be distinguished (although it is possible to do so using flu-

orescence intravital microscopy and antibodies for appropriate cell markers (Hughes

and Gavins, 2010), so it is not known whether the cells observed here at the later time

points are pro-inflammatory neutrophils, lymphocytes or monocytes (which may adopt

a more pro- or anti-inflammatory phenotype (Varga et al., 2008)).

An alternative explanation for the disparity between cytokine and leukocyte-endothelial

cell interaction profiles may be that the half-life of cytokines is short, thus preventing

unnecessary long-term activation of the inflammatory cascade (Cotran, 1999), whilst

the sustained leukocyte-endothelial interactions depend on persistent extracellular ex-

pression of adhesion molecules (as discussed in Section 4.2, expression of adhesion

molecules in the mesentery can persist for at least 24 h following LPS challenge (Ep-

pihimer et al., 1996)).

In this particular model, therefore, it can be concluded that an acute and systemic

inflammatory response occurs 2 h following injection of 10 µg LPS I.P.. This conclu-

sion is based on the correlation between raised leukocyte-endothelial cell interactions,

PPE and plasma cytokine concentrations (summarised in Figure 4.1), and indicates

that the model is suitable for investigation into ways by which the inflammatory re-

sponse to LPS can be pharmacologically manipulated.
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4. DISCUSSION 1: THE INFLAMMATORY RESPONSE TO LPS

Figure 4.1: Summary diagram of the innate immune response to intraperitoneal
LPS. Intraperitoneal LPS indicates bacterial infection and initiates an inflammatory re-
sponse through its receptor, TLR4, on (1) resident tissue macrophages, (2) intravas-
cular endothelial cells (ECs) and (3) intravascular leukocytes (neutrophils in the acute
phase). Via the NF-κB cascade, TLR4 elicits release of cytokines e.g. TNF-α and IL-6
and chemokines e.g. IL-8/KC and MCP-1, both (4) in the peritoneum and (5) into the
blood, which (6) induce adhesion molecule expression on ECs and leukocytes. (7) Leuko-
cyte rolling and adhesion follows, so that (8) cells can emigrate into the peritoneum to
address the inflammatory challenge. PPE is often seen to accompany leukocyte emi-
gration, the function of which is to support the metabolically active emigrated cells. This
process results from EC activation and is induced by (9) reactive oxygen species (ROS)
from activated leukocytes (priming by C5a and PGE2 can also occur). (10) Outside-in
signalling via selectin and ICAM-1 ligation during leukocyte-endothelial cell interactions
further contributes to EC activation. Intracellular Ca2+ flux activates two pathways that
cause (11) myosin-driven EC contraction and (12) F-actin remodelling, with the end result
of (13) plasma protein extravasation (PPE). Diagram by EL Hughes, unpublished.
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5

Results 2: Influence of the

AnxA1-Fpr2 System on

LPS-Induced Inflammation

5.1 Anxa1 Gene Deletion Mitigates LPS-Induced Inflammation

The influence of endogenous AnxA1 on the inflammatory response to LPS was investi-

gated using male AnxA1-/- mice. As with temporal profiling of leukocyte-endothelial cell

interactions in male C57BL/6 (wild-type) mice, no significant changes were observed

in arterioles of male AnxA1-/- mice. In venules, cell flux increased with LPS (Table

5.1), whilst VWBC was not significantly affected (Figure 5.1A). At 2 h there was also no

significant change in adherent or emigrated leukocytes following LPS, in contrast to

the increase seen in wild-type mice (shown in Figure 5.1B+C). It appears that Anxa1

gene deletion delays leukocyte adherence in response to LPS in this model, because

at 6 h the LPS-treated animals demonstrated an increase in adherence to 9.3 ± 2.0

cells (compared to 3.0 ± 0.2 cells in saline-treated mice; P=0.02; Figure 5.1B), which

was in line with the wild-type mice. Adherence was still significantly elevated at 24 h

after LPS (5.7 ± 0.8 cells, vs. 2.8 ± 0.4 cells with saline; P=0.009) in the AnxA1-/-

animals. The data pertaining to leukocyte emigration support the idea that the inflam-

matory response to LPS is less severe in this model in AnxA1-/- mice, as at no point
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5. RESULTS 2: INFLUENCE OF THE ANXA1-FPR2 SYSTEM ON LPS-INDUCED
INFLAMMATION

Time post
treatment (h)

Cell flux (cells/min)

saline LPS

0 65.7 ± 15.0 65.7 ± 15.0

2 89.2 ± 6.5 250.3 ± 14.4 a, b

6 91.5 ± 5.9 131.0 ± 10.7 a, b, c

24 73.2 ± 7.1 86.5 ± 7.5 c

Table 5.1: Effects of Anxa1 gene deletion on LPS-induced rolling leukocyte flux.
Male AnxA1-/- mice were treated with LPS (10 µg/mouse, I.P.) or saline (50 µl/mouse,
I.P.). 0, 2, 4 and 24 h after the injection, the leukocyte-endothelial cell interactions in
mesenteric venules were quantified by intravital microscopy in terms of rolling leukocyte
flux (expressed as cells/min). Data are expressed as mean ± SEM. n=4-6 mice/group.
aP<0.05 vs. saline-treated counterparts; bP<0.05 vs. 0 h; cP<0.05 vs. 2 h counterparts
using ANOVA followed by Bonferroni’s post hoc test.

in the 24 h window did LPS cause increased emigration in these animals (Figure 5.1C).

Although the leukocyte-endothelial cell interactions suggest that the inflammatory re-

sponse to LPS is limited in AnxA1-/- mice compared to the wild-type, the PPE data

suggest otherwise. Table 5.2 shows that at all time-points, LPS caused a significant

increase in PPE in the AnxA1-/- mice, which at 2 h is of the same magnitude as in the

wild-type. However, at 24 h post LPS injection, the AnxA1-/- animals showed 72.2 ±

3.9 % plasma leakage, which is significantly higher than both the 28.3 ± 1.6 % seen

in the LPS-treated AnxA1-/- group at 2 h (P=0.0007), and the 35.97 ± 2.65 % seen in

the wild-type counterparts at 24 h (P<0.0001).

Analysis of plasma cytokine concentrations revealed TNF-α levels of 590.1 ± 159.2

pg/ml after 2 h LPS treatment (Figure 5.2A), which was not significantly different from

that of the wild-type mice at 233.5 ± 73.1 pg/ml (P=0.09; saline controls were both

≤31.3 pg/ml). As with the wild-type, TNF-α concentrations had declined by 6 h post

injection and remained at baseline at 24 h. IL-6, although again following the same

pattern as the wild-type in that it peaked at 2 h post LPS injection (Figure 5.2B), was

detected in concentrations almost 5 times greater than in the wild-type (1733.1± 234.5

pg/ml vs. 378.4 ± 93.1 pg/ml; P=0.006). By 6 h post injection, IL-6 concentrations
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5.1 Anxa1 Gene Deletion Mitigates LPS-Induced Inflammation

Figure 5.1: Anxa1 gene deletion alters LPS-induced leukocyte-endothelial cell inter-
actions in the mesenteric microcirculation. Male AnxA1-/- mice were treated with LPS
(10 µg/mouse, I.P.) or saline (50 µl/mouse, I.P.). Leukocyte-endothelial cell interactions,
viewed by intravital microscopy, were quantified in mesenteric post-capillary venules 0,
2, 4 and 24h after the injection in terms of: A) leukocyte rolling velocity (expressed as
VWBC); B) number of adherent (stationary for ≥30 s) leukocytes per 100 µm length; and
C) number of emigrated leukocytes per 100 x 50 µm2. Data are expressed as mean
± SEM. n=4-6 mice/group. *P<0.05, **P<0.01 and ***P<0.001 vs. indicated groups;
†P<0.05, †† P<0.01 and ††† P<0.001 vs. wild-type counterparts using ANOVA followed
by Bonferroni’s post hoc test.
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5. RESULTS 2: INFLUENCE OF THE ANXA1-FPR2 SYSTEM ON LPS-INDUCED
INFLAMMATION

Figure 5.2: Effects of Anxa1 gene deletion on LPS-induced production of pivotal
cytokines. Male AnxA1-/- mice were treated with LPS (10 µg/mouse, I.P.) or saline (50
µl/mouse, I.P.). Blood was taken by cardiac puncture 0, 2, 6 and 24 h after the injection
and plasma was assayed by enzyme-linked immunosorbent assay (ELISA) for (A)TNF-α,
(B) IL-6 and (C) IL-10. Data are mean ± SEM. n = 3-4 mice/group. *P<0.05, **P<0.01
and ***P<0.001 vs. indicated groups; †† P<0.01 vs. wild-type counterparts using ANOVA
followed by Bonferroni’s post hoc test.
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5.2 Effects of Fpr2 Gene Deletion on the Inflammatory Response

Time post
treatment (h)

PPE (%)

saline LPS

0 26.4 ± 5.8 26.4 ± 5.8

2 21.7 ± 5.9 39.1 ± 2.4 a, b

6 38.2 ± 2.1 c 58.1 ± 9.7 b

24 40.3 ± 3.6 b, c 72.6 ± 4.8 a, b, c

Table 5.2: Effects of Anxa1 gene deletion on LPS-induced plasma protein extrava-
sation. Male AnxA1-/- mice were treated with LPS (10 µg/mouse, I.P.) or saline (50
µl/mouse, I.P.). 0, 2, 4 and 24 h after the injection, plasma extravasation in mesen-
teric venules was measured by injection of FITC-labelled albumin. Data are expressed
as mean ± SEM. n=4-6 mice/group. aP<0.05 vs. saline vehicle-treated counterparts;
bP<0.05 vs. 0 h; cP<0.05 vs. 2 h counterparts using ANOVA followed by Bonferroni’s
post hoc test.

were not significantly different from saline-treated controls and remained at baseline

at 24 h post LPS. The pattern of IL-10 release in the AnxA1-/- mice did not follow the

same pattern as the wild-type in response to LPS: at baseline, levels measured were

416.3 ± 151.7 pg/ml. Whilst this was not significantly different from the wild-type at

baseline, injection of either saline or LPS in the knockout at any time point caused IL-

10 production to fall to concentrations not significantly different from below detection

(P<0.05 in all cases), whilst in the wild-type a significant increase was seen at 6 h

post LPS injection (Figure 5.2C).

5.2 Effects of Fpr2 Gene Deletion on the Inflammatory Re-

sponse

The pharmacological data were verified by a genetic approach, employing male Fpr2/3-/-

mice. Two control strains were used: wild-type (Fpr2/3+/+) mice bred against the same

genetic background as the Fpr2/3-/- mice, and C57BL/6 mice in the same model. A 2

h challenge with LPS provoked increased leukocyte activity in mesenteric venules of

all three strains. Leukocyte rolling showed some slight differences between wild-type

strains: VWBC in saline-treated C57BL/6 mice was slightly raised over that in Fpr2/3+/+

counterparts (Figure 5.3A), and cell flux (109.7 ± 14.1 cells/min in the C57BL/6 and
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INFLAMMATION

Treatment Strain Cell flux (cells/min) PPE (%)

saline
C57BL/6 109.7 ± 14.1 20.6 ± 1.5

Fpr2/3+/+ 28.0 ± 5.4 b 34.7 ± 0.9 b

Fpr2/3-/- 18.7 ± 4.2 b 32.9 ± 2.0 b

LPS
C57BL/6 254.0 ± 38.8 a 36.1 ± 4.1 a

Fpr2/3+/+ 24.3 ± 5.4 b 50.1 ± 2.3 a

Fpr2/3-/- 5.5 ± 1.1 a, c 31.7 ± 8.1 a

Table 5.3: Effects of Fpr2/3 gene deletion on LPS-induced rolling leukocyte flux and
plasma protein extravasation. Male C57BL/6, Fpr2/3+/+ and Fpr2/3-/- mice were treated
with LPS (10 µg/mouse, I.P.) or saline (50 µl/mouse, I.P.). 2 h after the injection, the
leukocyte-endothelial cell interactions in mesenteric venules were quantified by intravital
microscopy in terms of rolling leukocyte flux (expressed as cells/min). Plasma extrava-
sation in mesenteric venules was measured by injection of FITC-labelled albumin. Data
are expressed as mean ± SEM. n=4-6 mice/group. aP<0.05 vs. saline vehicle-treated
counterparts; bP<0.05 vs. C57BL/6 counterparts; cP<0.05 vs. Fpr2/3+/+ counterparts
using ANOVA followed by Bonferroni’s post hoc test.

28.0 ± 4.5 cells/min in the Fpr2/3+/+; Table 5.3). There were no differences between

C57BL/6 and Fpr2/3+/+ mice in terms of adhesion (Figure 5.3B), emigration (Figure

5.3C) or PPE (Table 5.3) after a 2 h treatment with either saline or LPS, suggesting

that C57BL/6 could be used as a control strain.

Deletion of Fpr2/3 did not affect the changes in VWBC or leukocyte emigration (Figure

5.3A+C), although cell flux was reduced (to 5.5 ± 1.1 cells/min) following LPS treat-

ment in comparison to both the C57BL/6 and the Fpr2/3+/+ (254.0 ± 38.8 cells/min and

24.3 ± 5.4 cells/min, respectively; P<0.05 in both cases). However, the LPS-induced

increase in leukocyte adhesion was significantly greater in Fpr2/3-/- mice than in ei-

ther the Fpr2/3+/+ or the C57BL/6 animals (Figure 5.3B), providing further evidence

for the role of Fpr2 as an anti-adhesion mediator. Of note, there were no differences

between the LPS-induced PPE of Fpr2/3-/- mice and both strains of wild-type following

LPS treatment, although at baseline the C57BL/6 was significantly lower than both the

Fpr2/3+/+ and Fpr2/3-/- mice (Table 5.3).
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5.2 Effects of Fpr2 Gene Deletion on the Inflammatory Response

Figure 5.3: Effects of LPS on leukocyte-endothelial cell interactions in mesenteric
venules of C57BL/6, Fpr2/3+/+ and Fpr2/3-/- mice. Mice were treated with LPS (10
µg/mouse, I.P.) or saline (50 µl/mouse, I.P.). The leukocyte-endothelial cell interactions in
mesenteric venules were studied 2 h later by intravital microscopy and quantified in terms
of: A) leukocyte rolling velocity (expressed as VWBC); B) number of adherent (stationary
for ≥30 s) leukocytes per 100 µm length; and C) number of emigrated leukocytes per 100
x 50 µm2. C57BL/6 mice were included for comparison with Fpr2/3+/+ mice. Data are
expressed as mean ± SEM. n=6 mice/group. *P<0.05, **P<0.01 and ***P<0.001 vs.
indicated group using ANOVA followed by Bonferroni’s post hoc test.
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INFLAMMATION

5.3 Pharmacological Interventions

5.3.1 Fpr2 Ligands Reduce Leukocyte-Endothelial Cell Interactions

From the temporal profiling experiments described in Chapter 3, marked changes in

leukocyte activity, PPE and plasma pro-inflammatory cytokine concentrations were all

evident in wild-type mice 2 h following injection of LPS, indicating an active inflamma-

tory cascade at this time-point. Therefore, the following studies involving pharmaco-

logical manipulation of Fpr2 were carried out with a total LPS treatment time of 2 h.

In order to selectively examine the role of Fpr2 in mediating the inflammatory response

during endotoxaemia, we used two agonists of the receptor: the AnxA1 N-terminal

peptide AnxA1Ac2-26 (Kd ∼ 0.9 µM; Perretti et al. (2002)) and LXA4 (Kd ∼ 0.5 nM;

Fiore et al. (1994)). Both were administered 20 min after LPS, so that their modulatory

actions over a pre-initiated inflammatory cascade could be investigated.

The effects of the two agonists on leukocyte rolling were diverse. Compared to VWBC

in animals receiving LPS + saline vehicle (4.0 ± 0.9 µm/s), Figure 5.4A demonstrates

that AnxA1Ac2-26 failed to modify LPS-induced VWBC, whilst by contrast Figure 5.4D

shows that LXA4 caused a significant reduction in velocity (0.9 ± 0.2 µm/s; P=0.01).

Similarly, Table 5.4 shows that cell flux was unaffected by AnxA1Ac2-26 but was reduced

by LXA4 to 4.3 ± 1.5 cells/min (P<0.0001 vs. LPS + saline vehicle).

By contrast to their varied effects on rolling, both AnxA1Ac2-26 and LXA4 demonstrated

convincingly that their administration reduced leukocyte adherence in LPS-treated

mice (Figure 5.4B+E). AnxA1Ac2-26 achieved leukocyte adherence values of 2.9 ± 0.3

cells and LXA4 that of 3.3 ± 0.3 cells; levels similar to those of mice receiving no LPS

(2.0 ± 0.3 cells). However, neither agent altered the cellular emigration induced by

LPS (Figure 5.4C+F).

Subsequent experiments were undertaken to ascertain whether the protective, anti-

adhesive effects of AnxA1Ac2-26 and LXA4 were mediated by the Fpr family. Initial

pharmacological confirmation was achieved in wild-type mice using the pan-Fpr antag-
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Treatment Cell flux (cells/min)
LPS Agonist Antagonist

– – – 16.8 ± 3.3

+ – – 41.5 ± 3.8

+ AnxA1Ac2-26 – 53.8 ± 4.9 a

+ LXA4 – 4.3 ± 1.5 a

+ – Boc2 12.2 ± 1.0 a

+ – WRW4 11.0 ± 2.6 a

+ AnxA1Ac2-26 Boc2 10.2 ± 1.1 a, b

+ LXA4 Boc2 2.3 ± 0.8 a

+ AnxA1Ac2-26 WRW4 1.7 ± 0.8 a

+ LXAWRW4 WRW4 5.3 ± 1.0 a

Table 5.4: Changes in LPS-induced rolling leukocyte flux caused by Fpr2 ligands.
Male C57BL/6 mice were treated with LPS (10 µg/mouse, I.P.) followed 20 min later by
an injection of one of the following into the tail vein: saline vehicle; Boc2 (10 µg/mouse);
AnxA1Ac2-26 (100 µg/mouse); AnxA1Ac2-26 + Boc2; LXA4 (0.1 µg/mouse); or LXA4 + Boc2
(n=6 animals per group). Control animals (termed "no LPS") received a saline injection
I.P. and vehicle I.V. (n=3). 2 h post LPS injection, leukocyte-endothelial cell interactions
in mesenteric venules were quantified by intravital microscopy in terms of rolling cell flux.
Data are expressed as mean ± SEM. n=6 mice/group. aP<0.05 vs. LPS + vehicle and
bP<0.05 vs. LPS + agonist alone using ANOVA followed by Bonferroni’s post hoc test.

onist, Boc2 (Figure 5.4A-C). Boc2 alone did not affect leukocyte-endothelial cell inter-

actions in LPS-treated mice. However, when co-administered with either AnxA1Ac2-26

or LXA4, it abrogated any effects of the agonists: in particular, leukocyte adhesion with

AnxA1Ac2-26 was increased from 2.9 ± 0.3 cells with agonist alone to 8.2 ± 0.9 cells

(P=0.0007), and with LXA4 to 6.1 ± 0.6 cells compared to 3.3 ± 0.3 cells with agonist

alone. None of the Fpr ligands used thus far, alone or in combination, affected PPE in

LPS-treated mice in relation to LPS + saline vehicle-treated animals (Table 5.5).
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Figure 5.4: The general influence of the Fpr family over LPS-induced leukocyte-endothelial cell interactions in mesenteric
venules. Male C57BL/6 mice were treated with LPS (10 µg/mouse, I.P.) followed 20 min later by an injection of one of the following
into the tail vein: saline vehicle; Boc2 (10 µg/mouse); AnxA1Ac2-26 (100 µg/mouse); AnxA1Ac2-26 + Boc2; LXA4 (0.1 µg/mouse); or
LXA4 + Boc2 (n=6 animals per group). Control animals (termed "no LPS") received a saline injection I.P. and vehicle I.V. (n=3). 2
h post LPS injection, leukocyte-endothelial cell interactions in mesenteric venules were quantified by intravital microscopy in terms
of: A) and D) leukocyte rolling velocity (expressed as VWBC); B) and E) number of adherent (stationary for ≥30 s) leukocytes per
100 µm length; and C) and F) number of emigrated leukocytes per 100 x 50 µm2. Data are expressed as mean ± SEM. *P<0.05,
**P<0.01 and ***P<0.001 vs. indicated group using ANOVA followed by Bonferroni’s post hoc test.
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5.3 Pharmacological Interventions

Treatment PPE (%)
LPS Agonist Antagonist

– – – 20.6 ± 1.5

+ – – 26.4 ± 2.2

+ AnxA1Ac2-26 – 32.7 ± 1.2

+ LXA4 – 41.0 ± 5.2

+ – Boc2 25.5 ± 0.9

+ – WRW4 58.1 ± 9.9 a

+ AnxA1Ac2-26 Boc2 32.3 ± 0.9

+ LXA4 Boc2 39.4 ± 3.9

+ AnxA1Ac2-26 WRW4 49.5 ± 4.5 a, b

+ LXA4 WRW4 43.3 ± 6.7

Table 5.5: Changes in LPS-induced plasma protein extravasation caused by Fpr2
ligands. Male C57BL/6 mice were treated with LPS (10 µg/mouse, I.P.) or saline (50
µl/mouse, I.P.) followed 20 min later by an injection of one of the following into the tail vein:
saline vehicle; AnxA1Ac2-26 (100 µg/mouse); LXA4 (0.1 µg/mouse); Boc2 (10 µg/mouse);
WRW4 (55 ng/mouse); AnxA1Ac2-26 + Boc2; LXA4 + Boc2; AnxA1Ac2-26 + WRW4; or LXA4
+ WRW4 (n=6 animals per group). Control animals (no LPS) received a saline injection
I.P. and vehicle i.v. (n=3). 2 h post LPS injection, rolling leukocyte flux in mesenteric
venules was quantified by intravital microscopy. Data are expressed as mean ± SEM.
aP<0.05 vs. LPS + vehicle and bP<0.05 vs. LPS + agonist alone using ANOVA followed
by Bonferroni’s post hoc test.

Having implicated the Fpr family in mediating leukocyte anti-adhesive effects of AnxA1Ac2-26

and LXA4, it was attempted to determine which individual family member was respon-

sible by using WRW4, an Fpr2-selective antagonist. There is little published informa-

tion on the use of this agent in vivo, and so a dose of 55 ng/mouse was chosen (100

µl of 0.5 µM solution) based on the in vitro affinity data (IC50 = 0.23 µM; Bae et al.

(2004)). Administered alone to LPS-treated mice, WRW4 significantly altered rolling,

with a reduction in VWBC (Figure 5.5A) and cell flux (from 41.5 ± 3.8 cells/min in mice

receiving LPS + saline vehicle to 11.0 ± 2.6 cells/min in those receiving LPS + WRW4;

P<0.0001; Table 5.5), without altering adherence or emigration (Figure 5.5B+C).
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Figure 5.5: The specific influence of Fpr2 over LPS-induced leukocyte-endothelial cell interactions in mesenteric venules.
Male C57BL/6 mice were treated with LPS (10 µg/mouse, I.P.) followed 20 min later by an injection of one of the following into the
tail vein: saline vehicle; WRW4 (55 ng/mouse); AnxA1Ac2-26 (100 µg/mouse); AnxA1Ac2-26 + WRW4; LXA4 (0.1 µg/mouse); or LXA4
+ WRW4 (n=6 animals per group). Control animals (termed "no LPS") received a saline injection I.P. and vehicle I.V. (n=3). 2 h
post LPS injection, leukocyte-endothelial cell interactions in mesenteric venules were quantified by intravital microscopy in terms
of: A) and D) leukocyte rolling velocity (expressed as VWBC); B) and E) number of adherent (stationary for ≥30 s) leukocytes per
100 µm length; and C) and F) number of emigrated leukocytes per 100 x 50 µm2. Data are expressed as mean ± SEM. *P<0.05,
**P<0.01 and ***P<0.001 vs. indicated group using ANOVA followed by Bonferroni’s post hoc test.
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5.3 Pharmacological Interventions

The effects of WRW4 on the actions of AnxA1Ac2-26 and LXA4 seemed to be specific

to adhesion. When given in combination with the Fpr2 agonists, Figure 5.5B shows

that WRW4 abolished the anti-adhesive effects of AnxA1Ac2-26 in LPS-treated mice

(leukocyte adhesion increased from 2.9 ± 0.3 cells with AnxA1Ac2-26 alone to 8.2 ±
0.6 cells with the combination; P<0.0001) and partially reversed the effects of LXA4 on

leukocyte adhesion (causing an increase from 3.3 ± 0.3 cells with LXA4 alone to 5.6 ±
0.4 cells in combination with WRW4; P=0.0007; Figure 5.5E). Effects of WRW4 on the

other IVM parameters were subject to more diverse effects – in particular VWBC (Figure

5.5A), wherein AnxA1Ac2-26 administration had no effect in comparison to LPS + vehi-

cle (6.7 ± 0.6 µm/s and 4.1 ± 0.9 µm/s, respectively), but co-treatment with WRW4

dramatically reduced VWBC (1.9 ± 0.1 µm/s; P=0.005). Furthermore, WRW4 com-

pletely abolished the reduction of rolling leukocyte flux by AnxA1Ac2-26 in LPS-treated

mice (0.8 ± 0.8 cells/min, compared to 53.8 ± 4.9 cells/min with AnxA1Ac2-26 alone;

P=0.002) but had no effect on the LXA4-induced changes in cell flux in LPS-treated

mice (4.3 ± 1.5 cells/min and 5.3 ± 1.0 cells/min, respectively), perhaps because cell

flux with LXA4 alone is already very low (Table 5.4).

When given either alone or in combination with AnxA1Ac2-26 or LXA4, WRW4 increased

PPE to values above those seen in mice treated with LPS alone, as shown in Table 5.5.

Administration of AnxA1Ac2-26, LXA4 and WRW4 to the Fpr2/3-/- mice had no effect

on LPS-induced leukocyte adhesion or emigration (Figure 5.6B+C). LXA4 and WRW4

also had no effect on VWBC, although this parameter was significantly reduced by

AnxA1Ac2-26 (Figure 5.6A; P=0.0017) and cell flux was significantly increased from 0.2

± 0.2 to 1.9 ± 0.3 cells/min (P=0.0077).
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5. RESULTS 2: INFLUENCE OF THE ANXA1-FPR2 SYSTEM ON LPS-INDUCED
INFLAMMATION

Figure 5.6: Effects of Fpr2 ligands on LPS-induced leukocyte-endothelial cell in-
teractions in Fpr2/3-/- mice. Male Fpr2/3-/- mice were treated with LPS (10 µg/mouse,
I.P.) followed 20 min later by an injection of one of the following into the tail vein: saline
vehicle; AnxA1Ac2-26 (100 µg/mouse); LXA4 (0.1 µg/mouse); or WRW4 (55 ng/mouse)
(n=4-5 animals per group). Control animals (termed "no LPS") received a saline injection
I.P. and vehicle I.V. (n=3). 2 h post LPS injection, leukocyte-endothelial cell interactions
in mesenteric venules were quantified by intravital microscopy in terms of: A) leukocyte
rolling velocity (expressed as VWBC); B) number of adherent (stationary for ≥30 s) leuko-
cytes per 100 µm length; and C) number of emigrated leukocytes per 100 x 50 µm2. Data
are expressed as mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001 vs. indicated group
using ANOVA followed by Bonferroni’s post hoc test.
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Figure 5.7: Rapid anti-adhesive effects of Fpr2 ligands on LPS-induced leukocyte-endothelial cell adherence. A) C57BL/6,
B) Fpr2/3-/- and C) AnxA1-/- mice were treated with LPS (10 µg/mouse, I.P.) and anaesthetised for study of the leukocyte-endothelial
cell interactions in mesenteric venules by intravital microscopy 2 h later. C57BL/6 and Fpr2/3-/- mice received 100 µl of either
AnxA1Ac2-26 (100 µg/mouse); LXA4 (0.1 µg/mouse), or saline vehicle via a jugular vein cannula; AnxA1-/- mice received AnxA1Ac2-26
or vehicle; and the number of adherent cells within the 100 µm vessel length was monitored for 10 min. n=6 animals per group. Data
are expressed as mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001 vs. vehicle by analysis of area under the curve, compared
using ANOVA followed by Bonferroni’s post hoc test.
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5. RESULTS 2: INFLUENCE OF THE ANXA1-FPR2 SYSTEM ON LPS-INDUCED
INFLAMMATION

5.4 Rapid Leukocyte Anti-Adhesion Caused by Fpr2 Activa-

tion

A real-time detachment protocol was used to determine the rate of onset of the anti-

adhesive effects of the Fpr2 agonists AnxA1Ac2-26 and LXA4. The effects were first

confirmed in C57BL/6 mice: within 10 minutes of their I.V. administration, following a 2

h LPS treatment, AnxA1Ac2-26 or LXA4 caused 55 % and 51 % detachment of adherent

leukocytes, respectively (compared to 91.4 ± 5.0 % with vehicle; P=0.0002 and 0.004,

respectively; Figure 5.7A). The C57BL/6 mice were also used as a control strain for

the Fpr2/3-/- mice in this protocol, due to breeding problems with the Fpr2/3+/+ colony

– this was considered acceptable given that no differences between wild-type strains

in terms of leukocyte adhesion were observed with either saline or LPS treatment for

2 h (as described in Section 5.2). Figure 5.7B shows that administration of either

AnxA1Ac2-26 or LXA4 to the Fpr2/3-/- animals exerted no effect on leukocyte adhesion.

Replacement of AnxA1Ac2-26 into AnxA1-/- mice in this real-time protocol also provoked

rapid detachment of leukocytes, but to a lesser degree than that seen in the wild-type

mice (29.3 % in AnxA1-/- mice vs. 55.6 ± 4.2 % in wild-type mice; P=0.0005; Figure

5.7C).

5.5 Summary

Deletion of AnxA1 appears to reduce the severity of the inflammatory response in this

model in terms of leukocyte-endothelial interactions, although the pro-inflammatory cy-

tokine data and PPE suggest otherwise. Deletion of Fpr2, conversely, exacerbated ad-

hesion without altering any other aspect of the leukocyte recruitment cascade. During

the acute stages of the inflammatory response to LPS, ligands for Fpr2 (AnxA1Ac2-26

and LXA4) can mitigate inflammation in the locality of the mesentery by causing de-

tachment of leukocytes in both a rapid and persistent manner; selective blockade of

Fpr2 also enhances LPS-induced PPE. This, together with data obtained from the

AnxA1-/- mouse, perhaps indicates an endothelial, rather than a leukocyte, bias of the

AnxA1-Fpr2 system.
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Discussion 2: The AnxA1-Fpr2

System in LPS-Induced

Inflammation

Using a combination of intravital microscopy of mesenteric venules, measurement

of plasma cytokine levels and histology, we showed that I.P. injection of LPS (10

µg/mouse) induces an acute systemic inflammatory response in mice (Chapters 3

and 4). The first aim of the present chapter was to investigate ways by which the LPS-

induced inflammation could be reduced by exogenous administration of the AnxA1

mimetic peptide AnxA1Ac2-26, which reduces inflammation in other models such as

mesenteric and cerebral ischaemia-reperfusion (Gavins et al., 2003, 2007). After

showing leukocyte anti-adhesive actions of exogenous AnxA1Ac2-26 administration in

our model of LPS-induced peritonitis, the mechanism of action was investigated by

pharmacological and genetic means, and revealed a particular role for the receptor

Fpr2 (human orthologue: FPR2/ALX) in mediating these effects of AnxA1Ac2-26.
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6. DISCUSSION 2: THE ANXA1-FPR2 SYSTEM IN LPS-INDUCED
INFLAMMATION

6.1 Immunomodulatory Actions of AnxA1Ac2-26

6.1.1 Treatment Protocol

With the aim of assessing the anti-inflammatory actions of AnxA1Ac2-26 in our model,

two protocols were used to demonstrate the peptide’s effects on leukocyte-endothelial

cell interactions induced by a 2 h LPS challenge (10 µg I.P.; time point chosen from

studies reported in Chapter 3 showing an acute inflammatory response at 2 h). Firstly

an early treatment was devised, wherein a single dose of the drug was administered

I.V. 20 min into a 2 h LPS challenge, after which leukocyte-endothelial cell interac-

tions in mesenteric venules were assessed using intravital microscopy. The interval of

20 min was chosen to test whether the drug could prevent the early, initiating stages

of the inflammatory response. Secondary to this – once a particular role of Fpr2 lig-

ands in anti-leukocyte adhesion had been identified – a rapid detachment protocol was

employed, in which AnxA1Ac2-26 was administered I.V. 2 h after LPS and the detach-

ment of adherent leukocytes was monitored for 10 min, as described by Gavins et al.

(2003). This was to demonstrate any potential rapidly-acting properties of the drug,

as has been shown in other models (Lim et al., 1998; Gavins et al., 2003), as well as

testing its activity in a later phase of the inflammatory response when leukocytes have

had the chance to become firmly adherent and emigrate. AnxA1 is highly expressed

by leukocytes (Perretti et al., 1996; Oliani et al., 2002), and the inflammatory response

was assessed in terms of leukocyte-endothelial cell interactions. Therefore in both

protocols the drug was administered I.V., both as the most direct route to its target on

intravascular leukocytes, and in order to bypass any effects of metabolism.

AnxA1Ac2-26 was chosen as an agonist due to its mimetic activities of full-length AnxA1.

The dose of 100 µg/mouse I.V. was chosen based on previously published studies,

wherein it successfully inhibits leukocyte adherence in both the mesentery and the

brain (Gavins et al., 2003, 2007).

Although the actions of full-length AnxA1 and its N-terminus peptide AnxA1Ac2-26 are

almost identical in numerous settings, there are some subtle differences between the

two. In particular, where AnxA1 disrupts the firm adhesion stage of leukocyte re-
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6.1 Immunomodulatory Actions of AnxA1Ac2-26

cruitment, AnxA1Ac2-26 appears to interfere more with the capture, rolling and rolling-

to-adhesion stages in conjunction with causing shedding of L-selectin and PSGL-1

(Hayhoe et al., 2006). Hayhoe et al. attributed these differential effects to the fact

that AnxA1 (at the doses used in their in vitro study of 3-30 µM AnxA1Ac2-26 and 3-30

nM AnxA1) agonises only one member of the FPR family (that being FPR2), whilst

AnxA1Ac2-26 agonises multiple members (FPR1 and FPR2, with possible actions at

FPR3). AnxA1Ac2-26 appears to be generated in vivo from cleavage of the full-length

protein (Vong et al., 2007), which was a further initiative behind its usage in this the-

sis. However, it is worth considering that other fragments of AnxA1 can also exert

immunomodulatory properties, such as the remaining cleaved C-terminus which can

regulate neutrophil emigration via ICAM-1 clustering (Vong et al., 2007; Williams et al.,

2010; Wang and Creutz, 1994), and antiflammin 2 (region 246-254) which can alter

AnxA1 localisation (Brancaleone et al., 2011).

6.1.2 Leukocyte Anti-Adhesive Properties of Exogenous AnxA1Ac2-26

In Chapter 5, it was shown that in wild-type mice, I.V. administration of AnxA1Ac2-26 20

min into LPS challenge prevented the LPS-induced leukocyte adhesion that would nor-

mally be seen at 2 h (Figure 5.4B). In addition to this persistent leukocyte anti-adhesive

effect, AnxA1Ac2-26 also caused rapid detachment of∼50 % adherent leukocytes when

administered at the end of a 2 h LPS challenge (Figure 5.7A). It was interesting to note

that although LPS-induced leukocyte adhesion was completely blocked with early ad-

ministration (20 min after LPS injection), AnxA1Ac2-26 did not fully reverse LPS-induced

adherence when administered after a longer (2 h) LPS challenge in the rapid detach-

ment protocol. As discussed in Section 6.1.1, AnxA1Ac2-26 acts on the earlier stages of

the leukocyte recruitment cascade – namely, rolling and rolling-to-adhesion, whilst the

full-length protein is more active in firmly adherent cells (Hayhoe et al., 2006). If only

recently adhered cells can be detached by AnxA1Ac2-26 as proposed by Hayhoe et al,

then in the rapid detachment protocol the peptide would not have any effect on those

cells that had progressed to firm adhesion in the 2 h prior to drug administration, thus

explaining the incomplete reversal of the adhesion process in the rapid detachment

protocol.
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In relation to leukocyte adhesion, AnxA1 and AnxA1Ac2-26 have shown both prophylac-

tic anti-adhesive and fast-acting detachment properties in other in vivo models, such

as mesenteric ischaemia-reperfusion (Gavins et al., 2003) and the zymosan-inflamed

mesentery (Lim et al., 1998), thus providing support for the findings presented in Chap-

ter 5 of this thesis. However, the degree of detachment varies between studies: in

the mesenteric ischaemia-reperfusion study AnxA1Ac2-26 invokes approximately 50 %

detachment (Gavins et al., 2003), whereas nearly 100 % of cells were detached in

the zymosan-inflamed mesentery (Lim et al., 1998). These differences, together with

the data presented here from the LPS-inflamed mesentery, suggest that this rapid

leukocyte detachment effect of AnxA1Ac2-26 may be stimulus specific. In addition to

rapid leukocyte detachment in our model, administration of exogenous AnxA1Ac2-26

potently alters leukocyte trafficking and emigration in other in vivo models including

ischaemia-reperfusion (Gavins et al., 2003), zymosan peritonitis (Perretti et al., 2001)

and carrageenin-induced paw oedema (Cirino et al., 1993), as well as in an in vitro

flow model (Hayhoe et al., 2006), further suggesting its effects are stimulus-specific.

Blockade of AnxA1 with a neutralising antibody also demonstrates the protein’s po-

tent ability to alter leukocyte trafficking both in vitro and in vivo. In vitro, for example,

AnxA1-induced L-selectin shedding is blocked by a neutralising antibody (de Coupade

et al., 2003), and leukocyte-endothelial cell interactions in flow chamber models ex-

acerbated (Hayhoe et al., 2006). In vivo, Perretti et al. (1996) demonstrated that im-

munoneutralisation of AnxA1 exacerbates the acute inflammatory response in several

murine models including zymosan-inflamed air pouches, zymosan-activated serum-

induced cutaneous oedema and IL-1β-induced corticosterone release. In particu-

lar, immunoneutralised mice displayed elevated production of inflammatory mediators

such as myeloperoxidase (MPO) and elastase, implying neutrophil activity, and was

accompanied by prolonged neutrophil recruitment into the air pouch model – indicating

a delayed resolution interval (Ri) due to persistence of granulocytes, and hence sup-

porting the idea of AnxA1 as a pro-resolution factor (Perretti and D’Acquisto, 2008).

Furthermore, Perretti et al. (1996) found that PGE2 and corticosterone were also ele-

vated in immunoneutralised mice, fitting with AnxA1 as an inhibitor of cPLA2 upstream

of PGE2, and as a negative regulator of the HPA axis (Buckingham et al., 2003; John

et al., 2008). Taken together with the anti-adhesive effects of AnxA1Ac2-26 in this study,
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6.1 Immunomodulatory Actions of AnxA1Ac2-26

both AnxA1 and its mimetic peptide AnxA1Ac2-26 are potent anti-inflammatory agents.

The mechanism of this action therefore presents an attractive therapeutic target.

6.1.3 The Role of Endogenous AnxA1

The physiological role of endogenous AnxA1 was investigated in AnxA1-/- mice by in-

jection of LPS (10 µg/mouse, I.P.) and assessment 2, 6 and 24 h later by intravital

microscopy of mesenteric venules and plasma concentrations of TNF-α, IL-6 and IL-

10 (Figure 5.2). These data were then compared with those obtained in the wild-type

control mice (Chapter 3). The AnxA1-/- mice were generated under a grant held by J.C.

Buckingham, J. Morris and R.J. Flower, as detailed by Hannon et al. (2003); the strain

is well validated and commercially available on a C57BL/6 background. The targeting

construct disrupted the Anxa1 gene and inserted a Lac-Z reporter gene in-frame. Re-

sulting offspring are viable and fertile and appear normal at all ages, with only some

subtle changes detected in tissue expression of COX2, cPLA2 and iNOS in the null

mice (Wells et al., 2004).

Despite an apparently normal resting phenotype, deletion of the Anxa1 gene leads

to an exacerbated inflammatory response in nearly every model tested, including

cerebral ischaemia-reperfusion (Gavins et al., 2007), zymosan peritonitis (Hannon

et al., 2003), carrageenan peritonitis (Gastardelo et al., 2009), PAF superfusion of the

cremaster muscle (Chatterjee et al., 2005) and severe experimental endotoxaemia

(Damazo et al., 2005), which further implicates AnxA1 as an anti-inflammatory/pro-

resolution mediator and implies that it acts by endogenous tonic inhibiton of the inflam-

matory response. Therefore it was surprising to observe that, following administration

of LPS at a comparatively low dose, no leukocyte emigration was seen in the AnxA1-/-

mice, whereas there was a significant increase in emigrated cells in the wild-type at

2, 6 and 24 h (Figure 5.1). This contradicts the published literature, although the em-

igration response specific to LPS is potentially dose dependent when taken with the

severe endotoxaemia model used by Damazo et al. (2005). Furthermore, the data in

this thesis pertaining to exogenous AnxA1Ac2-26 administration in wild-type mice show

that the peptide is anti-inflammatory – quite the converse to those data from the null

mice which actually suggest that AnxA1 is (in our model) pro-inflammatory.
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The lack of a leukocyte emigratory response in AnxA1-/- animals following the rela-

tively low dose of LPS used here is likely to be multi-factorial. In the first instance,

there may be impairment of the signalling circuits between resident peritoneal cells,

the endothelium and the blood-borne leukocytes. In their severe endotoxaemia study,

Damazo et al. (2005) suggested that absence of AnxA1 may deregulate signalling

and expression of the LPS receptor, TLR4, in peritoneal macrophages. This would fit

with the differences seen between this study, wherein LPS caused no emigration, and

that of Nadkarni et al. (2011), which used IL-1β as the inflammagen and saw emigra-

tion in line with (but not exacerbated compared with) the wild-types, because IL-1β is

produced downstream of the LPS-TLR4 interaction and would therefore bypass any

signalling faults within the resident peritoneal cells. Absence of AnxA1 can also al-

ter other aspects of macrophage biology, including impairment of phagocytosis (Yona

et al., 2006), increased expression of adhesion molecules such as CD11b, and PGE2

release via induction of COX2 (Yona et al., 2005), which may also cause defects in

generation of the peritoneal chemotactic gradients by macrophages. Another possi-

ble explanation for lack of emigration stems from evidence that AnxA1 (specifically, a

33 kDa C-terminal fragment cleaved after the protein’s externalisation) is required for

ICAM-dependent transendothelial PMN migration (Williams et al., 2010). However, this

would not explain the augmented emigration so frequently seen in other inflammatory

models not reliant on TLR4 signalling. It is possible that the lower dose of LPS used in

this study initiates ICAM-1-dependent transendothelial emigration, which is prevented

by ablation of AnxA1. Conversely, higher doses of LPS (such as the 10 mg/kg used

in the Damazo study) or other inflammagens could elicit paracellular emigration and

employ adhesion molecules besides ICAM-1. Taken together with the possibility that a

higher dose of LPS (or other stimulus) is required to produce a sufficient chemotactic

signal by macrophages within the peritoneum in order to elicit excessive leukocyte em-

igration, it may be that AnxA1 deficiency causes defects in both macrophage pathogen

sensing and emigration mechanisms, which become apparent in the model used here.

The baseline leukocyte-endothelial cell interactions in the study by Nadkarni et al.

(2011) were not significantly different between wild-type and AnxA1-/- mice, with the

exception of cell flux which appeared slightly reduced in the wild-type (Table 5.1). No
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differences were observed at 2 h post saline injection in this study, either, but did be-

come apparent at later time points: compared to wild-type, VWBC in the AnxA1-/- was

significantly reduced both 6 and 24 h after a saline injection, indicating a slight inflam-

matory response. The AnxA1-/- mice have previously shown heightened sensitivity to

sterile inflammation (Gavins et al., 2007), and therefore it is possible that the reduction

in VWBC indicates a response to minor tissue damage caused by the injection.

PPE was the only intravital microscopy parameter that was augmented in the AnxA1-/-

mice after LPS treatment. It was not apparent until 6 h after LPS, and was further

increased at 24 h (Table 5.2). Further to the discussion in Chapter 4, this is a prime

example of the uncoupling between the mechanisms causing vascular leakage and

those causing leukocyte emigration. A key trigger of vascular leakage appears to be

ROS (Zhu et al., 2005; Zhu and He, 2006), which is most probably produced by the

adherent leukocytes seen at 6 and 24 h in the AnxA1-/- mice. The presence of AnxA1

has been shown to reduce LPS-induced ROS production by macrophages and asso-

ciated [Ca2+]i increase (Xu et al., 2009), both of which lie upstream of endothelial cell

contraction and junctional opening (DiStasi and Ley, 2009). This is reflected in other

models, such as murine cerebral ischaemia-reperfusion injury wherein MPO activity

is exacerbated in AnxA1-/- mice, but reduced by exogenous administration of AnxA1

(Gavins et al., 2007). AnxA1 is both a Ca2+ binding protein and an inhibitor of PLA2

(Amandi-Burgermeister et al., 1997; Rosengarth et al., 2001), which is responsible for

arachidonic acid release from cell membranes. By reducing cellular concentrations of

arachidonic acid, its metabolites such as PGE2 and LTA4 – both known to contribute

to plasma leakage (DiStasi and Ley, 2009) – will also be reduced, thus implicating

AnxA1 in the specific regulation of PPE.

Plasma cytokine concentrations following LPS treatment also differed compared to the

wild-type controls in our model. Other in vivo studies that have measured inflammation-

related plasma cytokine levels in the AnxA1-/- mice are limited. In a severe endotox-

aemia model (LPS at 10 mg/kg, I.P.), deletion of the Anxa1 gene alters the temporal

profiles of TNF-α (the peak of which is delayed and prolonged) and IL-6 (which peaks

at the same time as the wild-type but declined more slowly); and exacerbates the re-

lease of IL-10 (Damazo et al., 2005). This thesis, conversely, found that Anxa1 gene
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deletion did not alter the temporal cytokine profiles induced by 10 µg LPS I.P. (∼0.6

mg/kg), but did result in >4-fold release of IL-6 at 2 h after injection compared to wild-

type controls (Figure 5.2). In the literature, changes in inflammatory mediators have

also been seen in other models. For example, in the cerebral ischaemia-reperfusion

model used by Gavins et al. (2007), plasma IL-1β concentrations do not change rela-

tive to wild-type controls either at baseline or after infarct, although the chemoattrac-

tants KC and MCP-1 are elevated in the knockout following the infarct. Conversely,

Hannon et al. (2003) found that baseline IL-1β is raised in AnxA1-/- mice and was

further increased 2 h after an I.P. zymosan challenge. However, Hannon et al. used

female mice whilst Gavins et al. used males; in Chapters 7 and 8 of this thesis, we

show that sensitivity of inflammatory cytokine release is altered both by female sex

hormones and Anxa1 gene, which may explain the baseline differences in IL-1β lev-

els in the two studies. These variations within the literature, together with the data

presented in Chapter 5, again suggest that the exacerbated inflammatory response

so often seen in the AnxA1-/- mice is both stimulus-specific and – particularly with

regards to LPS – dose-dependent.

6.1.4 AnxA1Ac2-26 Replacement Into the AnxA1-/- Mouse

In an attempt to rescue the phenotype of the AnxA1-/- mice, AnxA1Ac2-26 was admin-

istered in the rapid detachment protocol. Other work has shown that replacing AnxA1

into the null mice during an inflammatory response can indeed restore the phenotype

(Damazo et al., 2005; Gavins et al., 2007); yet in our model, only a partial response

was seen, and the null mice appeared to be less sensitive to the peptide than the

wild-types (Figure 5.7C). Although most effects of AnxA1Ac2-26 are similar or identical

to that of the full-length protein, there are differences as discussed in Section 6.1.1;

in particular, AnxA1Ac2-26 acts on the earlier stages of leukocyte recruitment whilst

AnxA1 acts on the later stages, which may therefore reflect different phases of leuko-

cyte adhesion in the AnxA1-/- mice compared to the wild-type.

In the same vein, the loss of sensitivity to AnxA1Ac2-26 following Anxa1 gene dele-

tion could also be due to localisation differences between the protein, which retains

its membrane-docking properties via Ca2+ binding, and the peptide, which does not
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(Wang and Creutz, 1994; Gerke et al., 2005). Replacement of endogenous AnxA1 via

injection of AnxA1Ac2-26 is therefore likely to incompletely restore the phenotype, since

full-length AnxA1 and its 33 kDa C-terminus fragments resulting from protease cleav-

age also exert a variety of immunomodulatory actions (Wang and Creutz, 1994; Vong

et al., 2007; Williams et al., 2010). Vong et al. (2007) have suggested that the function

of this cleavage is either to act as a homeostatic mechanism that limits the bioactivity of

AnxA1, or to release peptidomimetic N-terminus fragments, thereby identifying AnxA1

as a pro-drug. In fact, it is probable that the consequences of cleavage are mani-

fold and complex. Williams et al. (2010) have shown in human PMNs that AnxA1 is

cleaved by calpain-1 to produce the 33 kDa C-terminus fragment, which also releases

AnxA1Ac2-26 (Wang and Creutz, 1994). The 33 kDa fragment (but not full-length protein

or AnxA1Ac2-26) induces endothelial cell ERK signalling upstream of ICAM-1 cluster-

ing around the adherent PMN and facilitates transcellular migration, which has been

labelled as a "pro-inflammatory" process. However, in the introduction of this thesis it

was stated that the extravasation of leukocytes towards a chemotactic stimulus is vital

for host defence and the neutralisation of pathogens that challenge homeostasis. It

was also shown in the experimental Chapter 5 (Figure 5.7) that AnxA1Ac2-26 induced

rapid detachment of adherent leukocytes in the LPS-inflamed mesentery. Specula-

tively, therefore, and contrary to arguments mentioned above by Vong et al. (2007),

cleavage of the anti-adhesive AnxA1Ac2-26 fragment enables leukocyte-endothelial cell

signalling via the 33 kDa AnxA1 C-terminus fragment, with the end result of promo-

tion of extravasation and swifter clearance of the pathogenic/sterile challenge. This,

arguably, would in fact classify the 33 kDa form of AnxA1 as pro-resolving, rather than

pro-inflammatory as stated by Williams et al. (2010), because swifter neutralisation of

the pro-inflammatory stimulus results in swifter clearance of granulocytes and hence

a shorter resolution interval (Bannenberg et al., 2005). These observations, there-

fore, may go one step further towards explaining the lack of emigratory response in

the AnxA1-/- mice following LPS treatment in the present study, as well as the failure

of AnxA1Ac2-26 administration to completely restore the wild-type phenotype in these

mice.
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6.2 Mechanism of Action of AnxA1Ac2-26

AnxA1 effects anti-inflammation by several mechanisms. Initially it was discovered to

act as an anti-phospholipase protein (Amandi-Burgermeister et al., 1997), inhibiting

prostanoid release (Cirino et al., 1987), iNOS activity (Wu et al., 1995) and COX2

expression (Mertz et al., 1994). Some of these activities – namely its modulation of

iNOS and COX2 – are reflected by altered enzyme expression in the AnxA1-/- mice

(Wells et al., 2004). However, through interaction with the FPR family, AnxA1 can also

potently alter leukocyte trafficking (Perretti et al., 1993; Walther et al., 2000; Chatterjee

et al., 2005). Therefore we chose to further investigate the Fpr-mediated aspect of

AnxA1’s anti-inflammatory properties as a potential anti-inflammatory target.

6.2.1 General Antagonism of the Fpr Family

Since AnxA1 acts, at least in part, by binding to the Fpr family (Walther et al., 2000),

we first used a pan-antagonist of the Fpr family, Boc2 (N-t-Boc-Phe-Leu-Phe-Leu-

Phe). In other studies Boc2 (10 µg/mouse I.V.) successfully blocks the leukocyte anti-

adhesive effects of AnxA1Ac2-26 (Gavins et al., 2003, 2007), so the same dose was

used in the present study to investigate the actions of AnxA1Ac2-26 (non-specific FPR

ligand) and LXA4 (Fpr2 specific), exerted through the Fpr family. Boc2, in which an

N-tert-butoxylcarbonyl (Boc) group has been inserted at the N-terminus of fMLP, com-

petes for receptor binding and acts as a silent antagonist (Freer et al., 1980). Along

with other antagonists such as Boc1 (pan-FPR), cyclosporine H (mostly FPR1) and

WRW4 (FPR2/ALX), Boc2 only retains specificity for the FPR family below 10 µM in

vitro (Stenfeldt et al., 2007). Furthermore, although some measure of family member

specificity may be obtained with careful dosing, Boc2 is best considered a pan-FPR

antagonist (Stenfeldt et al., 2007), which is evidenced by its successful blockade in

vivo of the effects of both AnxA1Ac2-26 and aspirin-triggered lipoxin at a dose of 10

µg/mouse (Gavins et al., 2003, 2007).

Although Boc2 blocked the effects of AnxA1Ac2-26 and LXA4, it did not appear to al-

ter leukocyte-endothelial cell interactions of its own accord (Figure 5.4). These ob-

servations are substantiated by those from a murine model of mesenteric ischaemia-
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reperfusion (Gavins et al., 2003), wherein Boc2 alone does not alter ischaemia-reperfusion-

induced leukocyte-endothelial cell interactions or haemodynamic parameters, but does

block anti-adhesive effects of AnxA1Ac2-26. Co-administration of Boc2, the pan-Fpr an-

tagonist, with AnxA1Ac2-26 abolished the anti-adhesive effects of AnxA1Ac2-26 in our

endotoxaemia model, therefore implicating the Fpr family in mediating the agonists’

anti-adhesive properties.

6.2.2 Specific Agonism of Fpr2

As AnxA1Ac2-26 showed promising leukocyte anti-adhesive properties in both the early

and the late treatment protocols, the Fpr2-specific LXA4 was next employed to de-

termine the particular role of Fpr2 in mediating these effects. LXA4 is a lipophilic

molecule generated from arachidonic acid by 15-lipoxygenase (LOX) activity in leuko-

cytes during an inflammatory response (Serhan et al., 1984). LXA4 is known to specif-

ically agonise FPR2/ALX (Ye et al., 2009) and was therefore employed in the same

model of LPS-induced inflammation to support the data obtained with AnxA1Ac2-26, as

well as indicating the extent to which Fpr2 was responsible for the effects seen with

AnxA1Ac2-26. The dose of 0.1 µg/mouse I.V. was selected based on a study showing

that, at this dose, LXA4 inhibits cell trafficking into an IL-1β-inflamed air pouch (Dufton

et al., 2010).

Like AnxA1Ac2-26, LXA4 administration to wild-type mice also prevented the LPS-elicited

rise in adhesion, implying a common factor in the actions of both agonists. However,

also observed were subtle differences in the effects of the two agonists on rolling:

LXA4 induced a small number of very slow-rolling cells, whilst AnxA1Ac2-26 increased

cell flux without altering the velocity (Figure 5.4 and Table 5.4). These discrepancies

probably indicate the promiscuous nature of the FPR family (Le et al., 2001; Chiang

et al., 2006; Gavins, 2010) relative to evidence that AnxA1Ac2-26 interacts with multiple

family members (Hayhoe et al., 2006), whilst LXA4 is selective for Fpr2 (Fiore et al.,

1994). It is also known that Fpr2 ligands can have differential actions due to their bind-

ing different areas of the receptor (Bena et al., 2010; Perretti, 2010) – for example, the

acute phase protein serum amyloid A elicits pro-inflammatory effects through FPR2
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(Badolato et al., 1994; Su et al., 1999; He et al., 2003), offering another possible ex-

planation for apparent differences of the two agonists. Possible mechanisms by which

Fpr2 activation causes leukocyte detachment are discussed in Section 6.2.3.

Figure 6.1: Binding sites of three ligands to FPR2/ALX. The promiscuous effects of
the G-protein coupled receptor FPR2/ALX are exerted by spatial differences in ligand
binding. The binding sites of three endogenous ligands are shown here. The protein
serum amyloid A (SAA) has pro-inflammatory actions and binds to the first and second
extracellular loops. AnxA1, also a protein, binds to the second and third extracellular
loops and the N-terminus to effect its anti-inflammatory properties. LXA4, a lipid-based
anti-inflammatory eicosanoid, can cross the cell membrane and bind to the intracellular
loops associated with membrane repeats VI and VII as well as the C-terminus. Diagram
by EL Hughes, unpublished; adapted from Bena et al. (2010); Perretti (2010).

It has recently been discovered by Brancaleone et al. (2011) that – at least in part – the

anti-inflammatory activity of LXA4 is exerted via induced translocation of AnxA1 from

the cytosolic pool to the extracellular membrane. The group demonstrated, by addi-

tion of exogenous LXA4 to isolated human PMNs, that significant membrane phospho-

Ser27-AnxA1 (the protein must be phosphorylated at this residue for externalisation

(Solito et al., 2006)) is detected after just 10 min, although peak levels are reached af-

ter 30 min. Therefore, in addition to the direct effects of LXA4 acting through Fpr2, the
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addition of this compound combines with the added benefits of AnxA1 externalisation.

Brancaleone et al. (2011) also showed that the rapid detachment effect of LXA4 – sim-

ilar to that seen in the LPS-inflamed mesentery of wild-type mice in this thesis (Figure

5.7) – was inactive in AnxA1-/- mice, adding further evidence for LXA4 acting via induc-

tion of AnxA1. A close examination of the rapid detachment experiments in this thesis

reveals slight differences in the temporal profiles of the two agonists. In particular, the

anti-adhesive effect of LXA4 is slightly delayed compared to AnxA1Ac2-26. The total

detachment effects of both ligands after 10 min are comparable; however, AnxA1Ac2-26

begins to plateau prior to LXA4. It is worth mentioning here that vessels were ob-

served for up to 20 min post ligand injection in the rapid detachment protocol, but no

further significant effect was seen after 10 min. Furthermore, LXA4 has a very short

half-life in vivo, being converted to inactive metabolites within seconds to minutes of its

generation (Takano et al., 1997; von der Weid et al., 2004). Despite this fact, our data

from the early treatment protocol show its effects are still visible 100 min after admin-

istration. Together, these data indicate firstly that LXA4 must induce a (longer-lived)

mediator – likely AnxA1, given the recent evidence from Brancaleone et al. (2011).

Secondly, it appears that there is a finite proportion of adherent cells that can be de-

tached by either agonist. Given the differences between AnxA1Ac2-26 and full-length

AnxA1 discussed by Hayhoe et al. (2006), it may be that AnxA1Ac2-26 detaches the

early adherent cells whilst, via induction of full-length AnxA1, LXA4 detaches those

that have firmly adhered. Since the detachment effect of either ligand was approxi-

mately 50 %, it would therefore be of interest to observe whether co-administration of

AnxA1 and LXA4 in the rapid detachment protocol caused 100 % reversal of leukocyte

adherence.

6.2.3 Mechanism of Fpr2 Action

The mechanism by which activation of Fpr2 reduces LPS-induced adhesion is cur-

rently far from clear. Our real-time studies indicated that the effect is rapid in onset,

with both AnxA1Ac2-26 and LXA4 inducing leukocyte detachment in LPS-treated mice

within 10 min of administration. The rapid mode of action implies that the integrins –

as rapidly (de-) activated mediators of adhesion (Abram and Lowell, 2009) – are likely
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to be involved. Agonism of FPR2 in human PMNs by AnxA1 and AnxA12-26 activates

downstream ERK (Hayhoe et al., 2006) which, along with the tyrosine kinase Src, is

responsible for receptor crosstalk by both FPR1 and FPR2 (El Zein et al., 2008, 2010).

Furthermore, there is evidence to show that integrin crosstalk can lower the binding

affinity of other integrins (Porter and Hogg, 1997). Alteration of integrin binding affinity

via inside-out signalling is partially dependent on Src (Evans et al., 2011) – therefore,

it is not unreasonable to speculate that crosstalk occurs between Fpr2 and activated

integrins, such as LFA-1 (CD11a/CD18), which results in decreased integrin-mediated

adhesion by either demoting the integrin to a lower-affinity form, or by promoting its

endocytosis and recycling (Santambrogio et al., 2011). Alternatively, LXA4 and its ana-

logues may negatively regulate components of both the PKC (Fiore et al., 1993) and

the p38 MAPK (Fiore and Serhan, 1995) signalling pathways, which promote chemo-

taxis and other inflammatory responses. Others have shown that AnxA1 (specifically,

the N-terminus peptide AnxA1Ac2-25) can directly interact with the α4 integrin (CD49d)

to prevent monocyte adhesion to U937 cells (Solito et al., 2000), and that LXA4 regu-

lates the β2 integrin (CD18)-dependent adhesion and transmigration of PMNs (Fiore

and Serhan, 1995). The rapidity of both the intracellular signalling pathways and the

adhesion-molecule mechanisms make them equally likely candidates for explaining

the swift detachment observed by Fpr2 ligands in our model, and suggest a course for

further investigation.

6.2.4 Specific Antagonism of Fpr2

The fact that Boc2 antagonises all Fpr family members meant that Fpr2-specific ef-

fects may have been masked through its usage. Given the hypothesis that Fpr2

has anti-inflammatory actions, it might be expected that blocking this receptor with

Boc2 could exacerbate the inflammatory response, particularly since we have shown

a heightened adhesion response to LPS in the Fpr2/3-/- mice (Section 6.2.6; Fiore and

Serhan (1995)). However, other family members – namely FPR1/Fpr1 – can have pro-

inflammatory effects such as chemotaxis and ROS generation (reviewed by Panaro

et al., 2006). The study by Gavins et al. (2003) also showed that injection of either

Boc2 or AnxA1Ac2-26 abrogates CD11b expression in PMNs from the Fpr1-/- mice, but
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not in the wild-type. Therefore antagonising the entire family with a non-specific an-

tagonist such as Boc2 (in the absence of an agonist such as AnxA1Ac2-26 or LXA4)

may oppose the pro-inflammatory actions of Fpr1 and the anti-inflammatory actions of

Fpr2, lending the overall appearance that the antagonist has no effect, as was seen in

this thesis. This prompted the use of WRW4, an Fpr2-specific antagonist, in the LPS

peritonitis model, in order to identify specific effects related to antagonism of Fpr2.

The ensuing experiments further solidified the role of Fpr2 in mediating leukocyte re-

cruitment in our LPS model.

The peptide WRW4 (Trp-Arg-Trp-Trp-Trp-Trp) is a specific antagonist for FPR2/ALX in

vitro (Bae et al., 2004). The use of WRW4 in vivo has not previously been published,

so the dose of 55 ng/mouse was chosen following earlier pilot experiments carried out

in our laboratory, based on the in vitro IC50 of 0.23 µM (Stenfeldt et al., 2007; Bae

et al., 2004). Although other compounds such as FLIPr1 can antagonise FPR2/ALX

(Prat et al., 2006), WRW4 is the only compound that appears to specifically antagonise

this receptor by competing for binding with agonists such as LXA4 (Bae et al., 2004),

which prompted its usage despite a paucity of published data (particularly in vivo). By

competing for binding to FPR2/ALX, WRW4 inhibits the [Ca2+]i increase, ROS pro-

duction and chemotaxis induced by receptor-specific ligands including the β-amyloid

fragment Aβ42 and the synthetic peptides WKYMVm and MMK-1 (Bae et al. 2004). It

does not induce ERK phosphorylation (a downstream effect of Fpr2 activation (Hay-

hoe et al., 2006; Williams et al., 2010)) but, curiously, can elevate [Ca2+]i of its own

accord, which has previously been discussed as an important factor in endothelial cell

activation (Section 4.3) and may account for some of the effects on PPE and emigra-

tion that were observed in the present study.

Assessed first was the way in which WRW4 alone modulated LPS-induced leukocyte-

endothelial cell interactions. The compound had no effects on adhesion, but reduced

both leukocyte rolling velocity (resulting in a greater potential for cells to interact with

the endothelium) and rolling cell flux – which may suggest fewer leukocyte-endothelial

cell interactions in other cases, but here actually indicates very slow-rolling cells (ev-

idenced by reduced VWBC) that did not necessarily pass the fixed point for mea-

surement within the vessel (Figure 5.5 and Table 5.4). Since AnxA1Ac2-26 and LXA4
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ameliorated adhesion but not emigration or PPE, it might be anticipated that WRW4

treatment would exacerbate adhesion independently of emigration or PPE by virtue

of blocking the response to endogenously-produced AnxA1 and LXA4. This was not

the case, and in fact adhesion remained unaffected by WRW4 treatment whilst emi-

gration and PPE were augmented. Both the latter processes indicate endothelial cell

activation. Interestingly, leukocyte emigration was also augmented in Fpr2/3-/- mice in

the ischaemia-reperfusion model used by Dufton et al. (2010), which may reflect sim-

ilarities in damage- and pathogen-associated molecular pattern-associated activation

of the innate immune system, such as TLR signalling. Section 6.1.3 discusses the

way in which LPS treatment of AnxA1-/- mice caused excessive PPE despite the ab-

sence of significant leukocyte emigration. Therefore, it is possible that the AnxA1-Fpr2

system plays a distinct role in the maintenance of vascular endothelial integrity during

an inflammatory response, and specific pharmacological interference with this system

causes excessive PPE. Since WRW4 alone can elevate [Ca2+]i without activating ERK

(Bae et al., 2004), it may be the case that WRW4 alone primes endothelial cells in a

similar manner to PGE2 or C5a (DiStasi and Ley, 2009), facilitating both leukocyte

emigration and PPE in the presence of an inflammatory stimulus.

The effects of WRW4 co-treatment with either AnxA1Ac2-26 or LXA4 were clear: al-

though WRW4 alone did not alter adhesion, it did block the anti-adhesive effects of

both agonists (Figure 5.5). However, the effects of combination treatment on rolling

in our model were more diverse. Specifically, WRW4 co-administration with LXA4

blocked the agonist-induced reduction in rolling velocity, whilst together with AnxA1Ac2-26

rolling velocity was reduced (despite remaining unaltered by AnxA1Ac2-26 alone). These

data support the idea discussed above in Section 6.1.1, that AnxA1Ac2-26 acts on ear-

lier stages and can bind to multiple members of the FPR family (which is of particular

relevance to rolling and rolling-to-adhesion stages (Hayhoe et al., 2006)). WRW4, both

alone and in combination with agonist, also increased emigration and PPE, implying

that it exerts its own effects on the endothelium that – at least at these doses – cannot

be overridden by an Fpr2 agonist (these effects are discussed further in Section 6.2.6).
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6.2.5 Notes on Adhesion and Emigration

Taken together, the data presented in Chapter 5 indicate either that the leukocyte re-

cruitment cascade is at a more advanced stage, or that it is exacerbated by specific

antagonism of Fpr2 – consistent with the idea that Fpr2 exerts anti-inflammatory ac-

tions (Chiang et al., 2006; Hecht et al., 2008; Gavins, 2010). Given the dogma that

leukocytes must roll before they can adhere, and must adhere before they can emi-

grate (Ley et al., 2007), it was of interest to note that both leukocyte emigration and

PPE were not altered despite the abrogated adherence when AnxA1Ac2-26 or LXA4

were administered 20 min into LPS challenge. Two possible reasons could exist for

the reduction in adhesion independently of emigration. Firstly, the standard criterion

for classifying a cell as adherent is that it must remain stationary for at least 30 s; per-

haps our anti-adhesive agent was causing a very rapid adhesion-emigration process,

which occurred in under 30 s? Alternatively, it could be that emigration was actually

occurring within the first 20 minutes of LPS treatment, prior to drug administration.

In work from our lab that succeeds the experiments presented in this thesis (Hughes,

Buckingham and Gavins, unpublished), the uncoupling of adhesion and emigration is

under investigation. Firstly, the videos from animals treated with LPS + AnxA1Ac2-26 or

LPS + LXA4 were re-analysed with the criterion for adherent cells reduced to a station-

ary period of either 10 s or 20 s. This had no effect on the number of adherent cells,

and therefore it was reasoned that emigration must be occurring prior to drug admin-

istration at 20 min. Whilst no increase was seen in adhesion, emigration increased

significantly 20 min after LPS challenge and had not changed after 2 h. Notably, PPE,

which is often associated with leukocyte emigration, followed the same pattern and

at 2 h post LPS was still significantly elevated over both time-matched controls and

baseline.

The data presented in Chapter 3 (Figure 3.2), where LPS-induced leukocyte-endothelial

cell interactions were profiled over 24 h, indicates that a finite number of leukocytes

emigrate in response to the toxin. Together with our more recent findings from obser-

vation of an earlier timepoint comes the suggestion that this emigration occurs very

early on in the inflammatory response. During the process of controlled inflammation,
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it seems that Fpr2 plays a role in limiting the extent of leukocyte recruitment. Specific

blockade of the receptor with WRW4 appears to override this limitation process and

permits emigration to continue beyond the "normal" set-point.

6.2.6 The Role of Endogenous Fpr2

The data presented in Figure 5.5, demonstrating a specific role for Fpr2 in mediating

LPS-induced inflammation, led to the use of Fpr2/3-/- mice in the same model to com-

plement the pharmacological data attained in the wild-type mice. These receptor null

mice were generated under a grant held by J.C. Buckingham, J. Morris, R.J. Flower

and M. Perretti as detailed by Dufton et al. (2010). In both cases the constructs were

generated at the William Harvey Research Institute (WHRI); a commercial company

was employed in the US to make the mice using the construct, from which chimaeras

were generated at the WHRI and bred from the F1 generation at the Imperial College

London and WHRI animal facilities. Intellectual property was shared between Imperial

College London (J.C. Buckingham), the University of Oxford (J. Morris) and the WHRI,

Queen Mary University of London (R.J Flower and M. Perretti).

The Fpr2/3-/- mice were generated more recently than the AnxA1-/- and comprise a

young colony (backcrossed six times to C57BL/6) that is not commercially available.

As with the AnxA1-/- mice, the offspring are viable and fertile and appear normal at

all ages, but show an exacerbated inflammatory response to several stimuli (Dufton

et al., 2010). It was initially thought that Fpr2, the murine orthologue for FPR2/ALX,

was the only receptor deleted, but the story now appears to be more complicated

than initially thought. Whereas the human FPR family consists of three well-defined

members, the murine family has eight, some of which are thought to be splice variants

and orphan receptors, and with at least one "atypical" member that is the product of a

pseudogene (Ye et al., 2009; Tiffany et al., 2011). The murine orthologue of the human

receptor FPR2/ALX appears to consist of two receptors (Fpr2 and 3), which are 82 %

homologous to each other and 76 % and 74 % homologous to FPR2/ALX, respec-

tively. Generation of these mice involved insertion of a pgk-neo cassette containing

a GFP reporter gene into exon 2 of Fpr2 (Dufton et al., 2010). Since this gene also

contains an exon for Fpr3, expression of both genes was interrupted (Dufton et al.,
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2011), hence the designation of the mice as Fpr2/3-/-. The functional deletion of both

receptors may therefore complicate the process of assessing the specific role of Fpr2

in LPS-induced inflammation using these mice.

A further problem that arose during this project related to wild-type controls for the

Fpr2/3-/- mice. The colony was generated alongside wild-type counterparts, termed

Fpr2/3+/+, and the two strains bred in parallel. At the time of experimentation, the

young colonies had been backcrossed six times and so were not on a homogenous

C57BL/6 background – hence the use of the Fpr2/3+/+ mice as wild-type controls.

Unfortunately, rederivation of the Fpr2/3+/+ mice for transfer into another animal unit

resulted in loss of the colony, which is the reason for comparison of Fpr2/3-/- mice with

C57BL/6 in the rapid detachment experiments.

6.2.6.1 Response of Fpr2/3-/- mice to LPS

The Fpr2/3-/- mice showed an LPS-induced inflammatory response at 2 h – VWBC was

reduced and cell flux, adhesion and emigration were raised – and therefore it was

decided to use this time point only, in the interests both of investigating the acute re-

sponse, and in reducing animal numbers used.

It might be thought that receptor deletion would mimic the effects of Anxa1 deletion, but

this was not the case. In fact, the Fpr2/3-/- animals exhibited an exaggerated adhesive

response to LPS at 2 h post injection, whereas in the AnxA1-/- LPS did not induce ad-

hesion until 6 h post injection, which even then was still in line with the wild-type (Figure

5.3). The augmented adhesion in the Fpr2/3-/- mice is supported by the limited evi-

dence in the literature: Fpr2/3-/- mice also display increased leukocyte adhesion after

ischaemia-reperfusion injury, as well as enhanced inflammation using other disease

models, including zymosan peritonitis, the IL-1β-inflamed air pouch, carrageenan-

induced paw oedema and passive serum-induced arthritis (Dufton et al., 2010). Since

AnxA1 exerts its effect by mechanisms separate from Fpr2, such as inhibition of COX2

with downstream results of reduced prostanoid release and inhibition of the cytosolic

PLA2 pathway (Cirino et al., 1987; Mertz et al., 1994; Amandi-Burgermeister et al.,
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1997), it is entirely possible that differential inflammatory responses result from dele-

tion of AnxA1 or Fpr2.

The differences between effects of Fpr2 antagonism in the wild-type mice with WRW4

and LPS-induced inflammation in the Fpr2/3-/- mice also make for an interesting com-

parison. Notably, emigration and PPE – but not adherence – were augmented by

WRW4 treatment, whilst adhesion only was potentiated by deletion of Fpr2/3. This

may be explained by the fact that Fpr3 expression has also been disrupted in these

mice (Dufton et al., 2011), which makes direct comparison with Fpr2-specific ligands

more difficult. Alternatively, since these mice are not conditional knockouts, it is possi-

ble that some compensation mechanism has occurred during development as is often

the case with strains of knockout mouse (Rudmann and Durham, 1999).

Of interest is the fact that baseline leukocyte-endothelial cell interactions in the Fpr2/3+/+

and Fpr2/3-/- animals do not differ here, indicating that neither receptor plays a role in

homeostatic maintenance when the inflammatory cascade is inactive. This effect is

reflected in work by Cui et al. (2002), who show an Fpr2-mediated response in LPS-

stimulated microglial cells, but that the cells remain unresponsive to Fpr2-specific ago-

nists when unstimulated. However, at 2 h post LPS challenge in the present study, the

number of adherent leukocytes was significantly higher in the Fpr2/3-/- animals than in

their Fpr2/3+/+ counterparts, suggesting that, in the presence of LPS, Fpr2 and/or Fpr3

play a physiological role in limiting the extent of the inflammatory reaction in terms of

leukocyte adherence. Ablation of the receptor does not seem to have an effect on

emigration, where it might be expected that a higher number of adherent cells would

lead to more cells migrating through the endothelium. This is supported by work by

Gavins et al. (2003), Gavins et al. (2005) and Hayhoe et al. (2006), all of which show a

specific role for Fpr2 in mediating leukocyte adhesion, and which might therefore sug-

gest that the receptor is more involved in the earlier stages of adhesion (and hence

adhesion molecules that specifically regulate this stage), rather than the later stages

immediately preceding emigration.

The intravital microscopy parameters in Fpr2/3+/+ counterparts were in line with the

122



6.3 Concluding Remarks

C57BL/6 animals at 2h post LPS, with the exception that both baseline and LPS-

stimulated cell flux was highly reduced in the Fpr2/3+/+ counterparts. As the colony is

young, it may be that this is due to minor strain differences and that the colony requires

more backcrossing in order to obtain the Fpr2/3-modified animals on a pure C57BL/6

background.

To provide further support for the evidence that AnxA1Ac2-26 and LXA4 were acting

via Fpr2, the agonists were also administered to Fpr2/3-/- mice both 20 min into and

at the end of a 2 h LPS challenge (Figures 5.6 and 5.7B). Due to its extremely limited

use in vivo, WRW4 was also administered to the Fpr2/3-/- mice so that any off-target

effects might be assessed. No alterations in adhesion, emigration or PPE were seen

in the null mice upon administration of any ligand 20 min into a 2 h LPS challenge (Fig-

ure 5.7). This further supports data in the present study showing that anti-adhesive

effects of AnxA1Ac2-26 and LXA4, and the pro-inflammatory effects of WRW4, are me-

diated through Fpr2. Rolling, however, was still subject to alteration by AnxA1Ac2-26

(wherein raised cell flux and reduced velocity indicated an inflammatory response),

but remained insensitive to LXA4 and WRW4 in these knockout mice. These sub-

tle pro-inflammatory actions of AnxA1Ac2-26 in the Fpr2/3-/- fit with the evidence that

AnxA1Ac2-26 binds to multiple members of the FPR family and influences early leuko-

cyte recruitment. Here, it is likely that AnxA1Ac2-26 is exerting pro-inflammatory effects

through another receptor, namely Fpr1 to which it preferentially binds in these knock-

out mice in the absence of Fpr2 (Hayhoe et al., 2006).

6.3 Concluding Remarks

Despite the inflammation caused by LPS persisting for at least 24 h (in terms of

leukocyte-endothelial cell interactions), the anti-inflammatory actions of both AnxA1Ac2-26

and LXA4 were exerted in the very early stages of the inflammatory response, ef-

fectively stopping it in its tracks. The significance of this observation can be linked

to the theory that the inflammatory response undergoes an active resolution phase,

wherein it is thought that pro-inflammatory mediators are switched off by the natural

up-regulation of pro-resolving mediators such as IL-10, TGFβ and LXA4 (Serhan and

Savill, 2005). Similar effects of Fpr2 ligands have been observed in other models
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6. DISCUSSION 2: THE ANXA1-FPR2 SYSTEM IN LPS-INDUCED
INFLAMMATION

(Cirino et al., 1993; Chiang et al., 2000; Perretti et al., 2001; Gavins et al., 2003; Hecht

et al., 2008; Dufton et al., 2010). Fpr2 is therefore implicated as a powerful target for

pro-resolution therapies, to the extent that it can limit leukocyte adhesion early on in

the pro-inflammatory phase of endotoxaemia.
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Results 3: Sexual Dimorphisms in

the Inflammatory Response

7.1 Differences Between Intact Animals

7.1.1 Leukocyte-Endothelial Cell Interactions

As described in Chapter 3, LPS injection induced, after 2 h, an inflammatory response

in male C57BL/6 mice that was characterised by: increased rolling cell flux; reduced

rolling velocity; increased leukocyte adhesion and increased leukocyte emigration.

These data were first compared with intact female C57BL/6 mice, to investigate the

possible presence of any sexual dimorphisms in this model. Females were in proestrus

at the time of treatment and observation, in order to maximise any effects of oestro-

gen on the inflammatory response. Values in saline-treated animals were not different

between sexes with regards to rolling velocity or emigration (Figure 7.1A+C); however,

adherence in saline-treated females was slightly but significantly higher in comparison

to the males (3.0 ± 0.3 cells in females vs. 1.1 ± 0.4 cells in males; P=0.006; Figure

7.1B). LPS challenge reduced rolling velocity in females (from 13.4 ± 1.1 µm/s to 4.8

± 1.1 µm/s; Figure 7.1A) and increased adherence (from 3.0 ± 0.3 cells to 7.0 ± 0.7

cells; Figure 7.1B) and emigration (from 2.0± 0.4 cells to 7.1± 1.2 cells; Figure 7.1C),

all in line with their LPS-treated male counterparts (respectively, 4.5 ± 0.3 µm/s, 5.0

± 0.6 adherent cells and 6.5 ± 1.9 emigrated cells; P>0.05 in all cases). However,
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LPS caused opposite effects between sexes with regards to cell flux which, in males,

was significantly raised to 254.0 ± 38.8 cells/min, compared to saline controls 109.7

± 4.1 cells/min (P=0.006), whereas in females it was significantly reduced to 29.7 ±
2.0 cells/min by LPS, from 77.0 ± 8.3 cells/min with vehicle (P=0.0006 and 0.0005 vs.

males; Table 7.1).

Sex
Cell flux (cells/min)

saline LPS

male 109.7 ± 14.1 254.0 ± 38.8 a

female 76.9 ± 8.3 29.7 ± 2.0 a, b

Table 7.1: Effects of sex on LPS-induced rolling leukocyte flux. Male and proe-
strous female C57BL/6 mice were treated with LPS (10 µg/mouse, I.P.) or saline (50
µl/mouse, I.P.). 2 h after the injection, the leukocyte-endothelial cell interactions in mesen-
teric venules were quantified by intravital microscopy in terms of rolling leukocyte flux (ex-
pressed as cells/min). Data are expressed as mean ± SEM. n=4-6 mice/group. aP<0.05
vs. saline-treated counterparts; bP<0.05 vs. male counterparts using ANOVA followed by
Bonferroni’s post hoc test.
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Figure 7.1: Sexual dimorphisms in LPS-induced leukocyte-endothelial cell interactions in the mesenteric microcirculation.
LPS (10 µg/mouse) or saline vehicle was administered I.P. to male or proestrus female C57BL/6 mice. After 2 h, the leukocyte-
endothelial cell interactions in mesenteric venules were quantified by intravital microscopy in terms of A) leukocyte rolling velocity
(VWBC); B) number of adherent (stationary for ≥30 s) leukocytes per 100 µm vessel length; and C) number of emigrated leukocytes
per 100 x 50 µm2; n=6 mice/group. Data are expressed as mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001 using ANOVA with
Bonferroni’s post hoc test.
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7.1.2 Plasma Cytokines and Circulating Leukocytes

Figure 7.2A-C demonstrates the differences in pivotal pro- and anti-inflammatory cy-

tokines in female mice in comparison to males. As with male animals, plasma concen-

trations of TNF-α, IL-6 and IL-10 in females were all increased by LPS. At 2 h post-

injection, TNF-α concentrations were increased to 692.7 ± 130.3 pg/ml, from below

detectable levels in vehicle-treated controls (Figure 7.2A); although TNF-α levels were

also raised by LPS treatment in males, at 151.6 ± 11.7 pg/ml the increase in females

was 4.5 times greater (P<0.0001) and suggests the initiation of a more aggressive

inflammatory response in the female. IL-6 was also increased by LPS in females, from

below detection with vehicle to 1859.1 ± 30.9 pg/ml; unlike TNF-α, however, the LPS-

induced increase in IL-6 was not significantly different to that seen in males (1702.3

± 13.2 pg/ml; P=0.01; Figure 7.2B). Finally, the anti-inflammatory cytokine IL-10 also

increased from below detection following LPS treatment, which (similar to the pattern

seen with TNF-α) was over 7 times higher after LPS in females (522.3 ± 39.3 pg/ml)

than in males (70.5 ± 1.3 pg/ml; P=0.0003; Figure 7.2C).

Circulating PMNs also showed sexual dimorphisms (7.2D). At baseline, males had

greater numbers of circulating PMNs than females, which was significantly reduced by

LPS treatment. Females, by comparison, did not display this LPS-induced neutropae-

nia and the LPS-treated numbers were in line with the male counterparts.
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Figure 7.2: Sexual dimorphisms in LPS-elicited plasma cytokine production and PMN numbers. LPS (10 µg/mouse) or
saline vehicle was administered I.P. to male or proestrus female C57BL/6 mice. After 2 h, blood was taken by cardiac puncture and
plasma assayed by enzyme-linked immunosorbent assay (ELISA) for A) TNF-α, B) IL-6 and C) IL-10; n=4 mice/group. D) PMN
numbers were counted by means of a differential leukocyte count performed on whole blood stained with Turk’s solution, using a
Neubauer chamber. Data are mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001 using ANOVA with Bonferroni’s post hoc test.
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7.2 Influence of Oestrogen Over the Systemic Inflammatory

Response

7.2.1 Leukocyte-Endothelial Cell Interactions

In order to investigate whether oestrogen was responsible for the sex differences in

LPS-induced vascular inflammation, ovariectomised (OVX) mice were treated daily

with 17β-oestradiol (termed E2) or peanut oil vehicle (termed OVX) and challenged

with LPS or its saline vehicle on day 8. LPS significantly reduced cell flux in OVX

animals from 49.6 ± 16.4 cells/min to 14.3 ± 3.3 cells/min (P=0.049; Table 7.2). This

effect was not seen in the sham-operated mice (10.3 ± 6.2 cells/min with vehicle

vs. 5.8 ± 2.1 cells/min with LPS; P=0.5), or with E2 replacement after OVX (36.2 ±
11.4 cells/min with vehicle vs. 21.8 ± 5.8 cells/min with LPS; P=0.29), most likely

because the baseline cell flux in both sham-operated and E2-treated OVX mice is

already significantly lower than the OVX group (P=0.02 and 0.049, respectively). The

parameters of VWBC, leukocyte adhesion and emigration are shown in Figure 7.3 and

further demonstrate the effects of OVX +/- E2 replacement therapy on the mesenteric

leukocyte-endothelium interactions in female mice treated with LPS or saline. OVX

increased the baseline levels of adherent (Figure 7.3B: 5.3 ± 0.9 cells) and emigrated

(Figure 7.3C: 5.3 ± 0.8 cells) cells vs. sham operated animals (respectively, 1.7 ±
0.4 cells (P=0.009); and 2.2 ± 0.6 cells (P=0.02)), without affecting rolling velocity

(Figure 7.3A). The effects of OVX on both adherence and emigration were reversed

by E2 treatment (respectively, Figure 7.3B: 4.0 ± 0.7 cells; and Figure 7.3C: 3.1 ±
0.6 cells), signifying a tonic inhibitory effect of E2 on the baseline inflammatory state.

OVX also raised LPS-induced adherence to 10.2 ± 1.0 cells (from 5.3 ± 0.9 cells with

vehicle; P=0.009), which was also significantly higher than the 7.5 ± 0.7 adherent

cells observed in sham-operated mice; P=0.04; Figure 7.3B). E2 replacement failed

to fully reverse the effects of OVX on LPS-induced emigration, although it reduced

the response to a level (3.7 ± 1.2 cells) which did not differ significantly from that in

sham-operated controls (3.7 ± 1.2 cells; P=0.2). By contrast, OVX reduced the LPS

induced increase in leukocyte emigration (3.3 ± 0.4 cells in OVX vs. 5.8 ± 0.4 cells in

sham-operated controls; P=0.005); this response was unaffected by E2 replacement

(P=0.8). No changes in plasma extravasation were seen in the mesentery of OVX mice
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Strain
Cell flux (cells/min)

saline LPS

Wild-type
sham 10.3 ± 6.2 5.8 ± 2.1

OVX 61.4 ± 16.2 b 14.3 ± 3.3 a

E2 36.2 ± 11.4 21.8 ± 5.8

AnxA1-/-
sham 18.5 ± 12.8 17.8 ± 7.4

OVX 113.1 ± 38.2 b 32.3 ± 17.6 a

E2 19.3 ± 4.8 c 24.9 ± 4.1

Table 7.2: Interactions of oestrogen status and AnxA1 on LPS-induced rolling
leukocyte flux. Female C57BL/6 (wild-type) and AnxA1-/- mice were ovariectomised and
treated daily for 8 d with 40 ng 17β-oestradiol/mouse, S.C. (group termed E2) or vehi-
cle (group termed OVX). Some mice of each genotype underwent a sham operation only
(group termed sham). All groups were injected with LPS (10 µg/mouse) or saline ve-
hicle I.P. and after 2 h the leukocyte-endothelial cell interactions in mesenteric venules
were quantified by intravital microscopy in terms of rolling leukocyte flux (expressed as
cells/min). Data are expressed as mean ± SEM. n=4-6 mice/group. aP<0.05 vs. saline
vehicle-treated counterparts; bP<0.05 vs. sham counterparts; cP<0.05 vs. OVX counter-
parts using ANOVA followed by Bonferroni’s post hoc test.

after LPS treatment in intact, OVX or OVX-E2 group (data not shown), a finding which

may reflect a residual effect of raised baseline plasma leakage from both surgery and

daily injections. Taken together, these data suggest that OVX enhances leukocyte-

endothelial cell interactions in response to LPS, and that the effects of OVX are at

least partially reversed by E2 replacement therapy.

7.2.2 Plasma Cytokines

Values for plasma cytokine concentrations in OVX animals are displayed in Table 7.3.

LPS treatment increased TNF-α concentrations from below detectable levels of 31.25

pg/ml, to 2177.0 ± 853.1 pg/ml in sham animals; 220.6 ± 128.5 pg/ml in OVX animals

(P=0.02); and 176.3 ± 54.2 pg/ml in E2 animals (P=0.03). There was no signifi-

cant effect of E2 treatment following OVX (P=0.8); however, OVX animals displayed
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7. RESULTS 3: SEXUAL DIMORPHISMS IN THE INFLAMMATORY RESPONSE

markedly reduced TNF-α production following LPS treatment in comparison to sham-

operated animals. Similarly, IL-6 concentrations were increased by LPS from below

detectable levels to 1400.0 ± 701.2 pg/ml in OVX mice (P=0.0002) and 2022.0 ±
170.3 pg/ml in E2 mice (P<0.0001) with no effect of E2 (P=0.4). As with TNF-α, the

response in sham-operated controls to LPS was significantly higher at 4259.0 pg/ml

(P=0.02 in both cases). Although no impact of E2 treatment was seen in levels of pro-

inflammatory cytokines, E2 animals demonstrated raised baseline IL-10 levels (352.2

± 130.7 pg/ml, compared to below detection in OVX animals; P=0.02), which were

significantly reduced by LPS treatment to 48.0 ± 16.7 pg/ml (P=0.02).
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Figure 7.3: Effects of oestradiol (E2) on the inflammatory response to LPS in female mice. Female C57BL/6 mice were
ovariectomised (OVX), followed by 8 d of daily E2 replacement (40 ng 17β-oestradiol/mouse; S.C.; group termed E2) or equivalent
volume of peanut oil vehicle (group termed OVX). Sham-operated animals underwent surgery without removal of the ovaries
and were handled daily without injection. After 8 d, LPS (10 µg/mouse) or saline vehicle was administered I.P. and after a 2
h challenge, the leukocyte-endothelial cell interactions in mesenteric venules were quantified by intravital microscopy in terms of
A) leukocyte rolling velocity (VWBC); B) number of adherent (stationary for ≥30 s) leukocytes per 100 µm vessel length; and C)
number of emigrated leukocytes per 100 x 50 µm2; n=6 mice/group. Data are expressed as mean ± SEM. *P<0.05, **P<0.01 and
***P<0.001 using ANOVA with Bonferroni’s post hoc test.
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Cytokine Treatment
Wild-type AnxA1-/-

sham OVX E2 sham OVX E2

TNF-α
vehicle 0.0 0.0 0.0 0.0 0.0 34.6 ± 3.4

LPS 2177.0 ±
853.1 a

220.6 ±
128.5 a,b

176.3 ±
54.2 a,b

4542.0 ±
2477.0 a

0.0 205.5 ±
53.1

IL-6
vehicle 0.0 0.0 0.0 0.0 0.0 0.0

LPS 4259.0 ±
72.4 a

2086.0 ±
254.2 a,b

2022.0 ±
170.3 a,b

4230.0 ±
47.2 a

1854.0 ±
272.8 a,b

22150.0 ±
70.7 a,b

IL-10
vehicle 0.0 0.0 352.2 ±

130.7 b,c
0.0 0.0 35.8 ± 5.5

d

LPS 1004.0 ±
501.9 a

0.0 48.0 ±
16.7 a,b

1232.0 ±
306.7 a

58.3 ±
13.8 b

76.9 ±
23.7 b

Table 7.3: Interactions of oestrogen status and AnxA1 on LPS-induced plasma cytokine concentrations. Female C57BL/6
and AnxA1-/- mice were ovariectomised and treated daily for 8 d with 40 ng 17β-oestradiol/mouse; S.C. (group termed E2) or
vehicle (group termed OVX). Some mice of each genotype underwent a sham operation only (group termed sham). All groups
were injected with LPS (10 µg/mouse) or saline vehicle I.P. and after 2 h blood was taken by cardiac puncture and the plasma
cytokine concentrations determined by ELISA. Data are expressed as mean± SEM. n=4-6 mice/group. aP<0.05 vs. saline vehicle-
treated counterparts; bP<0.05 vs. sham counterparts; cP<0.05 vs. OVX counterparts using ANOVA followed by Bonferroni’s post
hoc test.
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7.3 Interaction of Oestrogen and AnxA1 During the Inflam-

matory Response

7.3.1 Leukocyte-Endothelial Cell Interactions

To understand better the role of AnxA1 in relation to E2 in modulation of the inflam-

matory response, a group of OVX AnxA1-/- mice were treated for comparison with

the wild-type, as illustrated in Figure 7.4. Slight differences were seen in mesenteric

venules of AnxA1-/- mice compared to the wild-type. Figure 7.4A shows that, of note,

the rolling velocity in sham-operated AnxA1-/- mice was significantly higher at baseline

than that of the wild-type, and was not reduced by LPS treatment as was seen in the

wild-type. Leukocyte adherence in sham-operated AnxA1-/- mice, although in line with

the wild-type at baseline, was also unaffected by LPS treatment (Figure 7.4B); only

leukocyte emigration was raised following LPS, to 9.2 ± 1.3 cells from 3.0 ± 0.8 cells

with vehicle (P=0.02; Figure 7.4C).

OVX AnxA1-/- mice differed at baseline in terms of leukocyte adherence (which was

elevated to 10.3 ± 1.2 in AnxA1-/- mice, vs. 5.3 ± 0.9 in the wild-type; P=0.01; Fig-

ure 7.4B), but not in rolling velocity (P=0.2; Figure 7.4A) or emigration (P=0.7; Figure

7.4C). Following LPS challenge in these mice, no inflammatory response was seen at

this time point, evidenced by a lack of alterations in VWBC, adherence or emigration. E2

treatment of OVX AnxA1-/- mice reduced both the baseline rolling velocity (6.7 ± 1.0

µm/s) and adhesion (4.0 ± 0.7 µm/s) to levels that were in line with the wild-type (11.4

± 2.3 µm/s and 4.0 ± 0.7 cells, respectively; P=0.13 and 1.0), and significantly lower

than their OVX counterparts (P=0.003 and 0.005). E2 treatment also partially restored

the response by lowering rolling velocity compared to vehicle (to 3.0 ± 0.8 µm/s, from

12.5 ± 2.1 µm/s; P=0.02) and increasing adherence (9.3 ± 0.9 cells) compared to

vehicle (4.0 ± 0.7 cells; P=0.005).
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Figure 7.4: Interaction of oestradiol (E2) and AnxA1 during the inflammatory response to LPS in female mice. Female
AnxA1-/- mice were ovariectomised (OVX), followed by 8 d of daily E2 replacement (40 ng 17β-oestradiol/mouse; S.C.; group
termed E2) or equivalent volume of peanut oil vehicle (group termed OVX). Sham-operated animals underwent surgery without
removal of the ovaries and were handled daily without injection. After 8 d, LPS (10 µg/mouse) or saline vehicle was administered
I.P. and after a 2 h challenge, the leukocyte-endothelial cell interactions in mesenteric venules of were quantified by intravital
microscopy in terms of A) leukocyte rolling velocity (VWBC); B) number of adherent leukocytes per 100 µm vessel length; and C)
number of emigrated leukocytes per 100 x 50 µm2; n=6 mice/group. Data are expressed as mean ± SEM. *P<0.05, **P<0.01 and
***P<0.001 using ANOVA with Bonferroni’s post hoc test.
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7.4 Summary

7.3.2 Plasma Cytokines

Table 7.3 demonstrates the effects on pro- and anti-inflammatory cytokine in OVX

mice. With reference to AnxA1-/- animals, OVX resulted in an inability to raise TNF-α

levels in response to LPS (below detection, compared to 220.6 ± 128.5 pg/ml in the

wild-type; P=0.02), whilst the sham-operated animals, with post-LPS TNF-α levels of

4542.4 ± 2477.0 pg/ml, retained the ability to mount a response in line with the wild-

type (P=0.5). E2 replacement therapy restored the LPS-induced TNF-α response to

levels comparable with the wild-type (176.3 ± 54.2 pg/ml in wild-type and 205.0 ±
53.1 pg/ml in the AnxA1-/-; P=0.7). It was of interest that E2 replacement in AnxA1-/-

animals also removed the elevated baseline anti-inflammatory cytokine environment

that was seen in the wild-type counterpart, with levels of IL-10 being 39.5 ± 8.3 pg/ml

and 352.2 ± 130.7 pg/ml, respectively (P=0.03). IL-10 concentrations were raised

in sham-operated AnxA1-/- mice receiving LPS (1232.0 ± 306.7 pg/ml; P=0.02) and

was comparable to the wild-type counterparts at 1004.0 ± 501.9 pg/ml; P=0.7). As

with both intact and OVX wild-type mice, IL-6 levels post-LPS in the AnxA1-/- did not

respond to E2 treatment, at 1854.0 ± 272.8 pg/ml in the OVX group and 2215.0 ±
70.7 pg/ml in the E2 group (P=0.2). Like TNF-α and wild-type counterparts, OVX and

E2 AnxA1-/- mice displayed reduced IL-6 levels after LPS in comparison to the sham-

operated animals (4230.0 ± 47.2 pg/ml in sham-operated, vs. 1854.0 ± 272.8 pg/ml

in OVX (P=0.001) and 2215.0 ± 70.7 pg/ml in E2 (P<0.0001)). However, the lack of

E2 effect after LPS suggested that, in this scenario, IL-6 is not sensitive to oestrogen

or AnxA1.

7.4 Summary

These data show that in terms of L/EC interactions, OVX AnxA1-/- mice that receive

no E2 replacement appear to exist in a pro-inflammatory state at baseline compared

to those that do. In terms of cytokine production, furthermore, both E2 and AnxA1

are apparently necessary for the mounting of a correct inflammatory response to LPS.

These data imply that Anxa1 gene deletion, combined with OVX, reduces the sensi-

tivity of the inflammatory response to LPS, and that AnxA1-/- mice are more sensitive

to E2.
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Discussion 3: Sexual

Dimorphisms in the Inflammatory

Response and the Role of AnxA1

The final aim of this thesis was to investigate sexual dimorphisms in our murine model

of LPS-induced systemic inflammation (10 µg/mouse, I.P.) and the roles of oestradiol

(E2) and AnxA1 in their manifestation. The underlying reason for this investigation is

due to the fact that the inflammatory response is sensitive to numerous physiological

variables, with sex being no exception: women of child-bearing potential appear more

immunoreactive than men, presenting with a lower risk of and mortality rate from in-

fectious and inflammatory disease (Klein, 2000; Oberholzer et al., 2000; Coyle et al.,

2006) but a greater chance of autoimmunity (Beeson, 1994). Since the gap closes

post-menopause, hormones (particularly oestradiol, or E2) have been labelled as re-

sponsible in large part for the heightened immunoreactivity afforded to females (Cutolo

and Wilder, 2000).

Data from intact mice indicated differences between males and females in the inflam-

matory response to LPS; our subsequent experiments focused on the female and

specifically the role of E2 by examining the effects of ovariectomy (OVX) ± E2 re-

placement therapy. Although OVX altered both leukocyte-endothelial cell interactions
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and cytokine production, E2 mostly failed to reverse these changes and indicated a

role for other female hormones instead, which is discussed later in this chapter. The

interaction of E2 and AnxA1 was also investigated as it is known that E2, together with

luteinising hormone (LH) and follicle-stimulating hormone (FSH), can up-regulate this

protein’s expression and function (Davies et al., 2007; Nadkarni et al., 2011). AnxA1-/-

mice displayed a surprisingly high sensitivity to E2 in particular aspects of the in-

flammatory response, and highlighted some AnxA1-dependent processes. The data

obtained from these mice present a clear contrast with work from our lab on the cere-

brovasculature, indicating a vascular bed specificity for the effects of E2 mediated by

AnxA1 (Hughes, Cover, Buckingham and Gavins, manuscript in preparation), which is

discussed briefly in Section 8.4.

8.1 Models and Tools

8.1.1 Intact Mice

Initial experiments in this section were conducted using intact female mice in the proe-

strous stage of the oestrous cycle; during proestrus, E2 levels are highest and there-

fore any effects of this hormone would be maximised. However, during the course of

these experiments, the caging facilities in the Imperial College London animal house

were changed from open-topped to individually-ventilated cages (IVCs). Female ro-

dents are highly responsive to the presence (or absence) of male pheromones, which

are important in maintaining a regular oestrus cycle. The use of IVCs meant that

our female mice became isolated from the scent of other males in the room and so,

instead of cycling as normal, were induced into a pseudopregnant state (identified

through vaginal cytology as a continued oestrus cellular morphology and known as

the Lee-Boot effect (Hrapkiewicz, 2007)). This problem was partially overcome by

transferring some bedding from the male animals’ cages to the females’ but, together

with a clear sexually dimorphic response to LPS in our model, prompted a deeper in-

vestigation into the modulation of inflammation by oestrogen, using ovariectomy and

hormone replacement.
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8.1.2 Bilateral Ovariectomy and Hormone Replacement

Bilateral ovariectomy (OVX) entails surgical removal of both ovaries. The primary out-

come is depletion of endogenous E2 and progesterone, which allows study of either

hormone’s particular effects through its therapeutic replacement. The present exper-

iments focused on E2 using a dose of 40 ng E2/day S.C., reported to achieve proe-

strous serum hormone concentrations of ∼150 pg/ml (Foster et al., 1983; Jablonka-

Shariff et al., 1999). We also decided upon a prolonged E2 exposure of 8 d in order to

magnify the hormone’s effect on the inflammatory cascade, which supports the data

presented here (Figure 7.3) showing more distinct effects of E2 treatment compared

to the rapidly cycling intact female mouse, and is also relevant to postmenopausal

women taking E2 replacement therapy (Suzuki et al., 2007). A study by Calippe et al.

(2008) supports our reasoning for a prolonged oestrogen treatment: after 60 d ex-

posure of OVX mice to oestrogen, isolated peritoneal macrophages were capable of

increased expression of IL-1β, IL-6 and iNOS after a 2 h LPS challenge. Furthermore,

the group discuss the contradictory results seen in vitro, which fits with more recent

observations by Nadkarni et al. (2011) showing that shear stress, such as that to which

intravascular PMNs are subjected, greatly enhances the cells’ response to E2. These

observations further support our in vivo approach and therefore, where possible, data

from in vivo models have been discussed preferentially to in vitro models, in relations

to our findings in Chapter 6.

8.1.3 AnxA1-/- Mice

It has been shown that the expression and function of AnxA1, both within the pituitary

gland and leukocytes, can be up-regulated by oestrogen (Davies et al., 2007; Nad-

karni et al., 2011). It was therefore of interest to investigate the interaction of E2 and

AnxA1 in our model of LPS-induced inflammation, which was done using female OVX

AnxA1-/- mice. As discussed in Chapter 5, the AnxA1-/- mouse is bred on a C57BL/6

background and appears largely normal in terms of fertility, development and in the ab-

sence of an inflammatory challenge. There are subtle differences between male and

female AnxA1-/- mice, which relate to control of the inflammatory response. Morris

et al. (2006) observed that male AnxA1-/- animals possess more pituitary corticotroph

cells, which are smaller and have fewer secretory granules than female animals. This
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is likely to alter the function of the HPA axis regarding the end-point of inflamma-

tory resolution by glucocorticoids, as evidenced by raised pituitary ACTH and IL-6 in

the male knockouts (Morris et al., 2006). AnxA1-/- mice also exhibit sexually dimor-

phic changes in plasma prolactin and tissue-specific responses to sex steroids (Cover

et al., 2009), whilst female knockouts (but not males) respond to zymosan challenge

with raised plasma concentrations of TNF-α and IL-1β, along with leukopaenia (Han-

non et al., 2003). Taken together, these observations fit with evidence that oestrogens

can up-regulate expression and function of AnxA1 (Nadkarni et al., 2011; Davies et al.,

2007) and that gonadal regulation of AnxA1 expression may contribute to the aetiology

of sexual dimorphisms in disease (Davies et al., 2007), hence our use of these mice

during the final experiments of the present thesis.

8.2 Sexual Dimorphisms in Wild-Type Mice

8.2.1 Intact Mice

Both intravital microscopy of the mesenteric microcirculation and assay of plasma cy-

tokine concentrations revealed sexual dimorphisms in our LPS-induced inflammation

model (10 µg/mouse, I.P.). In terms of leukocyte-endothelial cell interactions, female

mice exhibited more adherent cells at baseline (Figure 7.1B), which suggests greater

constitutive expression of the adhesion molecules mediating this particular stage of

the leukocyte recruitment cascade such as integrins and ICAM-1 (Ley et al., 2007).

It is likely that the machinery by which these adhesion molecules are up-regulated

in response to inflammagen is unaffected by sex in this model, however, since the

increment in adhesion following LPS challenge remained similar between males and

females. Rolling cell flux, conversely, did not differ between sexes at baseline but

showed sexual dimorphism following an inflammatory challenge (Table 7.1). On first

look it might be thought that the discrepancies in leukocyte rolling are due to altered

expression of selectins, the adhesion molecules that mediate this stage of leukocyte-

endothelial cell interactions, and thus reflects their sensitivity to female sex hormones.

However, this is made less likely by the fact that VWBC does not differ between males

and females. An alternative explanation relates to the greater number of adherent

PMNs in the female, together with the fact that males have more circulating PMNs at
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baseline and greater expression of L-selectin on those cells (Villar et al., 2011), which

may indicate a greater chance of observing rolling cells in the male post inflammagen.

A saline injection increased the number of adherent leukocytes in females compared

to males. This may suggest that the females’ leukocyte recruitment process is more

sensitive to sterile damage caused as a result of the injection; alternatively, it may

again reflect the observed differences between sexes in circulating PMNs, which cor-

relates strongly with other studies (Nadkarni et al., 2011; Doeing et al., 2003). It is then

probable that, in our model, a reduction in circulating PMNs was observed in males

after LPS injection (Figure 7.3D) because cells were adherent or had emigrated as

part of the inflammatory response. Conversely, the lack of change in circulating PMN

numbers after LPS challenge in intact females is likely due in part to up-regulation of

protective endothelial factors by E2, as reviewed by Villar et al. (2008), as well as a

possible mobilisation from bone marrow reserves that did not take place in the male.

LPS-elicited plasma cytokine production was also subject to sex differences. The

detection of IL-10 at the same time as TNF-α in both sexes indicates that the anti-

inflammatory circuits (whose eventual purpose is to switch off the pro-inflammatory

response) are already active at 2 h post LPS challenge. However, the fact that lev-

els of both cytokines are significantly higher in females suggests that the female has

mounted a more aggressive pro-inflammatory response, which is made possible be-

cause she can keep it better in check than the male. Together with the raised sen-

sitivity of the intact female mice to sterile inflammation, these data so far fit with the

hypothesis that oestrogen renders females more immunoreactive (Straub, 2007).

8.2.2 Effects of OVX and E2 Replacement

To investigate the specific role of oestrogen in the sex differences observed in intact

mice, OVX females were treated with E2 or vehicle for 8 d prior to a 2 h challenge with

LPS (10 ug/mouse, I.P.).

The effects of OVX on mesenteric leukocyte-endothelial cell interactions were com-

plex compared to sham-operated counterparts (Figure 7.3). LPS induced leukocyte
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adhesion in both sham and OVX mice, but significantly raised emigration in the sham

group whilst reducing emigration in the OVX group. This effect on emigration was not

fully reversed by E2, suggesting that hormones other than E2 govern the processes

guiding LPS-induced emigration (such as generation of chemokines and adhesion

molecule up-regulation). The first implication of these data, therefore, is that ovarian

hormones beyond E2 are required to promote a proper inflammatory response to LPS,

as discussed in further detail in Section 8.2.2.1.

Since the effects of E2 are so complex and varied, it is difficult to draw many com-

parisons with the literature due to differences in treatment protocols, doses and mod-

els. Straub (2007) discusses at length the way in which both factors can affect nu-

merous parameters of the inflammatory response: in relation to innate immune ac-

tivity the dose-response is biphasic, with both very low and very high doses acting

in a pro-inflammatory capacity, whilst E2 concentrations pertaining to the physiologi-

cal levels seen during proestrus are protective. It has also been discussed in Chap-

ter 6 of this thesis (Section 6.1.2) that leukocyte trafficking responses can be highly

stimulus-specific; comparison with the work of Villar et al. (2011), who used a similar

E2 dose and treatment protocol but a different inflammagen, builds on this issue. The

group show effects of sex, OVX and E2 status on TNF-α-induced mesenteric leuko-

cyte rolling (similar those reported in LPS-treated mice here; see Chapter 6), which

they attributed to E2-induced suppression of P-selectin (E2 also down-regulates L-

selectin and P-selectin in other in vivo models (Nadkarni et al., 2011; Cuzzocrea et al.,

2001)). Conversely, whilst the effects of OVX in our present study were clearest at

baseline in terms of leukocyte adhesion and insensitive to E2, Villar et al. (2011) in-

stead saw more pronounced, E2-sensitive effects of OVX during the inflammatory

response, which they attributed to E2-induced suppression of ICAM-1. In vivo data

further supports this evidence: ICAM-1 is lowered by oestrogen treatment in a rat

ischaemia-reperfusion model (Squadrito et al., 1997), a mouse colitis model (Verdu

et al., 2002), and a carrageenin-induced pleurisy model (Cuzzocrea et al., 2001). E2

can also prime resting PMNs for expression of the Mac1 integrin component CD11b,

so that a pronounced, protective, well-controlled inflammatory response is initiated

upon inflammatory challenge (Nadkarni et al., 2011).
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Rolling is predominantly mediated by selectins, whilst adhesion can be governed by a

wider range of adhesion molecules of the IgSF and integrin classes (Ley et al. (2007);

see also Table 1.2); therefore, the effects of sex and hormones may be similar in

the two models because rolling is mediated by the single adhesion molecule class,

whilst less obvious changes in adhesion perhaps reflect the different suite of adhesion

molecules involved in TNF-α-dependent adhesion as opposed to LPS. An alternative

explanation relates to timing of inflammagen: LPS causes TNF-α production, which

we have observed at 2 h post injection (Chapter 3, Figure 3.4). If observed 4 h after

LPS injection, therefore, we may observe the same effects seen by Villar et al. (2011)

2 h after TNF-α injection.

The ability of oestrogen to upregulate synthesis, release and activity of protective en-

dothelial mediators, and to downregulate pathological ones, has also been discussed

(Villar et al., 2008) and is attributed to the presence of both ER-α and ER-β in the

vasculature (Mendelsohn and Karas, 2005). E2 mobilisation of AnxA1 in leukocytes

is non-genomic – similar to, or possibly involved with, the mechanism by which glu-

cocorticoids induce AnxA1 externalisation (Solito et al., 2006; Cuzzocrea et al., 2007;

Cvoro et al., 2011). It is mediated by classical ERs (which are expressed in PMNs),

E2 binding with which is directly associated with AnxA1 gene regulation in leukocytes

(Wang et al., 2001; Stygar et al., 2007).

Nadkarni et al. (2011) found that E2 treatment of PMNs induces a particular phenotype

(AnxA1hi CD62Llo CD11blo); the hormone appears to alter specific pathways within the

PMN that do not involve FPR2/ALX, despite the receptor’s expression pattern being

largely similar to that of AnxA1. The group also showed that these mechanisms by

which E2 influences the PMN phenotype is both dependent on timing (it must precede

cell stimulation by inflammagen) and can act independently on the CD11b and AnxA1

pathways, which fits with our observations that more differences were seen in OVX

wild-type mice at baseline than their LPS-challenged counterparts.

In this instance, the fact that few differences in leukocyte-endothelial cell interactions

were seen following LPS treatment, despite clear effects of OVX at baseline, suggest

that E2 replacement at this dose affects the machinery by which adhesion molecules
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are externalised during inflammation, rather than their intracellular expression, and is

contrary to the data from intact animals which suggests the opposite is true (Section

8.2.1).

The responses of the three cytokines measured here were variably responsive to E2

(Table 7.3. OVX diminished LPS-induced TNF-α and IL-6 production in a non-E2-

sensitive manner, indicating that, as with leukocyte-endothelial cell interactions, other

reproductive hormones are important in mounting a full inflammatory response against

LPS. The IL-10 response to LPS was completely abolished by OVX, with a very minor

restoration by E2 treatment that again implicates other female hormones in modulat-

ing this cytokine’s production during inflammation. However, unlike TNF-α and IL-6,

IL-10 was particularly responsive to E2 at baseline, being augmented in the E2 group

only. Coupled with our observations that intact female mice produced more IL-10 than

males, and the fact that IL-10 was raised at baseline in OVX + E2 mice, this sug-

gests that E2 promotes an anti-inflammatory environment in terms of IL-10. However,

LPS-elicited production of all three cytokines measured was greatly enhanced in the

sham-operated animals, which once again implied a role for other ovarian hormones

in the inflammatory response to LPS.

Other studies of the effects of E2 on cytokine production are contradictory, which could

reflect doses, timings and differences in models as mentioned in Section 8.2.2. On the

one hand, LPS treatment of mononuclear cells isolated from men and naturally-cycling

pre-menopausal women elicit increased production of TNF-α and IL-10 mRNA in the

males (Temple et al., 2008) whilst a study by Rogers and Eastell (2001) found that

E2 treatment of whole blood cultures reduces spontaneous secretion of cytokines,

but is without effect on LPS-stimulated cells. However, the latter study used blood

from post-menopausal women and cells were cultured for 24 h prior to stimulation,

meaning that exposure to oestrogen was limited. Calippe et al. (2008) observed that

long-term oestrogen treatment actually enhances production of pro-inflammatory cy-

tokines in response to LPS, which falls in line with the data presented here – that

intact females simultaneously have higher pro- and anti-inflammatory processes oc-

curring in response to LPS. Following on, we suggest that E2 is partly responsible

145



8. DISCUSSION 3: SEXUAL DIMORPHISMS IN THE INFLAMMATORY
RESPONSE AND THE ROLE OF ANXA1

for the mounting of a swifter, more aggressive inflammatory response to eliminate the

pathogen more efficiently.

8.2.2.1 E2-Independent Effects of OVX

A limitation of OVX is that other ovarian hormones will also be removed by this process;

furthermore, despite the absence of immune cells within the ovarian follicle, the gran-

ulosa cells express TLR4, CD14 and MD-2, which implicates the ovary in detection

of LPS (Herath et al., 2007). In addition to disruption of the natural oestrous cycle by

OVX, the secretion of other reproductive hormones will also be changed, particularly

luteinising hormone (LH) and follicle-stimulating hormone (FSH) which are involved in

a negative feedback loop with oestrogen and therefore would both be raised in OVX

animals. FSH and LH have been positively correlated with AnxA1 expression (Mulla

et al., 2005), so E2 could potentially act synergistically with these hormones to exert

anti-inflammatory actions via AnxA1, thus explaining the partial sensitivity of wild-type

mice to E2 seen in our experiments (Figure 7.3). Prolactin (PRL) is another pituitary-

derived reproductive hormone which is up-regulated by oestrogen, and the regulation

of which is influenced by AnxA1 (Cover et al., 2009). PRL potentiates the response of

peripheral immune cell IL-8 and TNF-α production in response to LPS (Brand et al.,

2004; D’Isanto et al., 2004); therefore, low PRL levels in OVX mice might also explain

the reduced cytokine production following LPS treatment observed in Chapter 7.

The steroid ovarian hormone progesterone can modulate components of the TLR4

signalling pathways relevant to LPS-sensing, including MyD88 and CD14 (Hua et al.,

2011). Peptide ovarian hormones, such as activin A and relaxin, are also capable of

regulating inflammation. Activin A was found in CSF in a meningitis model and al-

though its role in the inflammatory response is not fully known, evidence suggests that

it can regulate TNF-α, IL-6 and IL-1β (Jones et al., 2004). The immunomodulatory

properties of relaxin are better understood: it can inhibit neutrophil activation in terms

of CD11b expression, superoxide release and chemotactic migration (Masini et al.,

2004), and limit expression of VCAM-1, PECAM, CCR2 and MCP-1 by endothelial

cells (Brecht et al., 2011) – all of which impact the leukocyte recruitment cascade.
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In addition to direct removal or disruption of reproductive hormones by OVX, there is

also cross-talk between the ovarian system with that of the natriuretic peptides, which

can (amongst other effects) alter both inflammation and blood pressure. Up-regulation

of atrial natriuretic peptide (ANP; produced by cardiac myocytes) is associated with

elevated oestrogen (Karjalainen et al., 2004; Hong et al., 1992). ANP can inhibit L-

selectin expression by leukocytes (Biselli et al., 1996) and E-selectin and ICAM-1 ex-

pression by endothelial cells (Kiemer et al., 2002), as well as regulating blood pressure

(Kiemer et al., 2005), which can impact on leukocyte-endothelial interactions via alter-

ations in local haemodynamic factors such as shear stress. C-type natriuretic peptide

(CNP; produced by the pituitary gland) can also have similar effects to ANP on ad-

hesion molecule expression and modulate vascular tone in a NO-dependent fashion

(Qian et al., 2002), as well as influencing PRL (Brand et al., 2004). This literature goes

towards explaining certain aspects of our data, wherein non-E2-dependent effects of

OVX were observed (particularly at baseline). Therefore, it is likely that the absence

of multiple ovarian hormones in OVX mice affects the ability to sense and mount a re-

sponse to LPS, suggesting that the ovarian system as a whole – rather than oestrogen

alone – is important in sexual dimorphisms during inflammation.

8.3 Interaction of E2 and AnxA1 During Inflammation

To understand the role of AnxA1 in mediating sexually dimorphic effects of the in-

flammatory response to LPS, and its interaction with E2, we also tested the model in

female AnxA1-/- mice. This is the first time that such an investigation has been con-

ducted, and therefore relevant literature is limited.

Sham-operated null mice had increased VWBC at baseline but were otherwise simi-

lar to the wild-type. OVX increased adhesion at baseline, and rolling cell flux both

at baseline and post LPS. Emigration with LPS, as with the wild-type, was reduced

by OVX, which suggests that a female hormone has pro-emigratory effects in these

mice. However, in the knockout this effect was partially reversed by E2, which did not

occur in the wild-type, and may perhaps indicate a synergistic effect of E2 with other

female hormones as occurs with FSH and LH in regulating AnxA1 expression (Section

8.2.2.1).
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OVX of AnxA1-/- mice subtly altered LPS-induced rolling compared to sham coun-

terparts, but not adhesion or emigration; E2-treated knockouts, by contrast, demon-

strated more leukocyte recruitment (reduced rolling velocity and increased adhesion)

post LPS, which (as discussed in relation to the wild-type mice in Section 8.2.2) im-

plicates particular adhesion molecules, such as ICAM-1 and the integrins, as being

E2-sensitive.

The contrasting effects of OVX on rolling and adhesion further imply that female hor-

mones differentially regulate adhesion molecule expression in the absence of AnxA1.

In particular, the increased rolling cells at baseline in OVX null mice indicates consti-

tutive up-regulation of selectins, which is independent of AnxA1 as the same effect

was seen in the wild-type (Section 8.2.2). The reversal of OVX-induced adherence in

the E2 baseline group suggests that E2 specifically prevents up-regulation of those

adhesion molecules that regulate adhesion, but this process is only E2-dependent in

the absence of AnxA1. There are two curious aspects to these data: firstly, E2 treat-

ment reduces VWBC to below the sham and OVX groups at baseline, which implies a

dose-dependent effect of E2. Secondly, this differential E2-sensitive aspect of leuko-

cyte recruitment was not seen in the wild-type, which implies that the AnxA1-/- mice

are more sensitive to the effects of E2 than the wild-types, perhaps because AnxA1

masks or blocks some of the hormone’s effects (discussed in relation to other tissues

in Section 8.4).

The interaction of AnxA1 with adhesion molecules has not been much studied, and the

few relevant publications mostly used male animals. It is known that the N-terminus

peptide AnxA1Ac2-25 can directly interact with the α4 integrin (CD49d) in vitro to prevent

monocyte adhesion (Solito et al., 2000), and that the protein’s receptor FPR/ALX reg-

ulates the β2 integrin (CD18)-dependent adhesion and transmigration of PMNs (Fiore

and Serhan, 1995), a process that could be disrupted in the absence of AnxA1. AnxA1

C-terminus fragments also promote ICAM-1 clustering in vitro to aid transendothelial

PMN migration (Williams et al., 2010), whilst higher levels of CD11b were found on

inflammagen-treated PMNs isolated from male AnxA1-/- mice (Chatterjee et al., 2005).

AnxA1 therefore seems to particularly interact with components of the integrins, and
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so its deletion would interfere with the protein’s propensity to modulate CD11b expres-

sion in PMNs as shown by Nadkarni et al. (2011) and thus alter leukocyte adhesion in

an E2-sensitive manner as seen in the AnxA1-/- mice at baseline (Figure 7.4).

The relationship between AnxA1 and cytokine production has been investigated in

somewhat more detail, but again mostly in male animals; therefore our data again

present novel findings that are not easily compared with published literature. In terms

of cytokine production, sham-operated null mice were, as with leukocyte-endothelial

cell interactions, similar to the wild-type at baseline, a property that was not altered by

OVX (Table 7.3). The LPS-stimulated cytokine levels in the sham animals were also

similar to the wild-type; these data concur with observations by Wells et al. (2004) that

the AnxA1 mouse appears grossly normal at baseline, and show that the post-surgical

state of the female knockout is no exception. OVX, however, abolished the ability of the

AnxA1-/- mice to produce TNF-α in response to LPS, which was not seen in the wild-

type and suggests the existence of a mechanism involving both female hormones and

AnxA1 that is required for TNF-α production. OVX also diminished the LPS response

of IL-6 and IL-10, but this was independent of AnxA1 as the same pattern occurred in

the wild-type. Curiously, however, a specific effect of E2 was observed in the knock-

out mice at baseline, wherein TNF-α was up-regulated: once more, this is likely to be

a dose effect but, as it is not seen in the wild-type, once more offers the possibility

that AnxA1-/- mice are more sensitive to E2 because AnxA1 otherwise partly blocks

the hormone’s effects. Beyond Ca2+-dependent membrane signalling and paracrine

interaction with FPR2/ALX, AnxA1 and its peptides are capable of regulating the ge-

netic expression of various components of the inflammatory cascade, including: IL-10

receptor-α; IL-1 receptor antagonist; TLR4; C-C motif chemokines; and the PGE2 re-

ceptor (Lange et al., 2007). Therefore, it is possible that AnxA1 could suppress some

genomic aspects of E2 signalling, which may account for the raised sensitivity to the

hormone seen in Chapter 7.

Taken together, these data indicate that absence of AnxA1 may sensitise mice to pro-

inflammatory effects of E2, which may explain some effects in the E2-treated null mice

that were not seen in the sham-operated counterparts. In Chapter 7, E2 differentially

modulated both the baseline conditions and the inflammatory response to LPS in both
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an AnxA1-dependent (TNF-α) and -independent (IL-6, IL-10) manner, but other fe-

male hormones are also in large part responsible for the effects of OVX and so the

sex differences observed in the intact animals cannot be solely attributed to E2 or its

modulation of AnxA1.

8.4 Vascular Bed Specificity

AnxA1-/- mice display a hyperactive inflammatory response to multiple stimuli (Hannon

et al., 2003; Gavins et al., 2007; Gastardelo et al., 2009), including LPS (Damazo et al.,

2005) – however, as discussed above, many of oestrogen’s immunomodulatory effects

are independent of AnxA1. Thus we anticipated that E2 treatment would ameliorate

the response to LPS in AnxA1-/- mice compared to vehicle-treated counterparts, but

not to the levels seen in wild-type mice due to lack of AnxA1 up-regulation by E2. It

was surprising, therefore, to observe relatively few changes in mesenteric leukocyte-

endothelial cell interactions in OVX AnxA1-/- mice. There is a small amount of ev-

idence to show that the inflammatory responses in mesenteric vessels of wild-type

and AnxA1-/- mice do not differ following a mild inflammatory stimulus of IL-1β (Nad-

karni et al., 2011) – furthermore, oestrogen treatment did not exacerbate the response,

which correlates with our findings in the present study. However, other work within our

lab has shown that in the same model, E2 treatment of AnxA1-/- mice severely poten-

tiates LPS-induced leukocyte adhesion in the cerebral vasculature (Hughes, Cover,

Buckingham and Gavins, manuscript in preparation). This implies that differences ex-

ist in the vascular beds rather than in the leukocytes. The presence of AnxA1 at the

blood-brain barrier (Eberhard et al., 1994; Solito et al., 2008) appears to play a pro-

tective role via promotion of endothelial anti-inflammatory eicosanoids (Herbert et al.,

2007); stimulation of IL-10 production (Souza et al., 2007); and via anti-inflammatory

paracrine signalling through locally-expressed Fpr2. This fits with the more subtle ef-

fects of E2 and AnxA1 deletion observed in the mesentery and in TNF-α production,

where the presence of AnxA1 appears protective as discussed in Section 8.3. How-

ever, the protection afforded by AnxA1 seems more potent in the brain.

Solito et al. (2008) postulate that AnxA1 tightly controls central immunity and pre-

vents an excessive inflammatory response within the confines of the skull, which has
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devastating consequences. Oestrogen is a requisite for a proper immune response in

the female brain: Soucy et al. (2005) found that OVX mice could only mount a cerebral

response to intracerebroventricular or systemic LPS challenge if oestrogen replace-

ment therapy had been administered, and that the response was ER-α-dependent. If,

therefore, oestrogen is required to mount a proper inflammatory response in the brain,

and the presence of AnxA1 is required to limit the magnitude of the response, then the

potentiation by E2 of LPS-induced leukocyte-endothelial cell interactions in cerebral

microvessels of AnxA1-/- mice can be explained, as can the lack of TNF-α response in

the OVX AnxA1-/- group.

8.5 Concluding Remarks

These data have revealed sexual dimorphisms in our model of LPS-induced inflamma-

tion, and shown an active role for the ovary and related hormone in their manifestation.

It also appears that the presence of AnxA1 limits the inflammatory capability of E2 and

allows the ovarian system to play a greater role in immunomodulation. Inflammatory

disease increases post-menopause (reviewed by reviewed by Kalin and Zumoff (1990)

and Cutolo and Wilder (2000)) – therefore, it could be that in the absence of AnxA1,

other protective mechanisms are induced by E2, and removal of the hormone leads

to an increase in basal levels of inflammatory leukocyte behaviour. This is possibly

receptor-mediated – an effect that could be teased out using the Fpr2/3-/- mice in a

similar experiment – or by some other mechanism, such as suppression of inflamma-

tory mediators (Miller et al., 2004) or neutrophil chemotaxis (Luster, 1998). Either way,

these results imply that the interaction between oestrogen and AnxA1 is more compli-

cated than initially thought.

In addition to the above, a comparison of the inflammatory response in males and fe-

males of differing oestrogen status was achieved. This work has shown that oestrogen-

positive females have a dampened inflammatory response in experimental endotox-

aemia, supporting observations that women of child-bearing potential (and thus, of

high oestrogen status) are less prone to infectious and inflammatory diseases than

oestrogen-deficient women and males. However, it has also been shown that the

inflammation-dampening effects of oestrogens act independently of AnxA1, contrary
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to what was initially expected, which leaves the door open for further investigations as

to how these effects may be mediated.
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General Discussion

Using an in vivo approach, we have shown that the injection of a low dose of LPS

(10 µg/mouse, I.P.) induces a robust systemic inflammatory response, both in terms

of leukocyte-endothelial cell interactions and increased plasma pro-inflammatory cy-

tokine concentrations. Using the same model, we have also shown that the G protein-

coupled receptor, Fpr2, disturbs the leukocyte recruitment process by preventing leuko-

cyte adhesion – as has been shown in several other in vivo models such as mesen-

teric and cerebral ischaemia-reperfusion (Gavins et al., 2003, 2007). Finally, we have

demonstrated clear sexual dimorphisms within this model of LPS-induced peritonitis,

which appear to be governed by the ovary and made insensitive to E2 by the presence

of the anti-inflammatory protein AnxA1.

AnxA1 was the first agent we used with the intent of ameliorating the inflammatory

response. As an anti-phosopholipase protein, it can exert pleiotrophic effects on the

inflammatory cascade via inhibition of PLA2 (Amandi-Burgermeister et al., 1997) –

however, these particular leukocyte anti-adhesive effects appear to be exerted through

Fpr2 (human analogue: FPR2/ALX) to which it also binds. As a receptor, FPR2/ALX

presents a more attractive pharmacological target than an endogenous protein, due to

its greater capacity for activation or inhibition by novel drugs. However, it is notewor-

thy that FPR2/ALX is a particularly promiscuous receptor and can exert both pro- and

anti-inflammatory actions depending on the specific ligand (Bena et al., 2010; Perretti,

2010); therefore, careful drug design is required for novel therapeutics, along with con-
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sideration of factors such as receptor polymorphisms that may cause adverse effects.

The AnxA1-FPR2/ALX system has already been identified as a pro-resolution (rather

than anti-inflammatory) system (Gilroy et al., 2004; Perretti and D’Acquisto, 2008).

Physiologically-speaking there are many benefits to promoting the resolution axis

rather than the inflammatory axis, the most important of which is well illustrated by

the relatively new class of anti-TNF-α drugs such at etanercept and infliximab: al-

though excellent at preventing the chronic inflammatory diseases for which they are

prescribed – rheumatoid arthritis, Crohn’s disease, and psoriasis, for example – se-

rious opportunistic infections are a major side-effect (Bongartz et al., 2006), which

indicates the importance of the host inflammatory response. In situations where in-

fection has prompted a deregulated systemic inflammatory response, therefore, there

are clear benefits of calming the response through pro-resolution pathways, without

completely neutralising the necessary pro-inflammatory arm. It is now well accepted

that there needs to be a fine balance of both pro-inflammatory and anti-inflammatory

mediators in order to obtain homeostasis of the host (Gilroy et al., 2004; Serhan et al.,

2007).

Our data demonstrate that activation of Fpr2 with ligands such as AnxA1Ac2-26 and

LXA4 may be an effective way of achieving such a state, with the added attraction

that the effects are both rapid in onset and persistent (within ten minutes of, and for at

least 100 min after, injection). The hypothesis of this thesis stated that the AnxA1-Fpr2

system regulates the inflammatory response to LPS in terms of leukocyte-endothelial

interactions, and promotes its resolution. Pharmacological manipulation of the sys-

tem certainly demonstrated the potent leukocyte anti-adhesive effect that activation of

Fpr2 can exert in our model of LPS-induced inflammation. However, it was stated in

the introduction that the resolution interval (Ri) is defined as the time between which

the point of maximum neutrophil infiltration (ψmax) and the time at which ψmax has

fallen by 50 %. AnxA1 is often termed a pro-resolution factor because it disrupts

leukocyte emigration and therefore shortens Ri. At 2 h post LPS in this thesis, the

number of emigrated cells had not been altered by AnxA1Ac2-26 or LXA4 - which, as

discussed (Section 6.2.5), is due to an intriguing facet of our model wherein emi-

gration occurs within minutes of LPS injection. As the temporal profile of leukocyte-

154



endothelial cell interactions showed raised emigration 24 h after injection, but the ef-

fects of AnxA1Ac2-26 and LXA4 were only recorded at the 2 h time point, it is therefore

not possible to state whether the Ri has been effectively reduced by these compounds

in this model. Nonetheless, there is a particular advantage to the rapid onset of Fpr2’s

actions: namely, that its timely activation may be more effective at countering the hy-

peracute emigration that occurs in response to LPS than existing anti-inflammatory

drugs with slower onset, such as COX inhibitors (ibuprofen, aspirin, paracetamol, etc)

and glucocorticoids (Rang, 2003). This aspect of the receptor’s function may therefore

yield clinical and pharmacological benefits with further investigation.

The effects of other physiological factors such as sex on the inflammatory response

are also becoming more noticed in the clinic. Based on evidence that females of

child-bearing potential seem to be more immunoreactive, and that AnxA1 can be up-

regulated by E2, we hypothesised that modulation of AnxA1 by E2 would partly con-

tribute towards sexual dimorphisms in our model. In fact, our data suggest that the

situation is the other way around: the presence of AnxA1 limits sensitivity of the host

to pro-inflammatory effects of E2. A further investigation of specific interest would be

to examine the expression and function of AnxA1 in individuals suffering from chronic

inflammatory disorders or autoimmune diseases, which are far more prevalent in fe-

males of high oestrogen status.

Our data also show that the ovary as a whole appears to be just as – if not more – im-

portant than E2 in modulating both leukocyte recruitment and plasma cytokine levels,

although the specific contributing factor(s) remain to be determined. Clinically, these

findings implicate ovarian factors in the inflammatory disorders from which women

with reproductive dysfunction are more at risk: polycystic ovarian syndrome is an ex-

cellent example, as patients have been found to exist in a low-grade chronic inflamma-

tory state with elevated cytokines such as IL-6; raised E-selectin and VCAM indicat-

ing chronic endothelial activation; and raised leukocyte counts (Diamanti-Kandarakis

et al., 2006). There may also be relevance to women taking hormone replacement

therapy and hormonal contraception, wherein ovarian function is altered by adminis-

tration of various steroid reproductive hormones.

155



10

Conclusions

• IP injection of LPS induces a robust acute inflammatory response, which can be

assessed in terms of leukocyte-endothelial cell interactions in the mesenteric mi-

crocirculation. This response is systemic and the model poses a suitable method

to investigate ways by which LPS-induced inflammation can be manipulated.

• Activation of Fpr2 with ligands such as AnxA1Ac2-26 and LXA4 is an effective

way of disrupting LPS-induced leukocyte-endothelial cell interactions. Our data

continue to support existing literature that the AnxA1-Fpr2 system poses an at-

tractive pharmacological target for the development of novel therapeutics.

• Our model displays sexual dimorphisms in the response to LPS, which appear

to be largely E2-insensitive and are likely to be manifested via other reproductive

or ovarian hormones such as progesterone, LH or FSH. These data continue to

support evidence that females of child-bearing potential are more immunoreac-

tive, but shed new light on the mechanisms responsible as previously E2 has

been thought to be a major player.

• The presence of AnxA1 seems to limit the inflammatory potential of E2, as our

data suggest that AnxA1-/- mice are more sensitive to the hormone’s effects. The

implications of AnxA1 dysfunction in the development of autoimmune diseases

in females is therefore an attractive target for further investigation.
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